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STRUCTURAL THERMAL BREAK SYSTEMS FOR BUILDINGS - 

F E A S I B I L I T Y  STUDY 

by 

S .  C. Larson and M .  G .  Van Geem* 

ABSTRACT -- 
T h i s  r e p o r t  p resen ts  r e s u l t s  f rom t h e  f i r s t  phase o f  a program t o  i n v e s t L  

g a t e  l i g h t w e i g h t  c o n c r e t e  systems f o r  p o t e n t i a l  use as s t r u c t u r a l  thermal  
breaks i n  b u i l d l n g s .  

The p r imary  o b j e c t i v e  o f  t h e  p r o j e c t  I s  t o  develop a p o r t l a n d  cement con-- 
c r e t e  w i th  s u f f i c i e n t  thermal  r e s i s t a n c e  and s t r e n g t h  p r o p e r t i e s  t o  serve as 
an e f f e c t i v e  s t r u c t u r a l  thermal  break i n  b u i l d i n g  envelopes. D e s i r a b l e  
p r o p e r t i e s  o f  t h e  proposed conc re te  a r e  a d e n s i t y  o f  l e s s  than  5O’pcf (800 
kg/m3), a compressive s t r e n g t h  o f  1000 t o  1500 p s i  6.9 t o  10.3 MPa), and a 
thermal  c o n d u c t i v i t y  o f  l e s s  than  1.5 B t u = i n . / h r * f t  h * O F  (0.22 W/m*K). 

The f i r s t  phase o f  work, presented i n  t h i s  r e p o r t ,  i s  a f e a s i b i l i t y  s tudy 
t o  i d e n t i f y  uses f o r  t h e  l i g h t w e i g h t  p o r t l a n d  cement conc re te .  The r e p o r t  i s  
subd iv ided  i n t o  t h r e e  s e c t i o n s .  S e c t i o n  1 p resen ts  suggested assembl les where 
l i g h t w e i g h t  c o n c r e t e  can be used i n  p l a c e  o f  s t e e l ,  o t h e r  me ta l ,  o r  normal 
w e i g h t  c o n c r e t e  t o  p r e v e n t  thermal  b r i d g e s  or thermal  bypasses, P o t e n t i a l  
uses f o r  t h e  proposed l i g h t w e i g h t  conc re te  i n c l u d e  e x t e r i o r  w a l l s ,  i n t e r i o r  
w a l l s ,  columns, chimneys, f ounda t jons ,  and f l o o r  s labs .  Thermal c o n d u c t i v i t y  
of t h e  proposed l i g h t w e i g h t  conc re te  i s  app rox ima te l y  l / l O t h  t h a t  o f  normal 
w e i g h t  c o n c r e t e  and 1 /100 th  t h a t  o f  s t e e l ,  

S e c t i o n  2 p resen ts  analyses u s i n g  t h e  B u i l d i n g  Loads Ana ly5 i s  and Syrtcrn 
Thermodynamics (BLAS1) computer program. Analyses were performed t o  detprmine 
annual  energy use f o r  a o n e - s t o r y  commercial h u i l d j n g  and a t h r e e - s t o r y  
r e s i d e n t i a l  b u i l d i n g  w i t h  %in. t h i c k  w a l l s  c o n s t r u c t e d  w3th t h e  proposed 
l i g h t w e i g h t  conc re te .  Resu l t s  were compared t o  p rev ious  i n v e s t i g a t i o n s  o f  
c o n v e n t i o n a l  w a l l  systems t o  determine p o t e n t i a l  energy sav lngs o f  t h e  
l i g h t w e l g h t  conc re te  w a l l  system, Resu l t s  f rom t h e  commercial b u i l d i n g  
modeled w i t h  l i g h t w e i g h t  c o n c r e t e  w a l l s  i n d i c a t e d  lower t o t a l  annual  l o a d  than 
a commercial b u i l d i n g  w i t h  me ta l  w a l l  systems o f  t h e  same thermal  r e s i s t a n c e ,  
f o r  a l l  c i t i e s  cons ide red  i n  t h e  BLAST a n a l y s i s .  Ana lys i s  o f  t h e  r e s i d e n t i a l  
b u i l d l n g  modeled w i t h  l i g h t w e i g h t  conc re te  w a l l s  I n d i c a t e d  lower  t o t a l  annual 
l o a d  than  a r e s i d e n t i a l  b u i l d l n g  w i t h  wood frame w a l l s  of t h e  same thermal  
r e s f s t a n c e .  Resu l t s  i n d i c a t e  t h e  b e n e f i t s  of t h e  thermal s to rage  c a p a c i t y  o f  
t h e  l i g h t w e i g h t  conc re te .  

*Respec t i ve l y ,  S t r u c t u r a l  Engineer,  A n a l y t i c a l  Design Sec t ion ,  and Sen io r  
Research Englneer,  F i re /Thermal  Technology Sec t ion ,  C o n s t r u c t i o n  Technology 
L a b o r a t o r i e s ,  I nc . ,  Skokie,  I l l i n o i s  60077 
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S e c t i o n  3 o f  t h e  r e p o r t  p r e s e n t s  a r e v i e w  o f  s tandards c r i t e r i a  t o  
de te rm ine  whether an 8-in. (200-mm) t h l c k  w a l l  c o n s t r u c t e d  o f  t h e  l i g h t w e i g h t  
c o n c r e t e  meets minimum energy requ l remen ts  f o r  ex te r ’ l o r  w a l l s .  

Based on t h e  BLAST analyses and b u l l d i n g  s tandard requ i remen ts ,  the 
proposed l i g h t w e l g h t  c o n c r e t e  e x t e r i o r  w a l l  system exceeds minimum the rma l  
performance c r i t e r i a  for commerclal and r e s i d e n t i a l  b u i l d i n g s  i n  m o s t  reg ions  
o f  t h e  c o n t i n e n t a l  U n i t e d  S t a t e s .  
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E X E C U T I V E  SUMMARY 

A s i g n i f i c a n t  amount o f  energy i s  l o s t  f r o m  c o n d i t i o n e d  environments o f  

b u i l d i n g s  th rough  thermal  b r i d g e s .  Reduct ion o f  energy l o s s  can be achieved 

by p r o v i d i n g  thermal  break m a t e r i a l s  i n  p l a c e  o f  h j g h  c o n d u c t i v i t y  m a t e r i a l s  

t h a t  c r e a t e  thermal  b r i d g e s .  

The purpose of t h l s  p r o j e c t  i s  t o  i n v e s t i g a t e  l i g h t w e i g h t  conc re te  systems 

f o r  p o t e n t i a l  use a 

The program was 

( C T L ) .  The p r o j e c t  

( D O E )  O f f i c e  o f  Bu l  

A s s o c i a t i o n .  I t  i s  

s t r u c t u r a l  thermal  breaks i n  bu l d l n g s .  

conducted a t  C o n s t r u c t l o n  Techno ogy L a b o r a t o r i e s ,  I n c .  

i s  sponsored j o i n t l y  by t h e  U . S .  Department of Energy 

d i n g s  and Community Systems, and t h e  Portland,'Cement 

p a r t  o f  t h e  B u i l d i n g  l h e r m a l  Envelope Systems and 

M a t e r i a l s  Program (BTESM) a t  Oak Ridge N a t i o n a l  Laboratory  ( O R N L ) .  

A thermal  break j s  an element made o f  a m a t e r i a l  w i t h  a h igh  thcrrrial 

r e s i s t a n c e  used i n  p l a c e  o f  a m a t e r i a l  w i t h  a lower thermal r e s i s t a n c e  t o  

reduce energy losses through a b u i l d i n g  envelope. A thermal  break may range i n  

s i z e  f r o m  a smal l  p l a s t i c  n a i l  used i n  p l a c e  o f  a meta l  n a i l ,  t o  a l a r g e  sheet 

f o u n d a t i o n .  l h c  

e.; the m a t e r i a l  

o f  i n s u l a t i o n  used t o  p reven t  energy losses through a b u i l d i n g  

term " s t r u c t u r a l "  used as an a d j e c t i v e  t o  " the rma l  break"  jmpl  

has l o a d - b e a r i n g  c a p a b i l i t i e s .  

l h e  p r imary  o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  develop a p o r t  and cement 

conc re te  w i t h  s u f f i c i e n t  thermal  r e s i s t a n c e  and s t r e n g t h  p r o p e r t i e s  t o  serve 

as an e f f e c t i v e  thermal  break i n  b u i l d i n g  envelopes. The p r o j e c t  goal  i s  t o  

develop a conc re te  w i t h  a d e n s i t y  o f  l e s s  than 50 p c f  (800 kg/m ) ,  a compres- 

s i v e  s t r e n g t h  o f  1000 t o  1500 p s i  (6 .9  t o  10.3 MPa), and a thermal  c o n d u c t i v i t y  

of l e s s  than  1 .5  B t u * i n . / h r * f t * = " F  (0 .22  W/m-K), 

used conc re te ,  normal we igh t  conc re te ,  has a d e n s i t y  o f  app rox ima te l y  1 4 5  p c f  

3 

The most commonly 

- v i  i i - 
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3 (2320 kg/m ) ,  a compressive s t r e n g t h  i n  t h e  range o f  2500 t o  6000 p s i  ( 1 7  t o  

41 M P a ) ,  and a thermal  c o n d u c t i v i t y  o f  12  t o  16 B t u = i n . / h r = f t ' = " F  (1 .7  t o  2.3 

W/m*K). L i g h t w e i g h t  conc re tes  have n o t  been p r e v i o u s l y  developed w i t h  t h e  com- 

b i n a t i o n  o f  l ow  d e n s i t y  and moderate s t r e n g t h  proposed f o r  t h i s  p r o j e c t .  

A l though i t  i s  e n v i s i o n e d  t h a t  t h e  proposed l i g h t w e i g h t  conc re te  cou ld  be 

used f o r  many b u i l d i n g  components, p r o j e c t  emphasis i s  t o  e v a l u a t e  t h e  conc re te  

f o r  use i n  e x t e r i o r  w a l l s  f o r  l o w - r i s e  b u q l d i n g s .  The p o r t l a n d  cement conc re te  

developed f o r  t h i s  p r o j e c t  w i l l  combine t h e  s t r u c t u r a l ,  thermal  i n s u l a t i o n ,  and 

h e a t  s t o r a g e  c a p a c i t y  f u n c t l o n s  o f  e x t e r l o r  w a l l s  i n  one element.  For many 

c l j m a t e s  t h e  conc re te  developed can be used as a complete w a l l  system i n  l o w -  

r i s e  b u i l d i n g s  w i t h o u t  t h e  need f o r  additional i n s u l a t i o n ,  

The p r o j e c t  i s  dSvided I n t o  f i v e  major  t a s k s .  Th is  r e p o r t  summarizes 

r e s u l t s  o f  Task 1, which i s  a f e a s i b i l i t y  s tudy t o  i d e n t i f y  uses f o r  t h e  p ro -  

posed l j g h t w e i g h t  p o r t l a n d  cement conc re te  i n  b u i l d i n g s ,  Task 2 i n c l u d e s  work 

t o  s e l e c t  m a t e r i a l s  and m ix  des igns f o r  t h e  l i g h t w e i g h t  p o r t l a n d  cement 

c o n c r e t e  and a l i g h t w e i g h t  polymer conc re te .  P h y s i c a l  and thermal  p r o p e r t i e s  

o f  cand ida te  conc re tes  w911 be determjned i n  l a s k  3 .  CaI t i ng  artd r u r f a c e  

f i n i s h j n g  techniques f o r  t h e  most d e s i r a b l e  m i x e s  w i l l  be developed i n  l a s k  

4 .  l a r k  5 i n c l u d e s  measur ing thermal performance o f  f u l l - s i z e  w a l l  assemblies 

c o n s t r u c t e d  o f  t h e  developed p o r t l a n d  cement conc re te .  Resu l t s  f r o m  Tasks 2 

through 5 w i l l  be presented i n  f u t u r e  r e p o r t s .  

T h i s  r e p o r t ,  a f e a s i b l l l t y  s tudy t o  i d e n t i f y  uses f o r  t h e  l i g h t w e i g h t  p o r t -  

l a n d  cement conc re te ,  'Is subd iv ided  i n t o  t h r e e  s e c t i o n s .  S e c t i o n  1 p resen ts  

suggested assembl ies where l l g h t w e l g h t  conc re te  can be used i n  p l a c e  of s t e e l ,  

o t h e r  me ta l ,  o r  normal we igh t  conc re te  t o  p reven t  thermal  b r i d g e s  o r  thermal  

bypasses. P o t e n t i a l  uses f o r  t h e  proposed l i g h t w e i g h t  conc re te  i n c l u d e  
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exterior walls, interlor walls, columns, chimneys, foundations, and floor 

slabs. Thermal conductivity o f  the proposed lightweight concrete S s  approxi- 

mately l/lOth that of normal welght concrete and 1/100th that o f  steel. 

Sectlon 2 presents analyses using the Bullding Loads Analysis and System 

Thermodynamics (BLAST) computer program. Analyses were performed to determjne 

annual energy use for a one-story commercial building and a three-story 

resqdential building with 8-in. thick walls constructed with the proposed 

lightweight concrete. Results were compared t o  prevlous investigations of 

conventional wall systems to determine potential energy savings o f  the 

lightweight concrete wall system. 

Walls used for comparison o f  commercial building energy loads were metal, 

normal weight concrete with exterior insulation, and normal weight concrete 

with interior insulation. Results from the commercial building modeled with 

lightweight concrete walls indicated lower total annual load than a commercial 

building wjth metal wall systems o f  the same thermal resistance, for all 

cities consldered in the BLAST analysis, 

Residential building cncrqy loads  f o r  t h e  1 iqhtwr!irjht cor\cr( : t ( \  w ( i 1  1 \ y J t r , n i  

were compared t o  ximilar buildinqs with wood frame construition, a1  1 con t - re t t :  

masonry construction, and two jntermediate configuratjons o f  wood frame and 

concrete-masonry construction. Analysis of the residential building modeled 

with lightwelght concrete walls lndicated lower total annual load than a 

residential bulldlng wjth wood-frame walls of the same thermal reslstance. 

Results of the BLAST analysis indicate the benefits of  thermal storage 

capacity o f  the lightweight concrete. The advantage of the lightweight 

concrete system compared to the alternative concrete and masonry systems i s  

that an R-value o f  6.18 hr.ft2*"F/Btu (1.09 m 

without added Insulation. 

2 K/w) can be achieved 
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Sect'lon 3 of t h e  r e p o r t  p resen ts  a r e v i e w  o f  t h e  ANSI/ASHRAE/IES Standard 

90A-1980 f o r  r e s l d e n t i a l  and commercial b u i l d i n g s  t o  determine whether an 

& i n .  (200-mm) t h i c k  w a l l  c o n s t r u c t e d  of t h e  l i g h t w e i g h t  conc re te  meets 

minimum energy requi rements f o r  e x t e r i o r  w a l l s .  l h e  s t a n d a r d ' s  requj rements 

were eva lua ted  f o r  f o u r t e e n  c i t i e s  r e p r e s e n t i n g  a l l  c l i m a t i c  reg jons  o f  t h e  

c o n t i n e n t a l  U n i t e d  S t a t e s .  B u i l d i n g  c h a r a c t e r i s t i c s  were assumed t o  be t h e  

same as those f o r  b u i l d i n g s  analyzed i n  t h e  BLAST i n v e s t i g a t i o n .  The 

l i g h t w e i g h t  c o n c r e t e  w a l l  system meets t h e  s t a n d a r d ' s  requj rements f o r  t h e  

commercial b u i l d i n g  considered i n  a l l  f o u r t e e n  s e l e c t e d  c i t i e s .  For t h e  

r e s i d e n t i a l  b u i l d i n g ,  t h e  l i g h t w e i g h t  conc re te  w a l l  system meets.'the 

s t a n d a r d ' s  requi rements f o r  a l l  s e l e c t e d  c i t i e s  except  M inneapo l i s .  

Based on t h e  BLASl analyses and b u i l d i n g  s tandard requi rements,  t h e  

proposed l l g h t w e l g h t  conc re te  e x t e r l o r  w a l l  system exceeds minimum thermal  

performance c r i t e r i a  f o r  commercial and r e s i d e n t i a l  b u i l d i n g s  i n  most reg ions  

o f  t h e  c o n t l n e n t a l  Un j ted  S t a t e s .  

' I  
i 

- x i  - 

construction technology laboratories, h c .  ' 



STRUCTURAL THERMAL BREAK SYSTEMS FOR BUILDINGS., 

I_ FEASlBILITY STUDY 

by 

S. C .  Larson and M. 6.  Van Geem* 

INTRODUCTION 

The purpose o f  t h i s  p r o j e c t  i s  t o  i n v e s t i g a t e  l i g h t w e i g h t  conc re te  systems 

f o r  p o t e n t i a l  use as s t r u c t u r a l  thermal  breaks i n  b u i l d i n g s .  A thermal  break 

i s  an e x t e r i o r  b u i l d i n g  element made o f  a m a t e r i a l  w i t h  a h i g h  thermal  r e s i s t -  

ance used i n  p l a c e  o f  a m a t e r i a l  w i t h  a lower thermal  r e s i s t a n c e - t o  reduce 

energy l osses  through a b u i l d i n g  envelope. A thermal  break may range i n  s i z e  

f r o m  a smal l  p l a s t i c  n a i l  used i n  p l a c e  o f  a me ta l  n a i l ,  t o  a l a r g e  sheet o f  

i n s u l a t i o n  used t o  p r e v e n t  energy losses th rough  a b u i l d i n g  founda t ion .  The 

t e r m  " s t r u c t u r a l "  used as an a d j e c t l v e  t o  " the rma l  b reak "  j m p l i e s  t h e  m a t e r i a l  

has l o a d  b e a r i n g  c a p a b i l i t i e s .  

The p r imary  p r o j e c t  o b j e c t i v e  i s  t o  develop p o r t l a n d  cement conc re te  w4th 

s u f f i c i e n t  thermal  r e s i s t a n c e  and s t r e n g t h  p r o p e r t i e s  t o  serve as an e f f e c t i v e  

thermal  break i n  b u i l d i n g  cnvelopc5.  She p r o j c i t  qoal i s  Lo develop 

3 t y  o f  l e s s  than  50 p c f  ( 8 0 0  kg/m ) ,  a compressive 

500 p s i  (6.9 t o  10.3 MPa), and a thermal  c o n d u c t i v i t y  o f  

conc re te  w i t h  a dens 

s t r e n g t h  o f  1000 t o  

l e s s  than 1 , 5  B t u - i n  
.-. 

/ h r * f t L = " F  (0 .22  W/m=K)  I Al though i t  ' Is  env is ioned  t h a t  

c o n c r e t e  w i t h  these p r o p e r t i e s  c o u l d  be used f o r  many b u i l d i n g  components, 

p r o j e c t  emphasis i s  t o  e v a l u a t e  t h e  conc re te  f o r  use i n  e x t e r i o r  w a l l s  f o r  

l o w - r i s e  b u i l d i n g s .  

*Respec t i ve l y ,  S t r u c t u r a l  Engineer,  A n a l y t i c a l  Design Sect ion,  and Sen io r  
Research Engineer,  F i re /Thermal  Technology Sec t ion ,  C o n s t r u c t i o n  Technology 
L a b o r a t o r l e s ,  I nc . ,  Skokie,  I l l i n o i s  60077 
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The p o r t l a n d  cement conc re te  developed f o r  t h i s  p r o j e c t  w i l l  combine t h e  

s t r u c t u r a l ,  thermal  i n s u l a t i o n ,  and hea t  s to rage  c a p a c i t y  f u n c t i o n s  o f  e x t e r i o r  

w a l l s  i n  one element.  For many c l i m a t e s  t h e  conc re te  developed can be used as 

a complete w a l l  system i n  l o w - r i s e  b u i l d i n g s  w i t h o u t  t h e  need o f  a d d i t i o n a l  

i nsu 1 a t  i on. 

A secondary p r o j e c t  o b j e c t i v e  i s  t o  develop a polymer conc re te  w i t h  

s u f f i c i e n t  thermal  r e s i s t a n c e  and s t r e n g t h  t o  serve as a thermal  break 

m a t e r i a l .  The polymer c o n c r e t e  would be used t o  p r o v i d e  a thermal  I n s u l a t j n g  

l a y e r  a d j a c e n t  t o  c o n v e n t i o n a l  c o n s t r u c t i o n  m a t e r i a l s  whereas t h e  p o r t l a n d  

cement conc re te  would be used e i t h e r  as an i n s u l a t i n g  l a y e r  o r  as an e n t i r e  

component such as a w a l l .  

The program was conducted a t  C o n s t r u c t i o n  Technology L a b o r a t o r i e s ,  I n c .  

(CTL). The p r o j e c t  i s  sponsored j o i n t l y  by t h e  U . S .  Department o f  Energy 

( D O E )  O f f i c e  of B u i l d i n g s  and Community Systems, and t h e  P o r t l a n d  Cement 

A s s o c i a t i o n .  I t  i s  p a r t  o f  t h e  B u i l d i n g  Thermal Envelope Systems and 

M a t e r i a l s  Program (BTESM) a t  Oak Ridge N a t i o n a l  Labora to ry  ( O R N L ) .  Work was 

a u t h o r i z e d  by a c o n t r a c t  s igned September 25 ,  1984 by Walker K .  I-ove. l h e  D O E  

P r o j e c t  Manager 7s Dr. George k .  C o u r v i l l e ,  ( O R N I . ) .  

OBJECTIVES AND SCOPE - ------.- 

The p r o j e c t  i s  d i v i d e d  i n t o  f i v e  major t a s k s .  This  r e p o r t  summarizes 

r e s u l t s  o f  Task 1, which i s  a f e a s i b i l i t y  s tudy t o  i d e n t i f y  uses f o r  t h e  

proposed l i g h t w e i g h t  p o r t l a n d  cement conc re te  i n  b u i l d l n g s .  Task 2 i n c l u d e s  

work t o  s e l e c t  m a t e r i a l s  and m i x  des igns for t h e  l i g h t w e i g h t  p o r t l a n d  cement 

and l i g h t w e i g h t  polymer conc re tes .  P h y s i c a l  and thermal  p r o p e r t i e s  of 

cand ida te  concretes w i l l  be determined i n  Task 3. Cas t i ng  and s u r f a c e  

f i n l s h i n g  techniques f o r  t h e  most d e s i r a b l e  m i x e s  w i l l  be developed Sn Task 4 .  

Task 5 i n c l u d e s  measur ing thermal  performance o f  f u l l  s i z e  w a l l  assembl ies 
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constructed o f  the developed portland cement concrete. Results from Tasks 2 

through 5 will be presented in future reports. 

The objective of this report, which covers Task 1 activities, is threefold: 

1. lo describe potential uses for the lightweight portland cement 

concrete as a thermal break material in buildings elements, such as 

exterior walls, interior walls, columns, chimneys, foundations, and 

floor slabs. 

2. To calculate annual heating and cooling loads for a residential 

buildlng and a commerclal building modeled with the lightweight 

concrete wall system. Analyses are performed using the' Building 

Loads Analysis and System Thermodynamics (BLAST) ('I* computer 

program f o r  six cities in the United S t a t e s .  Results are compared t o  

BLAST program studies ( 2 * 3 )  of buildings with conventional wood and 

metal wall systems t o  determine potential energy savings from using 

the lightweight concrete wall system. 

3 .  l o  determine whether t he  lightweight concrete wall system meets rnini- 

mum energy requirements f o r  exterlor walls from ANSI /ASHRAE/ I f .S  

Standard 90A 1980.  ( 4 )  

commercial buildings for fourteen c i t i e s  i n  the U n i t e d  S t a t e s .  

'Ihc criteria ' Is  e v a l u a t e d  for residential arid 

BACKGROUND 

Thermal Bridges. Bypasses, and Breaks 

A signlficant amount o f  energy is lost from conditioned environments o f  

buildings through thermal bridges. Awareness o f  thermal bridges is increasing 

in the buSldlng community. Recently, a report entitled " A  Survey o f  Building 

Envelope Thermal Anomalies and Assessment o f  Thermal Break Materials for 

*Superscript numbers in parentheses refer t o  references listed at the end of 
this report. 
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Anomaly Correction"(') was prepared by Dynatech R I D  Company f o r  t h e  U . S ,  

Department o f  Energy. T h i s  r e p o r t  d e f i n e s  thermal  b r i dges ,  thermal  bypasses, 

and thermal  breaks as f o l l o w s :  

Thermal b r i d g e s  a r e  BETAs [ B u i l d i n g  Envelope Thermal Anomalies] t h a t  
a r e  caused s o l e l y  by h e a t  conduc t ion .  I n c l u d e d  i n  t h i s  ca tegory  a r e  t h e  
f o l l o w i n g  broad c l a s s i f i c a t i o n s :  

- S t r u c t u r a l  Elements 
Component Connections 
Envelope P e n e t r a t i o n s  
Corner E f f e c t s  - F a u l t y  Workmanship 

Thermal bypasses a r e  BETAs t h a t  a r e  caused by c o n v e c t i v e  o r  r a d i a t i v e  
e f f e c t s .  I n c l u d e d  a r e  t h e  broad c a t e g o r i e s :  

0 I n t e r i o r  C a v i t i e s  
E x t e r i o r  Wal l  Defects  
Ho l l ow  Wal l  Convect ion 
Condui t /P ipe Convect ion Pa ths  

Thermal breaks a r e  any arrangements o f  b u i l d i n g  c o n f i g u r a t i o n  o r  
m a t e r i a l s  t h a t  w i l l  e l i m i n a t e  or reduce a hea t  l o s s  p a t h  ... 

The l q g h t w e i g h t  conc re te  developed f o r  t h i s  p r o j e c t  cou ld  serve as thermal 

break m a t e r i a l  when used i n  p l a c e  o f  normal we igh t  c o n c r e t e . o r  s t e e l .  Table 1 

p resen ts  t h e  thermal  c o n d u c t i v j t y  va lues f o r  s e l e c t e d  b u i l d i n g  ma te r ' l a l s .  The 

d a t a  rhow the thcrrnal c o n d u i t  i v i  t y  o {  the propartd 1 i r j h t w c i q h t  c o r i i r c t c  

m a t e r i a l  i s  app rox ima te l y  l / l O t h  t h a t  o f  normal we igh t  concre te  and 1 /100 th  

t h a t  o f  s t e e l .  

The l i g h t w e i g h t  conc re te  w l l l  no t  have a the rma l  c o n d u c t i v i t y  as low as 

some t r a d i t i o n a l  i n s u l a t i n g  m a t e r i a l s .  However, t h e  thermal r e s i s t a n c e  o f  

l i g h t w e i g h t  c o n c r e t e  components w i l l  be about t h e  same as t h e  thermal  

r e s i s t a n c e  o f  many i n s u l a t e d  components because t h e  conc re te  components w l l l  

be t h l c k e r  than c o n v e n t i o n a l l y  used i n s u l a t i o n  systems. A d d i t l o n a l l y ,  

l i g h t w e i g h t  conc re te  has improved s to rage  c a p a c i t y  compared t o  t r a d i t i o n a l  

i n s u l a t i n g  m a t e r i a l s .  F i n a l l y ,  t h e  l i g h t w e i g h t  conc re te  w i l l  have s t r u c t u r a l  

c a p a b i l i t i e s  t h a t  cannot be achleved w i t h  c o n v e n t i o n a l  i n s u l a t l o n  m a t e r i a l s .  
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1AOLE 1 - THERMAL C O N D U C T I V I T Y  OF SELECTED B U I L D I N G  M A l f i R I A l - S  

Mater  i a 1 

Traditional 
I n s u l a t i n g  
Mater  i a 1 s 

Proposed L ightwe ight  

Norma 1 We I g h t 

Concrete 

Concrete 

Steel 

Thermal Conduct iv i ty  

0tu.ir-i. 

h r - f  t ? " F  

0 a 20-0.50( 6 ,  

- -  

W 
m - K  

0.03-0.07 

0.22 

1.7-2.3,' 

26- 48 
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Types o f  Concrete 

Concrete i s  a v a i l a b l e  i n  a w ide  range of we igh ts  and s t r e n g t h s .  Normal 

w e i g h t  c o n c r e t e  u t i l i z e s  sand and g r a v e l  aggregate and i s  most commonly used 

f o r  c o n s t r u c t i o n  o f  s t r u c t u r a l  conc re te  members. Normal w e i g h t  concretes have 

a u n i t  we igh t  o f  app rox ima te l y  1 4 5  p c f  (2320 kg/rn’), and compressive 

s t r e n g t h s  o f  app rox ima te l y  2500 t o  6000 p s i  ( 1 7  t o  41  MPa) a r e  common. High 

s t r e n g t h  normal we igh t  concretes have been developed w i t h  s t r e n g t h s  exceeding 

15,000 p s i  (100 MPa). 

3 
Concretes i n  t h e  90 t o  130 pc f  ( 1 4 4 0  t o  2080 kg/m ) range a r e  known as 

s t r u c t u r a l  l i g h t w e i g h t  aggregate conc re tes .  

s t r e n g t h s  I n  t h e  range o f  2500 t o  over  9000 p s i  (17 .2  t o  over 62.1 MPa) ,  

depending on m a t e r i a l s ,  m i x  des ign  and o t h e r  f a c t o r s .  

These concretes have compressive 

A second ca tegory  o f  l i g h t w e l g h t  conc re tes  i s  i n  t h e  u n i t  we igh t  range o f  

50 t o  about  90 p c f  (800 t o  about 1440 kg/m3). 

conc re tes .  Concretes i n  t h i s  we igh t  range have n o t  been w i d e l y  used. 

l h e s e  a r e  u s u a l l y  c a l l e d  f i l l  

3 Concretes we igh ing  50 p c f  (800 kg/m ) o r  l e s s  a r e  c a l l e d  i n s u l a t i n g  con- 

c r e t e s .  C u r r e n t  technology l i m i t s  t h e  compressive s t r e n g t h s  o f  these concretes 

t o  about  600 p s i  ( 4 . 1  MPa). l h e  p r o j e c t  o b j e c t i v e  i s  t o  develop concretes i n  

t h e  4 5  t o  55 p c f  (720  t o  800 k g h  ) range t h a t  n o t  o n l y  have s u f f i c i e n t  

i n s u l a t i v e  p r o p e r t i e s ,  b u t  a l s o  have s t r e n g t h  t o  meet t h e  des ign  requi rements 

o f  e x t e r i o r  w a l l s  o f  l o w - r i s e  b u i l d i n g s .  

3 

Thermal P r o p e r t i e s  o f  Concrete 

Aggregates a r e  a v a i l a b l e  i n  a wide range o f  u n i t  weights  t o  make t h e  con- 

c r e t e  w i t h  a d e s i r e d  u n i t  w e l g h t .  The thermal  c o n d u c t i v i t y  o f  c o n c r e t e  i s  

dependent on t h e  c o n s t i t u e n t  aggregate,  and t o  a l e s s e r  e x t e n t ,  t h e  cement pas te .  

Genera l l y ,  conc re te  c o n d u c t i v i t y  i nc reases  e x p o n e n t i a l l y  w i t h  u n l t  w e i g h t .  
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3 Concrete w i t h  a u n i t  we igh t  o f  50 p c f  (800 kg/m ) has a thermal  c o n d u c t i v i t y  

o f  approx l rnate ly  1 . 5  B t u = i n . / h r * f t 2 = " F  (0.22 W/m=K) w h i l e  conc re te  w i t h  a u n i t  

w e i g h t  o f  140 pcf  (2240 kg/m ) has a thermal  c o n d u c t i v i t y  o f  app rox ima te l y  1 6  3 

6 t u * l n . / h r - f t 2 * " F  (2 .3  W/m=K) a ( 7 )  

Heat f l o w  th rough  a homogeneous w a l l  sub jec ted  t o  s t e a d y - s t a t e  temperature 

c o n d i t i o n s  i s  l i n e a r l y  r e l a t e d  t o  t h e  thermal  c o n d u c t i v i t y  o f  t h e  w a l l  

m a t e r i a l  and t h e  temperature d i f f e r e n t i a l  across t h e  w a l l .  F o r  dynamic tem- 

p e r a t u r e  c o n d i t i o n s ,  h e a t  f l o w  i s  dependent on t h e  s to rage  c a p a c i t y  o f  t h e  

w a l l  m a t e r i a l  i n  a d d i t i o n  t o  i t s  thermal  c o n d u c t i v i t y .  

E x t e r i o r  b u i l d i n g  w a l l s  a r e  seldom i n  a s t e a d y - s t a t e  condit ion,; Outdoor 

a i r  temperatures and s o l a r  e f f e c t s  cause c y c l i c  changes i n  outdoor  s u r f a c e  

temperatures.  

Cond i t j oned  b u i l d i n g s  w i t h  massive w a l l s  w i l l  have l e s s  energy l osses  t o  

t h e  outdoor  environment than  t h e  same b u i l d i n g  w i t h  l o w  mass w a l l s  o f  

e q u l v a l e n t  thermal  r e s i s t a n c e .  Energy sav ings a r e  most s i g n i f i c a n t  f o r  

outdoor  d i u r n a l  temperature c y c l e s  t h a t  cause r e v e r s a l s  Sn hea t  f l o w  through 

w a l l s .  

O p t i m a l l y ,  t h e  l e a s t  hea t  will f l o w  th rough  a w a l l  w i t h  h i g h  thermal 

r e s i s t a n c e  and h i g h  s to rage  c a p a c i t y .  Heat t r a n s m j s s i o n  p r o p e r t i e s  a r e  more  

s e n s i t i v e  t o  changes i n  thermal  r e s i s t a n c e  than t o  changes i n  s to rage  c a p a c i t y .  

The goa l  of t h i s  p r o j e c t  i s  t o  develop a conc re te  w i t h  t h e  h i g h e s t  r e s i s t a n c e  

o r  l owes t  u n i t  weight .  The conc re te  u n i t  we igh t  i s  l i m i t e d  by t h e  need f o r  

s u f f l c l e n t  s t r u c t u r a l  c a p a c i t y ,  because s t r e n g t h  decreases w i t h  dec reas ing  

u n i t  we igh t .  

Prev lous Work 

C o n s t r u c t i o n  Technology L a b o r a t o r i e s ,  I n c .  developed a new energy-- 

conse rv ing  conc re te  f o r  B a t t e l l e  P a c i f i c  Northwest Laboratory  i n  1984 as p a r t  
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of t h e  B u i l d i n g s  I n n o v a t i v e  Concepts Program sponsored by t h e  U.S. Department 

o f  Energy. Expanded c l a y  and sha le  coarse aggregates were used w i t h  

expanded p o l y s t y r e n e  beads and expanded p e r l i t e  f i n e  aggregates t o  o b t a i n  

conc re tes  hav ing  a i r - d r y  u n i t  weights  i n  t h e  range of 60 t o  65 pcf  (960 t o  

1040 kg/m3) and compressive s t r e n g t h s  o f  app rox ima te l y  2000 p s i  ( 1 4  MPa). 

S p e c i f l c  heats  and thermal  conductivities o f  smal l  s c a l e  specimens were a l s o  

determined. 
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SECTION 1 - POTENTIAL LIGHTWEIGHT CONCRETE USES 

I t  i s  proposed t h a t  l i g h t w e i g h t  conc re te  b e i n g  developed f o r  t h j s  p r o j e c t  

w i l l  serve as thermal  break m a t e r l a l  when used i n  p l a c e  o f  s t e e l ,  o t h e r  me ta l ,  

o r  normal we jgh t  conc re te .  

P o t e n t l a l  uses f o r  t h e  l i g h t w e i g h t  conc re te  a r e  d i v i d e d  i n t o  t h e  f o l l o w i n g  

s i x  c a t e g o r i e s  o f  b u i l d i n g  components. 

1. E x t e r i o r  w a l l s  

2.  I n t e r i o r  walls 

3. Columns 

4 .  Chimneys 

5. Foundat ions 

6. F l o o r  s labs  

I t  should be no ted  t h a t  t h i s  r e p o r t  does n o t  p resen t  t h e  magnitude o f  heat  

l o s s  f o r  a l l  thermal  b r i d g e s  and bypasses g i v e n  as examples. Ac tua l  heat  l o s s  

t h rough  a b r l d g e ,  f o r  I ns tance ,  w i l l  p r i m a r i l y  depend on t h e  r e l a t i v e  cruss-  

s e c t i o n a l  area o f  t h e  b r i d g e ,  t h e  thermal  c o n d u c t i v i t y  o f  t h e  b r i d g e  m a t e r i a l ,  

t h e  thermal  c o n d u c t i v i t y  o f  t h e  su r round ing  i n s u l a t i n g  m a t e r i a l ,  and t h e  g i v e n  

temperature c o n d i t i o n s .  

O e t a j l e d  d e s c r i p t i o n s  o f  thermal breaks and thermal bypasses, i n c l u d i n g  

many o f  those presented i n  t h i s  r e p o r t ,  a r e  g i v e n  i n  R e f .  5 .  

E x t e r i o r  Wal ls  

Thermal B r idges  

Me ta l  connectors  or o t h e r  elements t h a t  p e n e t r a t e  an l n s u l a t i o n  l a y e r  a c t  

as thermal  b r i d g e s  when t h e i r  c o n d u c t i v l t y  i s  l a r g e  compared t o  i n s u l a t i o n .  

Figures 1 through 5 show examples o f  thermal  b r i d g e s  t h a t  can be e l i m i n a t e d  by 

u s i n g  a w a l l  c o n s t r u c t e d  w i t h  t h e  proposed l i g h t w e i g h t  conc re te .  

- 9-  

construction technology laboratories, inc. 



Connector (t y p) Exterior Face Panel 

Interior Liner Panel 

Fa s t e ne r ( t y p 1 

Heat Flow Path (typ) 

insulation 

PLAN V I E W  

F i g .  1 Thermal B r i d g e  Through  I n s u l a t e d  
Metal Wall (Adapted  from Ref. 5 )  
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I nterior Gypsum 
Wa I I board 

Heat Flow 
Path ( t y p )  

PLAN V I E W  

Insulation 

Exterior Sheathing & Siding 

Nail ( typ) 

Wood Stud 

F i g .  2 Thermal B r i d g e  Through Insu la t ed  
Frame Wall (Adapted from Ref. 5 )  
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Metal Tie-., 

Heat flow 
Path ( typ)  

Wire Mesh .-- 

E L E VAT I ON 

Nor ma I We i g h t 
Concrete 

-Extruded Polystyrene 
I nsu la tion 

F i g .  3 Thermal Br idge  Through I n s u l a t e d  Concrete 
Sandwich Panel Wall 
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PLAN V I E W  

- - Thermal Bridge 

Concrete Block Wall 

W M e t a I  Rectangular Tie 

F i g .  4 Thermal Bridge Through Masonry Wall 
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- 

Concrete Block ___L 

- 

F i g .  5 

Insulation 

Face Br ick  

Thermol Bridge 

Metal Rectongular 

PLAN V I E W  

Tie 

Thermal B r i d g e  T h r o u g h  I n s u l a t e d  
Masonry C a v i t y  Wall 
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I n s u l a t e d  meta l  w a l l s  g e n e r a l l y  c o n s i s t  o f  e x t e r i o r  and i n t e r j o r  meta l  

panels  separated by i n s u l a t i o n  as shown i n  F i g .  1. Channels or c l i p s  t h a t  

connect me ta l  panels  a c t  as thermal b r l d g e s .  Heat f l o w s  a l o n g  a h i g h l y  

c o n d u c t i v e  m e t a l  panel  t h rough  connectors  and t o  t h e  o p p o s i t e  panel .  The 

l a t e r a l  hea t  f l o w  a l o n g  t h e  meta l  panel  i s  c a l l e d  t h e  f i n  e f f e c t .  

l h e r m a l  b r i d g e s  i n  wood frame w a l l s  a r e  caused by wood studs and n a i l s  as 

shown i n  F i g .  2.  

I n s u l a t e d  conc re te  sandwich panel  w a l l s  c o n s i s t  o f  a l a y e r  o f  i n s u l a t i o n  

sandwiched between two l a y e r s  o f  conc re te .  Metal t i e s  o r  f a s t e n e r s ,  shown i n  

F i g .  3, a r e  o f t e n  used t o  connect t h e  t h r e e  l a y e r s  t o  p r o v i d e  s t d ' b i l i t y  and 

l o a d  t r a n s f e r ,  Heat f l o w s  l a t e r a l l y  a long  t h e  conc re te  pane ls .  Heat losses 

a r e  concen t ra ted  a t  t h e  me ta l  

F i g u r e s  4 and 5 show meta l  

and i n s u l a t e d  conc re te  masonry 

t o  h e a t  flow a c t  as thermal  b r  

--- Thermal Bypasses 

Thermal bypasses can occur 

i e s ,  which a c t  as thermal b r i d g e s .  

r e c t a n g u l a r  t i e s  used t o  r e i n f o r c e  masonry w a l l s  

w a l l s ,  r e s p e c t i v e l y .  T h e  t i e s  t h a t  a r e  p a r a l l e l  

dges. 

i n  w a l l  c a v i t i e s  t h a t  connect t o  uncond i t i oned  

p o r t i o n s  o f  a b u i l d i n g .  F igure5 6 and 7 show examples o f  thermal bypasses w i t h  

in an u n j n s u l a t e d  h o l l o w  co re  conc re te  b l o c k  w a l l  and a p o o r l y  i n s u l a t e d  f r a m e  

w a l l ,  r e s p e c t i v e l y .  Thermal bypasses may a l s o  occur w i t h i n  meta l  w a l l s  when 

i n s u l a t i o n  does n o t  comp le te l y  f j l l  t he  volume between t h e  l i n e r  and face  pane ls .  

Heat i s  t r a n s f e r r e d  by conduc t ion  through t h e  i n t e r i o r  w a l l  s u r f a c e  and 

then by convec t i on  up t o  an uncond i t i oned  a t t i c  o r  down t o  a f o u n d a t i o n .  

L i g h t w e i g h t  Concrete Wal l  

An 8 - i n .  (200-mm) t h i c k  w a l l  c o n s t r u c t e d  u s i n g  the  proposed lightweight 

conc re te  w i l l  e l i m i n a t e  thermal  b r i dges  and bypasses shown i n  F i g s ,  1 through 

7 .  The homogeneous w a l l  has no a i r  c a v i t i e s  t o  cause thermal bypasses. l h e  
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Cool Exterior 

Attic 

Foundot ion 

E L E VAT ION 

F i g .  6 Thermal Bypass Through Hollow Core Concrete 
Block Wall (Adapted f r o m  Ref. 5 )  
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Sheathing and Siding 

Cool Exterior 1 I 
Attic 

1 1  

Gypsum Wall board 

Poorly installed Insulation 

Warm Interior 

Convect ion Path 

Foundation 

ELEVATION 

F i g .  7 Thermal Bypass T h r o u g h  Poorly Insu la t ed  
Frame l l a l l  ( A d a p t e d  from Ref .  5 )  
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w a l l  c o n s t r u c t i o n  does n o t  r e q u i r e  me ta l  p a r a l l e l  t o  hea t  f l o w ,  which causes 

thermal  b r i d g e s .  A l though t h e  wall w i l l  r e q u i r e  re in fo rcemen t  as shown i n  

F i g ,  8, t h i s  re in fo rcemen t  i s  p e r p e n d j c u l a r  t o  hea t  f l o w  and does n o t  c r e a t e  

therma 

Un 

b r l d g l n g .  

I n t e r i o r  Wal ls  

n s u l a t e d  frame w a l l s  and h o l l o w  c o r e  b l o c k  w a l l s  used as i n t e r i o r  walls 

can c r e a t e  thermal  bypasses s-lmilar t o  those shown i n  F i g s .  6 and 7 f o r  

e x t e r i o r  w a l l s .  An example o f  a m u l t i - s t o r y  thermal  bypass i s  a conc re te  

b l o c k  p a r t y  w a l l  t h a t  extends f r o m  a f o u n d a t i o n  up t o  an a t t i c .  ,.Heat i s  con- 

ducted th rough  t h e  b l o c k  f a c e  s h e l l s  t o  t h e  h o l l o w  cores.  The heat i s  then 

t r a n s f e r r e d  by convec t i on  t o  t h e  uncond i t i oned  a t t i c  o r  f ounda t ion .  Heat i s  

l o s t  by convec t i on  th rough  t h e  a t t l c  and by conduc t jon  th rough  t h e  founda t ion .  

An 8 - i n .  (200-mm) t h i c k  w a l l  c o n s t r u c t e d  u s i n g  t h e  proposed l i g h t w e i g h t  

conc re te  w i l l  e l i m i n a t e  a thermal  bypass due t o  an i n t e r i o r  w a l l  s i n c e  t h p  

homogeneous w a l l  has no a i r  cav i t ’ l es .  

Columns ~- 

Common b u i l d i n g  m a t e r i a l s  f o r  s t r u c t u r a l  columns i n c l u d e  normal weight  

r e i n f o r c e d  conc re te  and s t r u c t u r a l  s t e e l .  Columns made f rom these m a t e r i a l s  

r e s u l t  i n  thermal b r i d g i n g  when one f a c e  i s  i n  c o n t a c t  w i t h  a c o n d i t i o n e d  

environment and one or  more o t h e r  faces a r e  exposed t o  an uncond i t i oned  

environment.  Us lng t h e  proposed l i g h t w e l g h t  s t r u c t u r a l  conc re te  f o r  e x t e r i o r  

columns w i l l  reduce hea t  l o s s  f r o m  t h e  c o n d i t i o n e d  a i r  spaces. 

A s i m p l i f i e d  comparat ive ana 

thermal  b r i d g e s  th rough  columns. 

(300-mm sq)  c ross  s e c t i o n a l  area 

as shown i n  F i g .  9 ( a ) .  The pa ra  

y s i s  was performed t o  assess t h e  e f f e c t  o f  

I n  t h i s  example, columns w i t h  a 1 2 - i n .  s q  

were assumed spaced 20 f t  (6.1 m) on cen te rs  

l e l  p a t h  c a l c u l a t i o n  method(6) was used t o  
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No. 4 Reinforcing Bars A 
@ 12 in. (300mm)  ( typ)  r 

L 
A 

PLAN V I E W  SECTION A-A 

F i g .  8 Typical Reinforcement f o r  8 - i n .  (200-mrn) 
L i g h t w e i g h t  Concrete Wall 
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1 ft sq. (300 mm sq.) f Concrete Column (typ.) 

- 
4- 1- 

20 

15 

10 

5 -  

20 ft (6.1 rn) 

- 

- 

- 

(a) Plan View of Column /Wall System 

Overall 
System 

Thermal 
Resistance, 

hr*sq ft*"F/Btu 

1 hr-sq  ft-"F/Btu = 0.1 76-sq m - W  

/l 

01 1 I I 1 

0 5 10 15 20 

Wall Thermal Resistance, hr*sq ft-°Ff/Btu 

(b) Comparing Thermal Resistances of Wall / Column Systems 
with Normal Weight and Lightweight Concrete Columns 

Fig. 9 Thermal Bridge Through Column 
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compare the wall/column system performance assuming normal weight and light- 

weight columns, and varlous wall resistances. Thermal conductivities for the 

normal weight and lightweight concretes, respectively, were assumed t o  be 16 

and 1.5 Btu*in./hr*ft'-"F (2.3 and 0.22 W/m*K). 

effect o f  any steel reinforcement parallel to heat flow. 

Calculations neglect the 

Actual column sizes are generally determined from structural loading condi- 

tions. Lightweight and normal weight concrete columns designed for the same 

loading conditions may not be the same size since the concretes have different 

phys'lcal properties. A lightweight concrete column may need to be larger i n  

size than a normal weight concrete column for the same loading c,bnditions. 

The example is conservative since a larger lightweight column would have a 

larger resistance than the 12-in, (300-mm) column assumed. 

Figure 9 ( b )  shows significantly reduced thermal resistance for the 

wall/column system when normal weight concrete columns are used. Use of the 

lightweight concrete in columns signiflcantly 'increases the system thermal 

resistance, particularly f o r  walls with high thermal resistance. 

Use o f  the lightweight concrete will also reduce thermal bridges through 

columns that penetrate roof insulatjon. One example is a building with 12-in. 

s q  (300-mm sq)  normal weight concrete columns spaced 20 ft (6.1 m) on centers, 

extendjng above a roof to support window washing equipment. Overall roof 

thermal resistance is reduced by a factor of 2 over  a 4 f t  sq (1,22 m s q )  area 

around a column due to the normal weight concrete thermal bridge.'") The 

proposed lightweight concrete could be designed to support the window washing 

equipment loads.  Thls would signiflcantly reduce the thermal bridge present 

in the normal weight concrete column system even if the lightweight concrete 

column had a crossectional area 100% larger than the normal weight concrete 

column. 
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C h i mneys 

Masonry chlmneys as shown i n  F i g .  10 r e p r e s e n t  a thermal  b r i d g e  s i m i l a r  t o  

t h e  one p r e v i o u s l y  d iscussed f o r  columns p e n e t r a t i n g  r o o f  i n s u l a t i o n .  The 

proposed l i g h t w e i g h t  c o n c r e t e  may be used i n  l i e u  o f  masonry t o  reduce thermal  

b r i d g i n g  through chimneys and o t h e r  r o o f  p e n e t r a t l o n s .  Chimneys may be e i t h e r  

p r e c a s t  or c a s t - i n - p l a c e .  Research would need t o  be performed t o  assess t h e  

proposed c o n c r e t e ' s  d u r a b l l i t y  a t  h i g h  temperatures,  for f reeze- thaw 

c o n d i t i o n s ,  and f o r  exposure t o  chemical  environments.  

Foundat ions 

Thermal b r i d g i n g  may a l s o  occur th rough  s t r u c t u r a l  members i n  thermal  

c o n t a c t  a t  conc re te  f o u n d a t l o n  w a l l s .  Heat l o s s  through wood o r  me ta l  

f raming,  a floor j o i s t ,  a s i l l ,  and a normal we igh t  conc re te  f o u n d a t i o n  i s  

shown I n  F i g .  11. F l g u r e  12 shows t h e  same t y p e  o f  heat  l o s s  th rough  a normal 

w e i g h t  c o n c r e t e  f l o o r  s l a b  I n  thermal  c o n t a c t  w i t h  a founda t ion .  Use o f  t h e  

proposed l i g h t w e i g h t  conc re te  f o r  f ounda t ions  would reduce t h i s  t y p e  o f  

thermal  b r i d g l n g .  More research  would need t o  be performed t o  assess t h e  

proposed c o n c r e t e ' s  d u r a b l l i t y  f o r  ground c o n t a c t  c o n d i t i o n s .  

F l o o r  Slabs 

A thermal  b r j d g e  may a l s o  be formed when a beam o r  f l o o r  pene t ra tes  an 

e x t e r i o r  w a l l  t o  f o r m  an e x t e r l o r  ba lcony as shown I n  F i g .  13. Usjng t h e  

l i g h t w e i g h t  conc re te  would reduce hea t  l osses  a t  t h e  e x t e r l o r  w a l l .  However, 

s t e e l  r e i n f o r c e m e n t  p a r a l l e l  t o  hea t  f l o w  i s  r e q u i r e d  f o r  t h i s  a p p l j c a t i o n .  

The s t e e l  would c o n t r i b u t e  t o  thermal b r i d g i n g .  

The l i g h t w e i g h t  concrete c o u l d  a l s o  be used i n  p l a c e  o f  normal we igh t  con- 

c r e t e  for basement f l o o r s  o r  s lab-on-grade founda t ions  t o  reduce heat  losses 

t o  t h e  ground. More research  would need t o  be performed t o  assess t h e  proposed 

c o n c r e t e ' s  ab ras ion  r e s i s t a n c e  and d u r a b i l i t y  f o r  impact l o a d l n g .  
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Masonry Chimney 

Heat Flow 

Attic Insulation 

E L E VAT I ON 

F i g .  10 Thermal B r i d g e  Through Masonry 
Chimney (Adapted  from Ref. 5 )  
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Wood or Metal Framing f 
‘loor Joist 

ELEVATION 

Fig .  11 Thermal Br idge  Through Floor  J o i s t ,  
S i l l ,  and Foundat ion  

Wood or Metol Framing / 
ond Siding- I Sole 
Sheathing 

Plate 

&LKL#4 Floor Slob 

E L €VAT I0 N 

F i g .  12 Thermal Bridge Through Concrete 
F l o o r  S l a b  and F o u n d a t i o n  
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Exterior Wall r 
Penetratinq 
Joist, Girder, or 
Floor Slab 

Heat Flow Path (typ) 

EL E VAT I0 N 

F i g .  13 Thermal Bridge T h r o u g h  F l o o r  S l a b  
E x t e n d i n g  t o  Bal cony 
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Other Cons ide ra t i ons  

The proposed l i g h t w e i g h t  c o n c r e t e  m a t e r i a l  has enough s t r e n g t h  t o  be l oad -  

b e a r l n g  i n  c e r t a i n  a p p l l c a t l o n s ,  b u t  has a the rma l  c o n d u c t i v i t y  s i g n i f i c a n t l y  

l ower  than  commonly used s t r u c t u r a l  m a t e r i a l s .  The c o n c r e t e  would be used 

p r i m a r i l y  I n  new b u i l d i n g s  e j t h e r  as p r e c a s t  o r  c a s t - i n - p l a c e  components. 

L a t e r  r e p o r t s  f o r  t h i s  p r o j e c t  w i l l  l n c l u d e  p h y s i c a l  and thermal  p r o p e r t i e s  

t e s t s  r e l a t e d  t o  u s i n g  t h e  c o n c r e t e  i n  e x t e r i o r  w a l l s .  Research i s  needed t o  

de te rm ine  s u i t a b i l i t y  o f  t h e  c o n c r e t e  f o r  o t h e r  proposed uses p r e v i o u s l y  

desc r ibed .  For  example, a d d l t l o n a l  d u r a b i l i t y  t e s t s  are needed t o  determine 

adequacy f o r  f ounda t ions ,  chimneys, and f l o o r s .  A lso,  some b u i l d i n g  codes 

r e q u i r e  s t r u c t u r a l  and f l r e  t e s t s  on f u l l  s i z e  b u i l d i n g  components b e f o r e  t h e  

m a t e r i a l  can be used. 
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SECTION 2 - BLAST COMPUTER ANALYSES 

Analyses were conducted u s i n g  t h e  BLAST computer program t o  determine 

annual  h e a t i n g  and c o o l i n g  loads o f  r e s i d e n t i a l  and commercial b u i l d i n g s  w i t h  

w a l l s  composed o f  t h e  proposed l l g h t w e i g h t  conc re te .  The two b u i l d i n g s  

s e l e c t e d  were a one -s to ry  commercial b u i l d i n g  and a t h r e e - s t o r y  apartment 

b u i l d i n g .  These b u i l d l n g s  were each analyzed f o r  s i x  c i t i e s  i n  t h e  U n i t e d  

S t a t e s .  

b u i l d i n g s  w i t h  conven t iona l  wood and meta l  w a l l  systems t o  determine p o t e n t i a l  

Resu l t s  were compared t o  prevSous BLAST program s t u d i e s  ( 2 , 3 )  of  

energy sav ings f r o m  u s i n g  t h e  l i g h t w e i g h t  conc re te  w a l l  system. 

Annual h e a t i n g  and c o o l i n g  loads determined f r o m  t h e  BLAST a.6alysis i n c l u d e  

t h e  e f f e c t s  o f  hea t  s to rage  c a p a c i t y  o f  b u i l d i n g  elements.  Comparisons o f  t h e  

l i g h t w e i g h t  conc re te  w a l l  system t o  a l t e r n a t l v e  systems show t h e  b e n e f i t s  of 

h e a t  s to rage  c a p a c i t y  i n  t h e  e x t e r i o r  envelopes o f  b u i l d i n g s ,  R e a l i s t i c  

assessments o f  b u i l d j n g  energy use must i n c l u d e  t h e  e f f e c t s  o f  thermal  mass as 

w e l l  as thermal  r e s i s t a n c e  o f  w a l l  components. 

l h e  a n a l y s i s  was c a r r i e d  o u t  u s i n g  t h e  B u i l d i n g  Loads A n a l y s i s  and System 

Thermodynamics (BLAST)( l '  computer program. 

h e a t i n g  and c o o l i n g  loads based on an hour-by-hour a n a l y s i s  f o r  a f u l l  year .  

C l i m a t i c  d a t a  were ob ta ined  f rom T e s t  Reference Year weather tapes.  For 

t h t s  i n v e s t i g a t i o n ,  o n l y  t h e  loads p o r t i o n  o f  t h e  B L A S l  program was used. 

T h i s  program determines annual 

B u i l d i n g  D e s c r i p t i o n s  

Commercial B u i l d i n g  

The commercial b u i l d i n g  analyzed i n  t h i s  i n v e s t i g a t i o n  i s  shown i n  F i g s ,  1 4  

and 1 5 .  

(1900 m ) o f  f l o o r  area.  The 4 - i n .  (100-mm) t h i c k  slab-on-grade was assumed 

The one-s to ry  b u i l d i n g  had slab-on-grade c o n s t r u c t i o n  w i t h  20,000 s q  f t  

2 

t o  be normal we igh t  conc re te .  
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Fig. 14 Commercial Building Isometric ( 2 )  

W 

l 2 ' ,  9 4' r i- 1 

( 2 )  Fig- 15 Cornrnerical Building Geometry 
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Windows and door g l a z i n g  comprised approx ima te l y  10% o f  t h e  s u r f a c e  area 

o f  t h e  e a s t  w a l l .  No windows were p laced  on t h e  n o r t h ,  south,  and west w a l l s .  

The b u i l d i n g  had a f l a t  roo f  c o n s i s t i n g  o f  open-web s t e e l  j o i s t s ,  meta l  

deck, r i g i d  board i n s u l a t i o n ,  and b u i l t - u p  r o o f i n g .  Roof c o n s t r u c t i o n  i s  shown 

i n  F i g u r e  16, Roof i n s u l a t i o n  was s e l e c t e d  t o  s a t i s f y  t h e  requi rements of 

ASHRAE Standard g0A-1980.(4) A l i g h t  c o l o r e d  r o o f  w i t h  an a b s o r p t i v i t y  o f  

0.5 was used a t  l o c a t i o n s  hav ing  l e s s  than 4000 h e a t i n g  degree days. A dark 

c o l o r e d  r o o f  w i t h  an a b s o r p t i v i t y  o f  0.9 was used a t  l o c a t i o n s  hav ing  more than 

4000 h e a t i n g  degree days. A c o u s t i c a l  t i l e ,  3 /4 - i n .  (19-mm) t h i c k ,  was used as 

an I n s i d e  c e i l i n g  f i n i s h  f o r  a l l  r o o f  c o n s t r u c t i o n s .  

For  t h e  f e a s i b i l i t y  s tudy,  performance o f  a b u i l d i n g  w i t h  l i g h t w e i g h t  con-  

c r e t e  w a l l s  i s  compared t o  performance o f  a b u i l d i n g  w i t h  me ta l  e x t e r i o r  wa 1 

systems analyzed i n  a p r e v i o u s  s tudy ,  ( 2 )  

The l i g h t w e i g h t  conc re te  w a l l  was 8 - i n .  (200-mm) t h i c k  and had no i n t e r  

or e x t e r i o r  f i n j s h e s .  The conc re te  was assumed t o  have a u n i t  we igh t  o f  50 

(800 kg/m ) and thermal  c o n d u c t i v i t y  o f  1 .5  B t u - i n . / h r = f t 2 = " F  (0.22 bJ/m-K). 

The t o t a l  R-value o f  t h e  l i g h t w e i g h t  conc re te  w a l l  was 6.18 h r - f t 2 = " F / B t u  

3 

o r  

PC f 

(1.09 rn2*K/W) .  

(0 .12 m2*K/W) on t h e  l ndoor  s i d e  and 0,17 h r . f t 2 - " F / B t u  (0.03 m 2 - K / W )  on t h e  

outdoor  s ide .  These va lues a r e  comnonly used i n  des ign and r e p r e s e n t  s t i l l  

a i r  on t h e  i n d o o r  w a l l  s u r f a c e  and an a i r  f l o w  o f  1 5  mph ( 2 4  krn/hr) on t h e  

outdoor  w a l l  su r face .  

Th is  i n c l u d e s  su r face  r e s i s t a n c e  c o e f f i c i e n t s  o f  0.68 h r = f t 2 = " F / B t u  

Wal l  systems eva lua ted  i n  t h e  p rev ious  s tudy a r e  shown i n  F i g u r e  1 7 .  Con- 

c r e t e  w a l l s  were 8 - i n .  (200-mm) t h i c k  and c o n s t r u c t e d  o f  normal we igh t  conc re te .  

Thermal and p h y s i c a l  p r o p e r t i e s  o f  t h e  conc re te  w e r e  based on those measured i n  

a l a b o r a t o r y  i n v e s t i g a t i o n  u s i n g  a c a l i b r a t e d  h o t  box. The i n t e r i o r  f i n i s h  of 

t h e  w a l l  was 1 / 2 - i n .  (13-mm) gypsum board.  E x t e r i o r  f i n i s h  was s tucco.  R i g i d -  

board i n s u l a t i o n  was p laced  between t h e  conc re te  and gypsum board f o r  w a l l s  
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I 

Metal Deck 

74 " Acoustical 
Tile Steel Joist 1 . . . . I e m  I , . , , .. . , , , 

F i g .  16 Commercial Building Roof C o n s t r u c t i o n  (2) 
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8" Concrete Wall Panel 

Rigid Board Insulation 

( a )  Concrete Wall with 
Inter i o r  I nsu 1 a t  i on 

( b )  Concrete Val1 w i t h  
Exterior Insulation 

I I I  

12 Gypsum E x ter io r Fa c e 
Board Pone1 

Bat t Insulation 
Between 
Metal Studs 

Su bgir t 

( c )  Metal Wall 

F i g .  17 Commercial Building \la1 1 Constructions 
From Previous Study ( 2 )  
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i n s u l a t e d  on t h e  i n s i d e .  I n s u l a t i o n  was p laced  between conc re te  and s tucco  f o r  

w a l l s  i n s u l a t e d  on t h e  o u t s i d e .  The t h i c k n e s s  of i n s u l a t i o n  was v a r i e d  t o  

o b t a j n  s e v e r a l  w a l l  R-values. 

Meta l  w a l l  systems c o n s i s t e d  o f  e x t e r i o r  me ta l  s i d i n g  supported by s t e e l  

g i r t s .  The i n s i d e  was f i n i s h e d  w i t h  1 / 2 - i n ,  (13-mm) gypsum board supported b y  

s t e e l  s tuds.  I n s u l a t i o n  was l o c a t e d  between t h e  s tuds.  Th is  c o n s t r u c t i o n  i s  

t y p i c a l  o f  t h a t  found i n  me ta l  b u i l d i n g s .  The t h i c k n e s s  o f  i n s u l a t i o n  was 

v a r i e d  t o  o b t a i n  s e v e r a l  w a l l  R-values. 

B u i l d i n g  occupancy and o p e r a t l o n a l  p r o f i l e s  were based on those s p e c i f i e d  

f o r  shopping c e n t e r s  i n  t h e  Standard B u i l d i n g  Opera t i ng  Cond i t i ons  o f  t h e  

B u i l d i n g  Energy Performance Standards (BEPS) ( '2)  i ssued  by t h e  Department o f  

Energy. Assumed va lues f o r  occupancy and l i g h t i n g  heat  ga ins  a r e  shown i n  

Tab le  2 -  

The i n s i d e  temperature d u r i n g  occupied p e r i o d s  was a l l owed  t o  f l u c t u a t e  

between 67°F (19°C) and 76°F (24°C)  w i t h o u t  mechanical  heat i .ng o r  c o o l i n g .  

Mechanical  h e a t i n g  was a c t i v a t e d  when t h e  i n s i d e  temperature dropped below 

67°F (19OC) and mechanical  c o o l i n g  was a c t i v a t e d  when t h e  i n s i d e  temperature 

rose above 76°F ( 2 4 ° C ) .  Dur ing  unoccupied p e r l o d s ,  t h e  i n s i d e  temperature was 

a l l owed  t o  drop t o  62°F (17°C).  There was no upper temperature l i m i t  d u r j n g  

unoccupied p e r i o d s .  

Heat losses  t h rough  t h e  slab-on--grade were c a l c u l a t e d  u s i n g  ground 

temperatures and s o i l  r e s i s t a n c e s  as desc r ibed  i n  Appendix E o f  t h e  BLAST 

Program Users Manual. ( 1  1 

Ex t ra  l e v e l s  o f  mass f o r  f u r n i s h i n g s  and rnerchandlse were n o t  i n c l u d e d  in 

t h e  BLAST a n a l y s i s  s o  t h a t  r e s u l t s  cou ld  be compared t o  a p r e v i o u s  s tudy o f  

t h e  same buS ld ing  w i t h  d i f f e r e n t  e x t e r i o r  w a l l  systems. ( 2 )  
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TABLE 2 - C O M M E R C I A L  B IJ ILDING I N T E R N A L  HEAT GAINS 
ASSUMED FOR ANALYSIS  

205** 
(60 .0)  

Source 

85 
( 2 5 )  

I I 

Peak V a l u e ,  
k B t u / h r  

(kW) 

H o u r l y  Average ,  
k B t u / h r  

( k W  

Occupancy 384* 104 
(30.5) 

L1 g h t  1 ng 

*600 p e o p l e  
**10.2 B t u / h r * f t 2  (32 .3  W/m2) 
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R e s i d e n t i a l  B u i l d i n g  

The l o w - r i s e  m u l t i f a m i l y  r e s i d e n t i a l  b u i l d i n g  analyzed i n  t h i s  i n v e s t i g a -  

t i o n  i s  shown i n  F i g .  18. T h i s  t h r e e - s t o r y  apartment b u i l d i n g  had 18,000 s q  f t  

(1700 m ) t o t a l  f l o o r  area.  A t y p i c a l  f l o o r  p l a n  i s  shown i n  F i g .  19. 2 

Wlndows on t h e  n o r t h  and sou th  w a l l s  comprised about 10% o f  t h e  area o f  

these w a l l s .  S l i d l n g  g l a s s  doors and windows on t h e  e a s t  and west w a l l s  

t o t a l e d  approx ima te l y  26% o f  t h e  area o f  t hese  w a l l s .  Shading was p r o v i d e d  on 

t h e  e a s t  and west s ides  by 6 - f t  ( 2 4 )  b a l c o n i e s  f o r  t h e  lower  f l o o r s  and 6 - f t  

(2-m) overhangs f o r  t h e  t o p  f l o o r .  No shading was p rov ided  on t h e  n o r t h  and 

sou th  w a l l s .  Double g l a z i n g  was used i n  a l l  windows and doors.  . 

For t h e  f e a s i b i l i t y  s tudy,  performance o f  t h e  b u i l d i n g  w i t h  l i g h t w e i g h t  

c o n c r e t e  w a l l s  i s  compared t o  performance o f  t h e  b u l l d l n g  w i t h  wood frame 

e x t e r i o r  w a l l s  analyzed i n  a p rev ious  s tudy .  ( 3 )  

p a r t i t i o n  c o n s t r u c t i o n  va ry  depending on e x t e r i o r  w a l l  c o n s t r u c t i o n .  

F l o o r ,  r o o f ,  and i n t e r i o r  

The l i g h t w e i g h t  conc re te  w a l l  was 8 - i n .  (200-mm) t h l c k  and had no i n t e r i o r  

or  e x t e r i o r  f i n i s h e s .  The conc re te  was assumed t o  have a u n l t  w e i g h t  o f  50 

p c f  (800 kg/m ) and thermal  c o n d u c t i v i t y  o f  1.5 B t u * i n . / h r - f t 2 = " F  (0 .22  W/m-K) .  

The t o t a l  R-value o f  t h e  l i g h t w e i g h t  conc re te  w a l l  i n c l u d i n g  s u r f a c e  r e s i s t -  

ances was 6.18 h r = f t 2 - " F / B t u  (1.09 m - K / W ) .  

3 

2 

Roof c o n s t r u c t l o n  o f  t h e  b u i l d i n g  w i t h  l i g h t w e i g h t  conc re te  e x t e r i o r  w a l l s  

c o n s i s t e d  o f  b u l l t - u p  r o o f i n g  on r i g l d - b o a r d  i n s u l a t i o n  supported by 8 - i n .  

(200-mm) p r e c a s t  ho l l ow-co re  s labs  as shown i n  F i g .  20. Roof thermal  

r e s i s t a n c e  values, l i s t e d  i n  l a b l e  3, s a t i s f i e d  t h e  minimum requi rements o f  

t h e  HUD Minimum P r o p e r t y  Standards f o r  M u l t i - F a m i l y  Housing (HUD-MPS) 

f o r  each l o c a t i o n .  

( 1 3 )  

F l o o r  c o n s t r u c t i o n  c o n s i s t e d  o f  8 - i n .  (200-mm) p r e c a s t  normal we igh t  

c o n c r e t e  ho l l ow-co re  s labs  w i t h  padded c a r p e t i n g  as t h e  f l o o r  f i n i s h .  Ground 
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7' 

F ig .  18 Res iden t ia l  Building Isometric ( 3 )  

I 
0 

I 
m 

6 SPACES @ 2 5 '  = 150' L- I 

F i g .  19 Typical Floor  Plan of Residential E u i l d i n g  (3 )  
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L 

ROOFING 

RIGID  BOARD 
INSULATION 

. 8" HOLLOW-CORE 

Fig. 20 P r e c a s t  Concrete Holl Core Roof for 
Res i den ti a1 Bu i  1 d i  ng F? 

8'' HOLLOW - C O R E 7  -7 CARPET AND PAD 

F i g .  21 P r e c a s t  Concrete Hollow-Core Floor  for 
R e s i d e n t i a l  Building ( 3 )  
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1-ABLE 3 - ROOf  THERMAL RESISTANCE VALUES USED FOR R E S I D E N T I A L  B U I I - D I N G  

Loca t i on 

A t  1 anta  

Chicago 

Phoenix 

Seat t l e  

Tampa 

Washington, D . C  

Thermal Resistance 
R-Val ue, 

h r = f  t2*'F/Btu 
(m2=K/W)  

10.1 
(1 .78)  

1 0 . 1  
(1 .78)  

11.1 
(1  - 9 5 )  

8 , 6  
( 1 . 5 1 )  

11.2  
( 1 . 9 7 )  

10.1 
( 1  -78) 
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f l o o r  c o n s t r u c t i o n  c o n s i s t e d  o f  c a r p e t  w i t h  padding over a 5-1/2- in .  (140-mm) 

normal we igh t  conc re te  s l a b  on grade. Concrete f l o o r  and s lab-on-grade 

c o n s t r u c t i o n s  a r e  shown i n  F i g s .  21 and 22, r e s p e c t i v e l y .  Thermal r e s i s t a n c e s  

o f  t h e  ca rpe ted  f l o o r  and ca rpe ted  slab-on-grade, r e s p e c t i v e l y ,  were 2.84 and 

1.91 h r - f t 2 . 0 F / B t u  (0.50 and 0.34 m - K / W )  n o t  i n c l u d i n g  a i r  f i l m  r e s i s t a n c e s .  2 

Heat losses th rough  t h e  s lab-on-grade were c a l c u l a t e d  u s i n g  ground tempera- 

t u r e s  and s o i l  r e s i s t a n c e s  as desc r ibed  i n  Appendix E o f  t h e  B L A S l  Program 

Users Manual. ( 1 )  

I n t e r i o r  p a r t i t i o n  c o n s t r u c t i o n  c o n s i s t e d  o f  4x8x16- in.  (100x200x400-mm) 

conc re te  masonry between apartments and wood frame p a r t i t i o n s  w i t h i n  apartments.  

These p a r t i t j o n s  a r e  shown i n  F i g .  23. 

l h e  t h r e e - s t o r y ,  1 8 - u n i t  apartment b u i l d i n g  analyzed i n  t h i s  i n v e s t i g a t i o n  

was modeled as t h r e e  zones, one for each f l o o r .  A zone i s  a c o n d i t i o n e d  space 

w i t h  a p a r t i c u l a r  s e t  o f  b o t h  c o n t r o l  and f u n c t l o n a l  parameters and envelope 

and p a r t i t i o n  c o n s t r u c t i o n .  For t h l s  i n v e s t i g a t l o n ,  no heat  t r a n s f e r  was 

p e r m i t t e d  between a d j a c e n t  zones, However, b u i l d i n g  components s e p a r a t i n g  

zones c o u l d  s t o r e  and r e l e a s e  h e a t .  

For a p rev ious  s tudy , (3 )  a n ine-zone b u i l d l n g  sub jec ted  t o  A l t a n t a  tempera- 

t u r e  c o n d i t i o n s  was modeled us ng high-mass and low-mass b u i l d i n g  components 

t o  determine t h e  e f f e c t  o f  zon ng, Each f l o o r  i n  these b u i l d i n g s  had t h r e e  

zones - - two  end zones r e p r e s e n t i n g  t h e  end apartments and a t h i r d  zone rep resen t -  

i n g  t h e  t y p l c a l  i n t e r i o r  apartments.  The comparison i n d i c a t e d  t h a t  t h e  b u i l d i n g  

c o u l d  be modeled as t h r e e  zones w i t h o u t  s i g n i f i c a n t  l o s s  of accuracy in d e t e r -  

m i n i n g  annual  h e a t i n g  and c o o l i n g  l o a d s .  D e t a i l e d  r e s u l t s  o f  t h e  comparison 

a r e  r e p o r t e d  j n  Reference 3 .  

l h e  t o t a l  mass  o f  t h e  b u i l d i n g  w l t h  l i g h t w e i g h t  conc re te  e x t e r i o r  w a l l s  was 

2 138 l b s  per  sq f t  o f  f l o o r  area ( 6 7 6  kg/m ) .  T o t a l  b u i l d i n g  mass i n c l u d e s  
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CARPET AND PAD 

5 112'' CONCRETE 

F i g .  22 S l a b  on Grade for R e s i d e n t i a l  Buildinq (3 )  

4" X 8 "  X 16" 
CONCRETE BLOCK 

5/8" DRY W A L  

2 I' X 41:' STUDS 
@ 16 O.C. 1.; 

., 

1 

( a )  Concrete Masonry ( 3 )  ( b )  Wood-Frame ( 3 )  

Fig .  23 P a r t i t i o n  Walls for Residential Building 
From Previous Study ( 3 )  
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t o t a l  we igh t  o f  w a l l s ,  f l o o r s ,  p a r t i t i o n s ,  and s l a b  on grade, The b u i l d i n g  

had i n t e r n a l  mass o f  116 l b s  pe r  s q  f t  o f  f l o o r  area (568 kg/m ) .  I n t e r n a l  

mass i n c l u d e s  t h e  mass o f  f l o o r s  ( e x c l u d i n g  s lab-on-grade) ,  p a r t i t i o n s ,  and 

2 

t h a t  p o r t i o n  o f  e x t e r i o r  w a l l s  and r o o f s  n o t  i n s u l a t e d  f rom t h e  l i v i n g  space. 

E x t r a  l e v e l s  o f  mass f o r  f u r n i s h i n g s  and possessions were n o t  i n c l u d e d  i n  the  

BLAST a n a l y s i s  so t h a t  r e s u l t s  cou ld  be compared t o  a p rev ious  s tudy o f  t h e  

same b u i l d l n g  w i t h  d i f f e r e n t  e x t e r i o r  w a l l  systems. ( 3 )  

A prev ious  s t u d y ( 3 )  i n v e s t i g a t e d  t h e  performance o f  t h i s  t h r e e - s t o r y  

apartment b u l l d i n g  hav ing  d l f f e r e n t  combinattons o f  wood frame and conc re te  

component c o n s t r u c t i o n s  w l t h  v a r y l n g  amounts o f  thermal  mass. Table 4 

summarizes combinat ions o f  b u i l d i n g  components analyzed. Combinations A 

t h rough  0 i n  Table 4 correspond t o  b u i l d i n g  thermal  mass l e v e l s  f r o m  t h e  

h i g h e s t  t o  t h e  l owes t  o f  those considered.  The l e v e l  o f  i n t e r n a l  mass a s s o c i -  

a t e d  w i t h  each combinat ion i s  l i s t e d  i n  Table 4 .  

Masonry and wood frame e x t e r i o r  w a l l  c o n s t r u c t j o n s  a r e  shown i n  F i g .  24 .  

Wood-frame w a l l  c o n s t r u c t i o n  c o n s i s t e d  o f  2 x 4 - i n .  (50x100-mm) s tuds a t  16 i n ,  

(400-mm) an c e n t e r  covered w i t h  5/8- in .  (16-mm) d r y w a l l  on t h e  i n t e r i o r  and 

shea th ing  and s i d i n g  on t h e  e x t e r i o r .  A w a l l  R-value o f  4 . 8  h r * f t 2 = " F / B t u  

(0.85 r n 2 * K / W ) ,  t h e  minlmum considered I n  t h i s  i n v e s t i g a t i o n  f o r  wood-frame 

c o n s t r u c t i o n ,  was achleved by u s i n g  1 / 2 - i n .  (13-m) f i b e r b o a r d  sheath ing and no 

b a t t  i n s u l a t i o n .  

r e p l a c i n g  t h e  f i b e r b o a r d  w i t h  1 / 2 - i n .  (13-mm) plywood shea th ing  and p r o v l d i n g  

R-11 b a t t  i n s u l a t i o n  between t h e  s tuds .  A w a l l  R-value o f  21.3 h r = f t * - " F / B t u  

( 3 . 7 5  m2*K/W),  t h e  maxlmum considered i n  t h i s  i n v e s t i g a t j o n ,  was achjeved by 

u s i n g  l - i n .  (25-mm) r i g i d - b o a r d  i n s u l a t i o n  as sheath ing and R-13 b a t t  i n s u l a -  

t i o n  between t h e  s tuds.  

An R-value o f  12.2 h r - f t 2 - " F / B t u  (2.15 m2*K/W) was achieved b y  
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TABLE 4 -. COMBINATION OF COMPONENTS FOR R E S I D E N T I A L  BUILDING(3) 

T o t a l  B ldg.  
Mass ,* 

P S f  

(kg/m2) 

CombinatSon I n t e r n a l  
Mass ,** 

PSf 
( kg/m2) 

E x t e r i o r  
w a l l s  

1 5 4 . 2  
( 7 5 2 . 9 )  

I n t e r i o r  
p a r t i t i o n s  

106.2 
(518.5 

8 8 . 5  
( 4 3 2 )  

7 3 . 0  
(356) 

80.7 
( 3 9 4 )  

31 .7 
(155) 

14.0  
( 6 8 . 4 )  

1 4 . 4  
( 7 0 . 3 )  

B u i l d i n g  Components 

F l o o r s  and 
r o o f  

Hol  low- c o r e  

Wood - f r ame 

WOOd-fFame 

Wood-frame 

Concrete ,, 

masonry , 

Concrete 
mas on r y  

Concrete 
masonry 

Wood-frame 

Concrete 
ma s on r y 

Concrete 
mas on r y 

Wood--f rame 

Wood - f rdme 

* T o t a l  b u i l d i n g  mass i n c l u d e s  t o t a l  w e i g h t  o f  w a l l s ,  f l o o r s ,  p a r t i t i o n s ,  
r o o f ,  and s l a b  on grade. U n i t s  a r e  pe r  square f o o t  o f  f l o o r  area.  

* * I n t e r n a l  mass i n c l u d e s  mass o f  f l o o r s  (excep t  s lab-on-grade) ,  partitions, 
and r o o f s  ( t h a t  p o r t i o n  o f  t h e  r o o f  I n  d i r e c t  c o n t a c t  w i t h  t h e  l i v i n g  
space ) .  I t  a l s o  -includes e x t e r i o r  w a l l  mass n o t  i n s u l a t e d  f rom t h e  l i v i n g  
space. S lab -on -g rade  mass was i n c l u d e d  i n  t h e  BLAST analyses b u t  n o t  i n  
t h i s  t a b l e  because t h i s  va lue  was c o n s t a n t  f o r  a l l  cornblnat ions.  Mass o f  
b u i l d i n g  f u r n i s h l n g s  and household possess;ons were n o t  i n c l u d e d  i n  t h e  
BLAST analyses, U n i t s  a r e  per  square f o o t  o f  f l o o r  area.  
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I I ' X 2 "  @ 16" O.C. 
FURRING 

RIGID B O A R D  
INSULATION 

5 /8" DR Y WA L L 

( a )  Concrete Masonry 

, 5 / 8 "  DRYWALL 

BATT INSULATION 

( b )  Wood-Frame 

F i g ,  24 E x t e r i o r  Val1 Construct ions for 

(3 )  
R e s i d e n t i a l  hi l d i n g  
From Previous Study 
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Concre te  masonry e x t e r i o r  w a l l  c o n s t r u c t i o n  c o n s i s t e d  o f  s i n g l e - w y t h e  

8x8x16- in .  (200x200x400-mm) c o n c r e t e  masonry u n l t s .  On t h e  i n s i d e ,  5/8-3n, 

(16-mm) d r y  w a l l  and r e f l e c t i v e - f o i l - b a c k e d  r i g i d - b o a r d  i n s u l a t i o n  were n a i l e d  

t o  1x2 - in .  (25x50-mm) f u r r l n g  s t r i p s  a t  16  I n ,  (400-mm) on c e n t e r .  Use o f  

f u r r i n g  s t r i p s  c r e a t e d  a 3 / 4 - i n .  (20-mm) r e f l e c t i v e  a i r  space between t h e  

i n s u l a t i o n  and masonry s u r f a c e s .  

(1.7 and 2.7 m 2 * K / W )  were ach ieved  by u s i n g  1 / 2 - i n .  (13-mm) and 1 - 1 / 4 - l n .  (32-mm) 

p o l y i s o c y a n u r a t e  r i g i d - b o a r d  i n s u l a t i o n ,  r e s p e c t i v e l y .  ( 6 )  

h r = f t 2 w 0 F / B t u  (0.69 rn e K / W )  was ach ieved  by e l i m i n a t i n g  t h e  r i g i d - b o a r d  i n s u l a -  

t i o n .  

r e p l a c i n g  t h e  d r y w a l l  w i t h  a 5 /8 - i n .  (16-mm) r e f l e c t i v e  f o I l - b a c k e d  d r y w a l l  and 

p r o v i d i n g  no r l g i d - b o a r d  i n s u l a t i o n .  

Wa l l  R-values o f  9,4 and 1 5 . 4  h r = f t 2 m 0 F / B t u  

A w a l l  R-value o f  3 .9 

2 

2 The w a l l  R-va lue  was i n c r e a s e d  t o  5.3 h r * f t 2 * " F / B t u  (0 .93  rn = K / W )  by 

Ho l l ow-co re  roofs, h o l l o w - c o r e  f l o o r s ,  s lab-on-grade, masonry i n t e r i o r  p a r -  

t i t i o n s ,  and wood-frame I n t e r i o r  p a r t i t i o n s  used i n  t h e  p r e v i o u s  s t u d y  were t h e  

same as those  used f o r  t h e  r e s i d e n t l a l  b u i l d i n g  w i t h  l i g h t w e i g h t  c o n c r e t e  

e x t e r i o r  w a l l s .  These b u i l d i n g  components a r e  i l l u s t r a t e d  i n  F i g s .  20 t h r o u g h  23. 

The wood-frame r o o f  system c o n s t r u c t i o n ,  i l l u s t r a t e d  i n  F i g .  25, c o n s i s t e d  

o f  built-up r o o f i n g  on 5 / 8 - i n .  (16-mm) plywood suppor ted  by 2 x 8 - i n .  (50x200-mm) 

j o i s t s  a t  16  i n .  (400 mm) on c e n t e r .  Batt i n s u l a t i o n  was p r o v i d e d  between t h e  

j o i s t s  and 5 / 8 - i n .  (16-mm) d r y w a l l  was used as t h e  i n t e r i o r  f i n i s h .  T h i s  r o o f  

system was used o n l y  w i t h  f l o o r s  o f  w o o d - j o i s t  c o n s t r u c t i o n .  

Roof R-values f o r  a l l  b u i l d i n g s  ana lyzed  s a t i s f i e d  t h e  mlnirnum requ i remen ts  

o f  HUD Minimum P r o p e r t y  S tandards  f o r  M u l t i f a m i l y  Housing ( H U D - M P S )  ( 1 3 )  f o r  

each l o c a t i o n .  Values used were t h e  same as those  l i s t e d  i n  l a b l e  3 f o r  t h e  

b u S l d i n g  w i t h  l i g h t w e i g h t  c o n c r e t e  w a l l s .  A l i g h t  r o o f  c o l o r  was used i n  

l o c a t i o n s  w i t h  4000 h e a t i n g  degree days o r  l e s s  and a d a r k  c o l o r  J n  l o c a t l o n s  

h a v i n g  more t h a n  4000 h e a t i n g  degree days .  
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2" X 8" JOIST @ 16" 0.C 

F i g .  25 Wood-Frame Roof f o r  Residential B u i l d i n g  ( 3 )  

PLY WOOD 

, I  2" J O I S T  
0.c.- 

Fig. 26 Wood-Frame Floor  for Residential  Building ( 3 )  

i 
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The wood-frame f l o o r  system, i l l u s t r a t e d  i n  F i g .  26, c o n s i s t e d  o f  2x12- in .  

(50x300-mm) j o i s t s  s u p p o r t i n g  a double l a y e r  o f  plywood. Plywood th i cknesses  

were 1 /2  I n .  (13 mm) and 5 / 8  i n .  (16  m). T h i s  f l o o r  c o n s t r u c t i o n  i s  represen-  

t a t i v e  of  t h a t  commonly used i n  m u l t i f a m i l y  r e s i d e n t l a l  b u i l d i n g s .  

The c e i l i n g  f j n i s h  was 5 /8 - in .  ( 1 6  mm) d r y w a l l .  The f l o o r  f i n i s h  was 

padded c a r p e t i n g .  

B u i l d i n g  occupancy and o p e r a t i o n a l  p r o f i l e s  were r e p r e s e n t a t i v e  o f  m u l t i -  

f a m i l y  r e s i d e n t i a l  b u i l d i n g s .  Values f o r  occupancy, l i g h t i n g ,  and e l e c t r i c a l  

a p p l i a n c e  i n t e r n a l  ga ins  a r e  presented I n  Table 5.  

I ndoor  temperatures d u r i n g  t h e  day were a l l owed  t o  f l  c t u a t e  between 70°F 

( 2 1 O C )  and 76°F (24°C) w j t h o u t  mechanical  h e a t i n g  o r  coo l  ng. Mechanical  

h e a t i n g  was a c t j v a t e d  when t h e  i ndoor  temperature f e l l  be ow 7 O o F  (21°C) and 

mechanical  c o o l i n g  when t h e  i n d o o r  temperature rose above 76°F ( 2 4 ° C ) .  I ndoor  

temperatures d u r i n g  t h e  n i g h t  were a l l owed  t o  d rop  t o  64'F ( 1 8 O C )  b e f o r e  

mechanical  h e a t i n g  was a c t i v a t e d .  The n i g h t t i m e  c o o l i n g  l i m i t  was 76°F ( 2 4 ° C ) .  

Peak w i n t e r  i n f i l t r a t i o n  was e q u i v a l e n t  t o  0,6 a j r  changes p e r  hour f o r  

a l l  commercial and r e s i d e n t l a l  buildings analyzed. 

Resu l t s  o f  BLAST A n a l y s i s  

l h e  BLAS'I computer a n a l y s i s  was performed on a r e s l d e n t i a l  and a commercial 

b u i l d i n g  w i t h  t h e  l i g h t w e i g h t  conc re te  w a l l  system p r e v i o u s l y  desc r ibed .  

The e f f e c t  of thermal  mass  i s  i n f l u e n c e d  by c e r t a l n  operating and 

functional parameters such as s o l a r  ga ins ;  i n t e r n a l  heat  ga ins  f rom occupancy, 

l ightqnng, and app l i ances ;  l e v e l  o f  i n t e r n a l  m a s s ;  b u i l d i n g  geometry, 

o r i e n t a t i o n ,  and c o l o r ;  and temperature c o n t r o l  s t r a t e g y .  The r e s u l t s  

r e p o r t e d  he re  a r e  f o r  one s e t  o f  such parameters.  Other combinat ions o f  these 
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TABLE 5 - RESIDENTIAL B U I L D I N G  INT€RNAL HEAT G A I N S  
ASSUMED FOR ANALYSIS 

Source 
Peak Value, 

kBt u/h r 
( k W  

Occupancy 

L 1  ght 1 ng 

El ec t r  i ca l  
Appllances 

30.7* 
(9.00) 

31.9** 
(9.35) 

6 3 . 4 * * *  
( 1 8 . 6 )  

Hourly Average, 
kBtu/hr 

(kW) 

2 4 . 6  
( 7 . 2 1 )  

8 . 3  
( 2 . 4 )  

34.7 
(10.2) ,' 

*60 people  

3 **1.77 Btu/hr=ft2 (5.6 W/m2 
***3.51 Btu/hr=ft2 ( 1 1 . 1  W/m ) 
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parameters may r e s u l t  i n  thermal  performance d i f f e r e n t  f r o m  t h a t  r e p o r t e d  

here.  However, a c o n s i d e r a t i o n  o f  t h e  e f f e c t s  o f  a l l  these f a c t o r s  i s  beyond 

t h e  scope o f  t h i s  i n v e s t i g a t l o n .  

Commercial B u i l d i n g  

Table 6 shows annual  h e a t i n g  load,  annual c o o l i n g  load, and annual  t o t a l  

l o a d  f o r  t h e  one s t o r y  commercial b u i l d l n g  w i t h  l i g h t w e i g h t  conc re te  e x t e r i o r  

w a l l s  f o r  t h e  s i x  c i t i e s  i n d i c a t e d .  Hea t ing  degree day and c o o l i n g  degree day 

va lues a r e  based on 65°F (18°C) and were ob ta ined  f r o m  t h e  ASHRAE Handbook - 

1981 Fundamentals . (6) 
I n  F i g .  27, annual  h e a t i n g  l oad  I s  p l o t t e d  a g a i n s t  h e a t i n g  degree days f o r  

t h e  s i x  c i t i e s .  I n  F i g .  28, annual  c o o l i n g  l o a d  i s  p l o t t e d  a g a i n s t  c o o l i n g  

degree days. There i s  a l i n e a r  r e l a t i o n s h i p  between annual l o a d  and degree 

days i n  b o t h  cases. S ince  t h e  h e a t i n g  l o a d  f o r  Tampa i s  sma l l ,  i t  was n o t  

i n c l u d e d  i n  t h e  heat- ing l o a d  versus h e a t i n g  degree days l i n e  shown i n  F i g .  27. 

For t h i s  p a r t i c u l a r  b u i l d i n g ,  w i t h  t h e  o p e r a t i n g  c o n d i t i o n s  assumed f o r  

t h e  BLAST a n a l y s i s ,  h e a t i n g  and c o o l i n g  loads f o r  any l o c a t i o n  can be es t ima ted  

u s i n g  F i g s .  27 and 28 and t h e  h e a t l n g  and c o o l i n g  degree days a t  t h a t  l o c a t l o n .  

Loca t fons  w i t h  l e s s  than  about 1800 h e a t i n g  degree days w i l l  have l o w  h e a t i n g  

loads f o r  t h i s  b u i l d i n g  under t h e  s p e c l f i e d  o p e r a t i n g  c o n d i t i o n s .  

R e s i d e n t i a l  B u i l d i n g  

Tab le  7 shows annual  h e a t i n g  load,  annual  c o o l i n g  load,  and annual t o t a l  

l o a d  f o r  each l e v e l  o f  t h e  t h r e e - s t o r y  apartment b u j l d i n g  f o r  t h e  s i x  c i t i e s  

i n d i c a t e d .  Table 7 ( a )  g i v e s  va lues i n  U.S u n i t s  and Table 7 ( b )  g l v e s  values i n  

SI u n i t s .  Hea t ing  degree days, c o o l i n g  degree days, and t o t a l  loads f o r  a l l  

t h r e e  l e v e l s  a r e  shown i n  Table 8. Coo l l ng  degree day va lues a r e  based on 

65°F (18°C) and were ob ta ined  f r o m  t h e  ASHRAE Handbook - 1981 Fundamentals. ( 6 )  
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TABLE 6 - ANNUAL LOADS FOR COMMERCIAL BUILDING 
WITH LIGHTWEIGHT CONCRETE EXTERIOR WALLS 

199.1 
(58.3)  

99.4 
(29 .1)  

289.7 
(84.9) 

406.5 
(119.1) 

Loca t  'I on 

Chicago 

Seatt  1 e 

Wash., DC 

A t l a n t a  

Phoenix 

Tampa 

535.1 
(156.8)  

314.5 
(92 .1)  

'. 470.9 
' (138,O) 

472.3 
(138.4)  

H e a t i n g  

Days 
OF-days 

[ OC-days) 

61 55 
(341 9 )  

51 45 
(2858) 

4224 
(2347)  

2961 
( 1  645)  

1765 

De9ree6) 

(981 ) 

( 379) 
683 731.5 

(214.4) 

Cool 1 ng 

Days 
OF-days 

(OC-days) 

Degrep6) 

71 3 
(396)  

( 7 4 )  

1491 
(828) 

(816)  

3334 
( 1852) 

31 52 
(1751) 

134 

1469 

733.6 
(215.0)  

Annual 
Heat i ng 
Load,  
Btux lO  
(HW-hr) 

336.0 
(98 .5)  

215.1 
(63,O) 

181.2 
(53.1) 

65.8 
(19.3) 

17.0 
(5.0) 

(0.6) 
2.1 

Annual 
C o o l l n g  
Load, 
B tux lO  
(MWDhr) 

~~ - 

Annual 
To ta  1 
Load 
B t u x l  O6 
(MW=hr )  

687.8 
(201 -6) 

704.8 
(206.6)  
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D 

Heating Degree Days, "F-days 

- .  
7. 27  Commercial B u i l d i n g  - H e a t i n g  Load f r o m  BLAST Analysis 
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Cooling Degree Days, OF-days 

600 

Annual 
Cooling 
Load, 400 
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I I I 

200 
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Load, 
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F i g .  28 Commercial Building - Cooling Load from BLAST Analysis 
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TABLE 7 ( a )  - LOADS FOR EACH L E V E L  OF RESIDENTIAL BUILDING WITH 
LIGHTWEIGHT CONCRETE EXTERIOR WALLS, U . S .  U N I T S  

216.3 
152.5 
150.9 

1 3 6 . 0  
8 6 . 6  

'. 96.8 

Location 

153.0 
116.1 

169.1 
149.7 
104.0 

265 * 3 
243.3 
169.3 

236.2 
237.4 
177.8 

Chicago 

S e a t t  1 e 

Wash., D . C .  

Atlanta 

Phoenix 

Tampa 

Level 

TOP 
Middle 
Bottom 

TOP 
Middle 
Bo t tom 

TOP 
M l d d l e  
Bottom 

J O P  
Middle 
B o t t o m  

TOP 
Middle 
Bo t torn 

TOP 
M i d d l e  
Bottom 

Annua 1 
Heat lng 
Load, 
BtuxlO6 

129.0 
60.9 
123.4 

93.5 
30.0 
91.8 

64.8 
23.7 
65.0 

37.7 
9.8 
25.1 

4.0 
0.1 
2.2 

0.3 
0.0 
0.0 

Annua 1 
Cool i ng 
Load, 
EtuxlO6 

Annua 1 
T o t a l  
Load, 
Btuxl O6 

87.3 
91 -6 
27.5 

42.5 
56.6 
5.0 

136.9 
129.3 
51 - 1  

131.4 
139.9 
78.9 

261.3 
243.2 
167.1 

235.9 
237.4 
177.8 
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TABLE 7 ( b )  - LOADS FOR EACH LEVEL OF RESIDENTIAL BUILDING WITH 
LIGHTWEIGHT CONCRETE EXTERIOR WALLS, SI UNITS 

L o c a t  1 on 

Chlcago 

S e a t t  1 e 

Wash., D . C .  

A t  1 a n t a  

Phoenix  

Tampa 

L e v e l  

TOP 
M i d d l e  
Bot tom 

TOP 
M i d d l e  
Bottom 

TOP 
MSddle 
Bot tom 

TOP 
M i d d l e  
Bot tom 

TOP 
M i d d l e  
Bot tom 

TOP 
M i d d l e  
Bottom 

Annual 
H e a t  1 ng 
Load, 
MWOhr 

Annual 
C o o l i n g  
Load, 
MW=hr 

3 7 . 8  
1 7 . 8  
3 6 . 2  

2 7 . 4  
8 . 8  

2 6 . 9  

19.0 
6.9 

1 9 . 0  

11 .o 
2 . 9  
7 . 4  

1 . 2  
0 . 0  
0 . 6  

0.1 
0.0 
0.0 

2 5 . 6  
2 6 . 8  

8 . 1  

1 2 . 5  
1 6 . 6  

1 . 5  

40.1  
37 - 9  
1 5 . 0  

3 8 . 5  
41 . O  
23.1  

7 6 . 6  
7 1 . 3  
4 9 . 0  

69.1  
6 9 . 6  
52 .1  

Annual 
Total  
Load, 
M W e h r  

6 3 . 4  
4 4 . 6  
4 4 . 3  

3 9 . 9  
2 5 . 4  
20 I 1  

5 9 . 1  
4 4 . 8  
3 4 . 0  

4 9 . 5  
4 3 . 9  
3 0 . 5  

77 - 8  
71 - 3  
4 9 . 6  

6 9 . 2  
6 9 . 6  
52.1 
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TABLE 8 - ANNUAL LOADS FOR RESIDENTIAL BUILDING 
WITH LIGHTWEIGHT CONCRETE E X T E R I O R  WALLS 

Locat  1 on 

Chicago 

S e a t t  1 e 

Wash., DC 

A t l a n t a  

Phoenix 

Tampa 

Heat ing  

Degrefl 4) 
Days t 
OF-days 
("C-days) 

6640 
(3689) 

51 90 
(2883) 

4240 
(2356) 

2990 
(1661) 

1680 
(933) 

700 
( 389) 

Cool 1 ng 

Days 
OF-days 
("C-days) 

D e g r y q  

71 3 
(396) 

134 
( 7 4 )  

( 828) 

(816) 

3334 
( 1852) 

31 52 
(1751) 

1491 

1469 

Annual 
Heat ing  
Load, 
BtuxlO 
(MWOhr) 

313.3 
(91.8) 

215.2 
(63.1) 

153.5 
(45.0) 

72.5 
(21.3) 

6.3 
( 1  - 9 )  

0.3 
(0.1 1 

Annual 
Cool 1 ng 
Load, 
BtuxlO 
(MW=hr) 

206.4 
(60.5) 

104.2 
(30.5) 

317.3 
(93.0) 

350.2 
(102.6) 

671.6 
(196.8) 

651 - 1  
(190.8) 

Annual 
T o t a l  
Load 
B t u x l  O6 
( MW-hr) 

519*7 
(152.3) 

319.4 
(93.6) 

470.8 
(1 38 - 0 )  

422.7 
( 123 -9) 

677.9 
(1 98 - 7 )  

651.4 
(190.9) 
-- 
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Heat ing  degree day va lues a r e  based on 65°F (18°C) and were ob ta ined  f rom 

Reference 14. 

agree w i t h  p rev ious  i n v e s t i g a t i o n s  (2*3) t o  f a c i l i t a t e  comparlsons. 

Sources of h e a t i n g  and c o o l i n g  degree day va lues were chosen t o  

F igu res  29 and 30 show annual  h e a t i n g  l oad  versus h e a t i n g  degree days and 

annual  c o o l i n g  l o a d  versus c o o l i n g  degree days, r e s p e c t i v e l y .  I n  b o t h  cases, 

t h e r e  i s  a l i n e a r  r e l a t i o n  between annual  l o a d  and degree days. S ince t h e  

h e a t i n g  l o a d  f o r  Tampa i s  smal l ,  i t  was n o t  i n c l u d e d  i n  t h e  h e a t i n g  l oad  versus 

h e a t i n g  degree days l l n e  shown I n  F i g .  29. 

For t h i s  p a r t i c u l a r  b u i l d i n g ,  w i t h  t h e  o p e r a t i n g  c o n d i t i o n s  assumed f o r  t h e  

BLAST a n a l y s i s ,  t h e  h e a t i n g  and c o o l i n g  loads f o r  any l o c a t i o n  c h  be es t ima ted  

u s i n g  F i g s .  29 and 30 and t h e  h e a t i n g  and c o o l i n g  degree days a t  t h a t  l o c a t i o n .  

Loca t ions  w i t h  l e s s  than  about 1700 h e a t i n g  degree days w i l l  have low  h e a t i n g  

l oads  f o r  t h i s  b u i l d i n g  under t h e  s p e c l f i e d  o p e r a t l n g  c o n d i t i o n s .  

Comparison w i t h  Prev ious S tud les  

Prev ious l n v e s t i g a t i o n s  ( 2 ’ 3 )  determined t o t a l  annual loads for t h e  one- 

s t o r y  commercial b u i l d i n g  and t h e  t h r e e - s t o r y  apartment b u i l d i n g  under a 

v a r i e t y  o f  c o n d l t i o n s .  

The one-story  commercial b u i l d i n g  was analyzed w i t h  t h r e e  d i f f e r e n t  w a l l  

c o n f i g u r a t i o n s  as desc r ibed  i n  t h e  “ B u l l d i n g  D e s c r i p t i o n s ”  s e c t i o n  o f  t h i s  

r e p o r t .  T o t a l  annual  loads were determined over  a range o f  w a l l  R-values. 

T o t a l  annual  loads a r e  shown as a f u n c t l o n  o f  w a l l  R-value i n  F igs .  31(a) 

th rough  ( e ) .  Curves on t h e  f i g u r e s  r e p r e s e n t  annual  b u i l d i n g  loads f o r  each 

of t h e  t h r e e  e x t e r i o r  w a l l  systems. Each f i g u r e  shows r e s u l t s  f o r  a 

p a r t i c u l a r  geographic l o c a t i o n .  

The t h r e e - s t o r y  r e s i d e n t i a l  b u i l d i n g  was analyzed us ing  f o u r  l e v e l s  of 

t he rma l  mass. The w a l l  R-value was v a r i e d  t o  g i v e  r e s u l t s  o f  t o t a l  annual 

l o a d  versus w a l l  R-value. T o t a l  annual h e a t i n g  and c o o l i n g  loads a r e  shown as 
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I I 1 

Resident io  I 
. Building 

600 

Annuo I 
Heating 
Load, 

400 

Btu  x lo6 

200 

Chicago 
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At lan ta  
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0 2000 4000 6000 
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200 
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Load, 
100 MW.hr  

50 

F i g .  29 Residential Building - Hea t ing  Load from BLAST Analysis 
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Fig. 30 Residential  Building - Cooling Load from BLAST Analysis 
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F i g .  31 ( a )  Total Annual Load f r o m  BLAST Analysis o f  Commercial B u i l d i n g  - Chicago 
(Adapted  f rom Ref. 2 )  
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F i g .  31 ( c )  T o t a l  A n n u a l  Load from BLAST A n a l y s i s  o f  Commercial B u i l d i n g  
(AdaDted from Ref. 2) 
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F i g .  31 ( d )  Total Annual Load from BLAST Ana lys i s  o f  Comrnerc’l’al B u i l d i n g  - Phoenix 
(Adapted from R e f .  2 )  
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F i g .  31 ( e )  T o t a l  Annual Load f rom BLAST A n a l y s i s  o f  C o m e r c i a 1  B u i l d i n g  - Tampa 
(Adapted f r o m  Ref. 2 )  



a f u n c t i o n  of w a l l  R-value i n  F i g s .  32(a)  t h rough  ( e ) .  Curves on t h e  f i g u r e s  

r e p r e s e n t  annual  l oads  f o r  each q u a n t i t y  o f  b u i l d i n g  mass. Each f i g u r e  shows 

r e s u l t s  for a p a r t i c u l a r  geographic l o c a t i o n .  

W i th  t h e  e x c e p t i o n  of t h e  commercial b u i l d i n g  i n  Tampa and A t l a n t a  and t h e  

r e s i d e n t i a l  b u i l d i n g  i n  Tampa, t o t a l  annual  l o a d  decreases w i t h  i n c r e a s l n g  

w a l l  R-value f o r  a l l  w a l l  R-values considered.  For t h e  noted excep t lons ,  t h e  

a d d i t i o n  o f  i n s u l a t i o n  i nc reases  t h e  c o o l i n g  l o a d  more than  i t  decreases t h e  

h e a t f n g  l oad .  Genera l l y ,  massive conc re te  and masonry w a l l s  r e s u l t  i n  a lower  

t o t a l  annual l o a d  than  l i g h t w e i g h t  me ta l  s tud  o r  wood-frame w a l l s .  F u r t h e r  

d i s c u s s i o n  o f  r e s u l t s  o f  these i n v e s t i g a t i o n s  a r e  g i v e n  i n  Refer3nces 2 and 3. 

Resu l t s  o f  t h e  BLAST analyses of t h e  commercial b u i l d i n g  and t h e  res iden -  

t i a l  b u i l d i n g  w i t h  t h e  proposed l i g h t w e i g h t  conc re te  w a l l  system a r e  a l s o  

I n c l u d e d  i n  Figs .  31 and 32. For t h e  one s t o r y  commercial b u i l d i n g ,  t o t a l  

annual  l o a d  f r o m  Tab le  6 i s  shown as a p o i n t  corresponding t o  a w a l l  R-value 

o f  6.18 h r * f t 2 * " F / B t u  (1.09 m - K / W )  i n  F i g s .  31 (a )  through ( e ) .  

s t o r y  r e s i d e n t i a l  b u i l d i n g ,  t o t a l  annual l oad  f rom Table 8 i s  shown as a p o i n t  

corresponding t o  a w a l l  R-value o f  6.18 h r . f t 2 = " F / B t u  (1 .09  m = K / W )  i n  F i g s .  

32(a)  th rough  ( e ) .  

2 For t h e  t h r e e -  

2 

I n  t h e  p rev ious  i n v e s t i g a t i o n s ,  BLAST analyses were n o t  performed f o r  t h e  

commercial b u i l d i n g  i n  S e a t t l e  and t h e  r e s i d e n t i a l  b u i l d i n g  i n  Phoenix. These 

cases a r e  n o t  i n c l u d e d  i n  t h e  comparisons o f  b u i l d i n g  performance i n  t h i s  

s e c t  i on. 

E q u i v a l e n t  R-values and e q u i v a l e n t  t o t a l  loads a r e  two c r i t e r l a  used t o  

e v a l u a t e  performance o f  t h e  b u i l d i n g s  w i t h  l i g h t w e i g h t  conc re te  w a l l s .  Per- 

formance o f  these b u i l d i n g s  i s  compared t o  t h e  performance o f  t h e  meta l  w a l l  

commercial b u i l d i n g  and t h e  wood frame r e s i d e n t i a l  b u i l d l n g .  

t 
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(Adapted  f rom Ref. 3 )  
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(Adapted from Ref.  3) 

-. 
3 
? 



W a l l  R - V a h e ,  m 2 . K / W  

I I l I I I 
8 4 O F l  1.0 1.5 2 .o 2.5 3.0 3.5 

1 

800 

760 
Totol  

Annual 
Load, 720 

Bfu x lo6 

6 80 

640 

TAMPA Component Construction 

CURVE A :  A l l  Concrefe Building (154.2 ps f )  

CURVE 0 :  C / M  Exter ior  WolIs ond Part i t ions" (106.2psf)  
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(Adapted  f rom Re f .  3 )  



Resu l t s  o f  t h e  f o l l o w i n g  comparisons a r e  s p e c i f f c  t o  t h e  b u i l d i n g  c o n f i g u -  

r a t i o n s ,  o p e r a t i n g  c o n d i t i o n s ,  and l o c a t i o n s  g i ven .  However, i t  1s assumed 

t h a t  these b u i l d i n g  c o n f i g u r a t i o n s  a r e  r e p r e s e n t a t i v e  o f  m u l t i f a m i l y  res iden -  

t i a l  and commercial b u i l d i n g s  so t h a t  t h e  r e s u l t s  may be a p p l l e d  t o  b u i l d l n g s  

w i t h  s i m l l a r  geometr ies and o p e r a t i n g  c o n d i t i o n s .  

E q u i v a l e n t  and Correspondent R-Values 

For any w a l l  R-value o f  a low-mass b u l l d i n g ,  t h e  e q u i v a l e n t  R-value i n  a 

high-mass b u i l d l n g  i s  t h e  R-value r e s u l t i n g  I n  t h e  same annual h e a t i n g  and 

c o o l i n g  loads.  T h i s  performance approach t o  energy c o n s e r v a t i o n  i s  a l l owed  i n  

seve ra l  energy s tandards i n c l u d i n g  t h e  HUD Minimum Proper t y  Standards ( 1 3 )  and 

ASHRAE Standard 90A-1980, Energy Conservat ion i n  New B u i l d i n g  Design. ( 4 )  

Performance standards do n o t  r e q u i r e  adherence t o  p r e s c r i b e d  U-values o r  

R-values, p r o v i d e d  t h a t  an accep tab le  l e v e l  o f  annual  energy consumption i s  

ma in ta ined .  T h i s  i m p o r t a n t  concept a l l o w s  t h e  des igner  f l e x i b i l i t y  t o  choose 

t h e  cornbinat lon o f  c o n s e r v a t i o n  s t r a t e g i e s  t h a t  p rov ides  t h e  d e s i r e d  

performance a t  t h e  l o w e s t  c o s t .  

For t h i s  study, t h e  e q u i v a l e n t  R-value o f  t h e  l i g h t w e i g h t  conc re te  w a l l s  i n  

t h e  commerclal and r e s i d e n t i a l  b u l l d i n g s  i s  6.18 h r * f t 2 * " F / B t u  (1.09 m 2 * K / W ) .  

Correspondent R-values f o r  o t h e r  w a l l  systems t h a t  g i v e  t h e  same t o t a l  annual 

l o a d  as t h e  l i g h t w e i g h t  conc re te  w a l l  b u l l d i n g  can be found by u s i n g  F igs .  31 

and 32. A h o r i z o n t a l  l i n e  i s  drawn a t  t h e  t o t a l  annual l o a d  o f  t h e  l l g h t w e i g h t  

conc re te  w a l l  system. The i n t e r s e c t i o n  o f  t h i s  l i n e  w i t h  t h e  cu rve  f o r  t h e  

b u i l d i n g  w i t h  a p a r t i c u l a r  w a l l  system g i v e s  t h e  correspondent R-value f o r  

t h a t  system..  T h i s  method o f  d e t e r m i n i n g  correspondent  R-values i s  shown f o r  

me ta l  w a l l s  I n  F i g .  31 and f o r  t h e  a l l  wood-frame b u i l d i n g  i n  F i g .  32. 
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Table 

a t  c i t i e s  

Cre te  wal 

me ta l  wal 

I n  e i g h t  cases, a correspondent  R-value cannot be determined.  The t o t a l  

annual  l o a d  o f  t h e  l i g h t w e i g h t  conc re te  w a l l  system i s  l e s s  than  t h a t  f o r  t h e  

a l t e r n a t i v e  w a l l  system f o r  a l l  w a l l  R-values shown i n  t h e  r e s p e c t i v e  F i g u r e s .  

9 c o n t a i n s  correspondent  w a l l  R-values f o r  t h e  commercial b u i l d i n g  

f o r  which d a t a  a r e  a v a i l a b l e  f o r  comparison. The l i g h t w e j g h t  con- 

system has an R-value lower  than  t h e  correspondent  R-value o f  t h e  

and c o n c r e t e  w a l l  w i t h  i n t e r i o r  i n s u l a t i o n  a t  a l l  l o c a t i o n s .  

Correspondent R-values which a r e  g r e a t e r  t han  t h e  R-value o f  t h e  l i g h t w e i g h t  

conc re te  w a l l  i n d i c a t e  t h e  e f f e c t  on thermal  performance of t h e  thermal  mass 

o f  t h e  l l g h t w e i g h t  c o n c r e t e  w a l l  system. The conc re te  w a l l  w l t h  e x t e r i o r  i n s u -  

l a t i o n  has lower  correspondent  R-values than  t h e  proposed l i g h t w e i g h t  conc re te  

because o f  t h e  combined e f f e c t  o f  t h e  i n s u l a t i o n  and mass, and t h e  placement o f  

i n s u l a t i o n  r e l a t i v e  t o  t h e  mass. 

Correspondent w a l l  R-values f o r  t h e  r e s i d e n t i a l  b u l l d l n g  are presented i n  

Table 10. For a l l  l o c a t i o n s ,  t h e  l i g h t w e i g h t  conc re te  w a l l  s y s t e m  has an 

R-value lower  than  t h e  correspondent  R-value o f  t h e  wood-frame w a l l  and conc re te  

n te rmed ia te  amounts o f  mass. The l i g h t w e i g h t  

l a r  t o  t h e  correspondent  R-value o f  t h e  w a l l s  

a l l  l o c a t i o n s  considered.  

masonry w a l l s  i n  b u i l d i n g s  w i t h  

conc re te  w a l l  has an R-value s i m  

i n  t h e  a l l  conc re te  b u i l d i n g  f o r  

Correspondent Annual Load 

F o r  any t o t a l  annual  l o a d  o f  a high-mass b u i l d i n g  w i t h  a g i v e n  w a l l  

R-value, t h e  correspondent  annual l oad  o f  a low-mass b u i l d i n g  i s  t h e  annual 

l o a d  r e s u l t i n g  f rom t h e  same w a l l  R-value. 

The correspondent  t o t a l  annual l o a d  f o r  t h e  commercial and r e s i d e n t i a l  

b u i l d i n g s  a t  a l l  l o c a t i o n s  can be determined by f i n d l n g  t h e  t o t a l  annual l oad  f o r  
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TABLE 9 - COMMERICAL BUILDING CORRESPONDENT R-VALUES 

I 
21 

? 

L o c a t i o n  

Chl cago 

Wash., D . C .  

A t l a n t a  

Phoenfx 

Tampa 

T o t a l  Annual Load 
L t w t .  Concrete W a l l s ,  

B t u x l O 6  
(MW-hr)  Meta l  Wa l l  s 

Correspondent R-Val ue, 
h r - f  t2 -'F/Btu 

( m 2 * K / W )  

Concrete W a l l s  
w i t h  I n t .  Tnsul .  

Concrete W a l l s  
w t t h  E x t .  Insu' l .  

*Correspondent R-value cannot  be deterrnlned. L l g h t w e i g h t  c o n c r e t e  w a l l  system has l o w e r  
t o t a l  annual  b u i l d i n g  l o a d  than  a l l  o t h e r  computed w a l l  R-values. 

annual  b u i l d i n g  loads. 

Note:  

**Correspondent R-Value n o t  de termined s i n c e  I n c r e a s e s  I n  w a l l  R-values cause inc reases  i n  t o t a l  

E q u i v a l e n t  w a l l  R-value o f  l l g h t w e i g h t  c o n c r e t e  w a l l  system i s  6.18 h r - f t 2 - " F / B t u  
( I  .09 m 2 * K / W ) .  



TABLE 10 - RESIDENTIAL BUILDING OORRESWNDENT R-VALUES 

6.8 
(1.2) 

tocat i on 

Chicago 

Seatt 1 e 

Wash., D.C. 

Atlanta 

Tarrpa 

6 .5  
( 1 . 1 )  

Total Annual Load 
. t w t  . Concrete Wall s, 

8tuxl0 
(M- hr) 

6 

7.4 
(1.3) 

7.4 
(1.31 

520 
(1521 

319 
(94) 

471 
(138) 

423 
(124) 

65 1 
(191) 

1.0 
(1.2) 

6.9 
(1.2) 

A l l  Wood-Frame 
Bui !ding 

7.1 
(1.3) 

8.0 
(1 .4 )  

7 . 7  
(1 .4 )  

* 

* 

Correspondent R-Value, 
hr*ft2*OF/Biu 

(IT? K/W) 
I 

C/H E x t .  Ma1 1s 
C/H E x t .  Walls 
and Part  i ti ons 

* 11.5 
(2.0) 

A l l  Concrete B ldg  

6.1 
(1.1) 

6.5 
(1.1) 

6.3 
(1.1) 

6.2 
(1.1) 

*-k 

arrespondent R-value cannot be determined. 
load than a l l  other conputed wall R-values. 

1 oads . 
Note: 

Lightweight concrete wall system has lower to ta l  annual 

mr respondent  R-Value not determined since increases i n  wall R-values cause increases i n  to ta l  annua 

Equival nt wall R-value o f  lightweight concrete wall system i s  6.18 hr-ft2-°F/Biu 
(1.09 9.K/W). 

building 

bui  1 ding 



the alternative wall system with a wall R-value o f  6.18 hr=ft2="F/Btu 
2 (1.09 m - K / W ) .  

(1.09 m2*K/W), the R-value o f  the lightweight concrete wall. The intersection 

of th'is line with the curve for the alternative walls in Figs. 31 and 32 gives 

the correspondent total annual load of the alternative wall system. Thjs 

method of determining correspondent total annual load is shown in Fig. 31 for 

the building with metal walls and Fig. 32 for the wood-frame building. 

A vertical line is drawn at an R-value o f  6 . 1 8  hr-ft2."F/Btu 

Table 11 lists correspondent annual loads for the commercial building at 

the cjtties for which d a t a  are available for comparlson. For all locations, the 

lightweight concrete wall system results In a lower total annual."load than the 

metal wall system with a comparable R-value. In all locations, the concrete 

wall systems with InterIor insulation had slightly higher annual building loads 

than the lightweight concrete wall system. Concrete wall systems with exterior 

Insulation had slightly lower building loads than the lightweight concrete wall 

system. 

The percent change in load, also given in Table 1 1 ,  represents the result 

o f  using the lightweight concrete wall system rather than an alternative wall 

system with the same R-value, Building load changes range f r o m  -10% for the 

building with metal walls in Atlanta t o  +6% for t h e  building with exterior 

insulation on concrete walls 'in Atlanta. 

Table 12 lists correspondent annual loads for the residential building at 

the cities for which data are available for comparison. The percent change in 

annual building loads is also listed. For all locations, the lightweight 

concrete wall system results in a lower t o t a l  annual load than the wood-frame 

wall system with a comparable R-value. The percent change in annual load for 

the other three wall systems compared to lightweight concrete is less than f o r  

the wood-frame wall system. 
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tocat ion 

Chicago 

Wash., D.C. 

A t 1  anta 

Phoen i x 

Heeta1 

TABLE 1 1  - COnMERCIAL BUILDING CORRESPONDENT ANNUAL FMDS 

Concrete with I n t .  Insul. Ltnt. Concrete 

Corres. 

Btux106 i n  Load, 
(MI-hr) a 

hnnual Load, Change 

58 1 - 8  
( 1 701 

518 - 9  
(1521 

524 -10 
(154) 

710 - 8  
(226) 

170 - 5  
(226) 

Total 
Annual Load, 

Btux 106 
(W* hr)  

Corres. 
Annual Load, 

Btux106 
(nw-hr) 

552 
(I621 

489 
(1431 

485 
(142) 

7 18 
(2101 

737 
(216) 

535 
(157) 

411 
(1381 

4 72 
(138) 

105 
(207) 

734 
(215) 

Corres. 
Annual Load, 

Btux106 
(MJ-hr) 

Change 

i n  load, 
x 

Change 

in toad, 
9L 

- 3  

- 4  

- 3  

- 2  

0 

I 
Concrete w i t h  E x t .  Insul . 

512 
(150) 

450 
(1321 

446 
(137) 

686 
(20 11 

7 19 
(21 1) 

+ 4  

+ 5  

+ 6  

+ 3  

+ 2  



Location 

Chicago 

Seat t 1 e 

Mash. 0.C. 

AtIan a 

Tanpa 

322 
(94) 

473 
(139) 

TABLE 12 - RESIDENTIAL BUILDING CORRESPONDENT ANNUAL LWDS 

Type o f  Bui 1 ding 

- 1  

0 

~ ~ 

l tu t .  Concrete 

Total 
Annual Load, 

B ~ U X  rob 
(M- h r )  

520 
(152) 

319 
(94) 

471 
(138) 

423 
( 124) 

65 1 
(191) 

Metal 

Corres. 
Annual Load, 

Btux 1 O6 
(W-hr) 

536 
(157) 

338 
(99) 

4 8 7  
(1431 

446 
(131) 

657 
(193) 

Change 
i n  Load, 

x 
- 3  

- 6  

- 3  

- 5  

- 1  

C/H Ext. Walls 

Corres. 
Annual Load, 

Btux106 
(fW*hr) 

535 
(157) 

332 
(97) 

484 
(142) 

443 
(130) 

660 
(193) 

Change 
i n  Load, 

x 
- 3  

- 4  

- 3  

- 5  

- 1  

C/H Ext. Walls 
and Par t i t ions 

Corres. 
Annual load, 

Btux106 
(W-hr) 

528 
( 1 5 5 )  

328 
(96) 

479 
(140) 

435 
(127) 

655 
(192) 

Change 
in Load, 

x 
- 2  

- 3  

- 2  

- 3  

- 1  

A l l  Concrete 

Corres. 
Annual Load, 

6tux106 
(W-hr) 

517 
(151) 

~~~ 

Change 
i n  Load 

'L 

I 



The advantage o f  t h e  1Sghtweight concrete  system compared t o  the  

a l t e r n a t i v e  concre te  and masonry systems Ss t h a t  an R-value o f  6,18 

h r - f t 2 = " F / B t u  (1.09 rn2*K/W) can be achieved w i t h o u t  added I n s u l a t i o n .  
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SECTION 3 - STANDARD REQUIREMENTS 

Cur ren t  b u i l d i n g  standards s p e c i f y  minimum thermal  requi rements which 

should be met i n  new b u i l d i n g  c o n s t r u c t i o n  I n  o r d e r  t o  conserve energy. 

proposed l i g h t w e i g h t  conc re te  w a l l  system has been reviewed f o r  compl iance 

The 

used i n  v a r i o u s  

eva lua ted  f o r  

n e n t a l  U n j t e d  

determine i f  t h e  system may be 

The s tandard requi rements were 

1 c l i m a t i c  reg ions  o f  t h e  c o n t  

w i t h  one o f  these standards t o  

reg ions  o f  t h e  U n i t e d  S t a t e s .  

f o u r t e e n  c i t i e s  r e p r e s e n t i n g  a 

S t a t e s .  

Eleven o f  t h e  c i t S e s  were used I n  Reference 15 t o  rep resen t  e leven  c l i m a t e  

r e g i o n s  w i t h i n  t h e  U.S .  

i t s  a b i l i t y  t o  most c l o s e l y  match r e g i o n a l  popu la t i on -we igh ted  averages o f  

s e l e c t e d  c l i m a t i c  parameters r e p r e s e n t i n g  h e a t i n g  and c o o l i n g  s e v e r i t y ,  

h u m i d i t y ,  and s o l a r  ga ins .  ‘I(’’) 

F i g .  33. Standards are  a l s o  eva lua ted  f o r  Chicago, Tampa, and Washington, 

D.C. ,  a l s o  shown i n  F i g .  33 .  These c i t i e s  were i n c l u d e d  i n  t h e  “BLAST Computer 

A n a l y s i s ”  p o r t l o n  o f  t h i s  r e p o r t .  

Each c i t y  was chosen t o  rep resen t  a r e g i o n  “based on 

The e leven  reg ions  and c i t i e s  a r e  shown i n  

The ANSI /ASHRAE/ IES Standard 90A- 1980(4)  was used f o r  t he  r e s i d e n t i a l  

b u i l d i n g  and t h e  commercial b u i l d i n g .  B u i l d i n g  c h a r a c t e r i s t i c s  a r e  assumed t o  

be t h e  same as those f o r  t h e  b u i l d i n g s  analyzed i n  t h e  BLAST i n v e s t i g a t i o n .  

A l though the ASHRAE s tandards ’  requi rements a r e  s p e c i f i c  t o  t h e  b u i l d i n g  

c o n f i g u r a t i o n  i n v o l v e d ,  t h e  r e s u l t s  a r e  considered t o  be r e p r e s e n t a t i v e  o f  

m u l t i f a m i l y  r e s i d e n t i a l  and commercial b u i l d i n g s .  

Commercial B u i l d i n g  

The one s t o r y  commercial b u i l d i n g  was analyzed u s i n g  ASHRAE Standard 

90A-1980 t o  determine t h e  adequacy o f  t h e  proposed l i g h t w e i g h t  conc re te  w a l l  

system i n  commercial b u j l d i n g s  i n  1 4  c i t i e s  i n  t h e  U.S. Commercial b u i l d i n g s  

which a r e  mechan ica l l y  heated and cooled must meet t h e  requi rements o f  SectSon I 

i 
1 
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Legend 

0 Eleven Cities from Climatic 
Reaions Used in Ref.11 _ _  _ .  . 

* Six Cities Used in BLAST Analysis 

F i g .  33 C i t i e s  Used f o r  Standard Requirements 

W 

, D.C. 



4.4.2 o f  t h e  s tandard f o r  h e a t i n g  and S e c t i o n  4.4.3 f o r  c o o l i n g .  I n  a l l  

l o c a t i o n s ,  t h e  h e a t i n g  requi rement  governed f o r  t h i s  b u i l d i n g .  D e t a i l s  o f  t h e  

c o o l i n g  requi rement  c a l c u l a t i o n s  w i l l  no t  be presented here.  

The f o l l o w i n g  procedure was used t o  determine t h e  r e q u i r e d  R-value o f  t h e  

opaque p o r t i o n s  of t h e  w a l l s .  The c h a r a c t e r i s t i c s  o f  t h e  b u i l d i n g  a r e  

determined or assumed. I n  t h i s  case, t h e  b u i l d i n g  c h a r a c t e r i s t i c s  a r e  t h e  

same as those  used i n  t h e  BLAST computer a n a l y s i s  f o r  t h e  l i g h t w e l g h t  conc re te  

w a l l  system. Areas and thermal  t r a n s m i t t a n c e s  o f  t h e  b u i l d i n g  components o f  

t h e  one s t o r y  commercial b u i l d i n g  a r e  summarized i n  Table 1 3 .  The maximum 

p e r m i s s i b l e  thermal  t r a n s m i t t a n c e  o f  t h e  opaque p o r t i o n  o f  t h e  e - x t e r i o r  w a l l  

(Uw)  i s  determined u s i n g  t h e  ASHRAE Standard,  

The maximum a l l o w a b l e  Uw i s  determined u s i n g  F i g .  4 and Equat ion 1 o f  

S e c t i o n  4.0, " E x t e r i o r  Envelope Requirements'', o f  ASHRAE Standard 90A--1980. 

For a p a r t i c u l a r  l o c a t i o n  and i t s  annual h e a t i n g  degree days, F i g .  4 (ASHRAE) 

g i v e s  a maximum p e r m i s s i b l e  combined thermal  t r a n s m i t t a n c e  ( U o )  f o r  t h e  

gross w a l l  area.  

t r a n s m i t t a n c e  va lues o f  t h e  w a l l  components. 

T h i s  Uo v a l u e  i s  a weighted average by area o f  t h e  thermal  

A f t e r  U i s  determined f rom F i g .  4 (ASHRAE), Uw i s  t h e  o n l y  unknown i n  
0 

Equat ion 1 o f  t h e  Standard.  

va lue  f r o m  F i g .  4 (ASHRAE) and t h e  va lues f o r  area and thermal  t r a n s m i t t a n c e  

i n  Table 10 o f  t h i s  r e p o r t .  

mlnimum p e r m i s s i b l e  R-value f o r  t h e  opaque p o r t i o n  o f  t h e  w a l l .  

Therefore,  Uw can be determined u s i n g  t h e  Uo 

The r e s u l t i n g  Uw I s  then i n v e r t e d  t o  determine a 

I f  t h i s  

r e q u i r e d  R-value i s  l e s s  than 6.18 h r - f t 2 = " F / B t u  (1.09 m 2 = K / W ) ,  t h e  

proposed l i g h t w e i g h t  conc re te  w a l l  system i s  adequate f o r  t h e  l o c a t i o n  3n 

quest  i on. 

2 The v a l u e  6.18 h r * f t 2 a 0 F / B t u  (1.09 m = K / W )  for t h e  l i g h t w e i g h t  conc re te  w a l l  

i n c l u d e s  an outdoor  s u r f a c e  f i l m  r e s i s t a n c e  o f  0.17 h r = f t 2 = " F / B t u  (0 .03  m 2 = K / W )  

2 
and an i n d o o r  su r face  f i l m  r e s i s t a n c e  of 0.68 h r * f t 2 * " F / B t u  (0.12 m m K / W ) ,  
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TABLE 13 - WALL COMPONENTS FOR COMMERCIAL B U I L D I N G  

1 2 0  
( 1 1  - 1 )  

Component 

0 . 1 6  
( 0 . 9 1 )  

Windows 

Overhead Doors 

Glass Doors 

Opaque Wall 

Overall Wall 

I 
Thermal Transmit tance 

u ,  
B t  u /hr  i t2  "F 

(W/m O K )  

1 7 4  
(16 .2)  

1 . 1 0  
( 6 . 2 5 )  

126 
(11 - 7 )  

8580 
( 7 9 7 )  1 

0.53 
( 3 . 0 1 )  , 

U W *  

uo** 

I 

*Maximum p e r m i s s j b l e  va lue t o  be determined u s l n g  
ASHRAE Standard 90A-1980. ( 4 )  

**From Fig  * 4 ,  ASHRAE Standard 90A-1980. ( 4 ,  
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Table 14  l i s t s  t h e  f o u r t e e n  c i t i e s  checked, annual h e a t i n g  degree days, t h e  

o v e r a l l  thermal  t r a n s m i t t a n c e  ( U o ) ,  t h e  maximum a l l o w a b l e  thermal  t r a n s m l t -  

t ance  (Uw)  o f  t h e  opaque w a l l ,  and t h e  r e q u i r e d  mlnimum R-value o f  t h e  opaque 

p o r t i o n  o f  t h e  e x t e r i o r  w a l l s .  

t h e  r e q u i r e d  thermal  r e s i s t a n c e  i n  a l l  1 4  c i t i e s .  

The l i g h t w e i g h t  conc re te  w a l l  system exceeds 

R e s i d e n t i a l  B u i l d i n g  

The t h r e e  s t o r y  r e s l d e n t l a l  b u i l d i n g  was analyzed u s i n g  ASHRAE Standard 

90A-1980(4) t o  determine t h e  adequacy o f  t h e  proposed 1 ' tghtweight  conc re te  

w a l l  system i n  m u l t i f a m i l y  r e s l d e n t i a l  b u i l d i n g s  i n  14 c i t i e s  i n  t h e  U.S.  l h i s  

s tandard forms t h e  b a s i s  f o r  t h e  CAB0 Model Energy Code (16) and *HUD-Minimurn 

P r o p e r t y  Standards f o r  M u l t i f a m i l y  Hous'tng. ( 1 3 )  

R e s i d e n t i a l  b u i l d i n g s  which a r e  mechan ica l l y  heated and/or cooled must meet 

t h e  h e a t i n g  and c o o l i n g  c r i t e r i a  o f  S e c t i o n  4.3.2 o f  ANSI /ASHRAE/ IES Standard 

90A-1980. T h l s  requi rement  i s  s i m i l a r  t o  t h e  h e a t i n g  requi rement  f o r  commer- 

c i a l  b u i l d i n g s  as b r i e f l y  desc r ibed  above w f t h  t h e  excep t lon  t h a t  F i g .  1 i n  t h e  

ASHRAE Standard i s  used t o  o b t a i n  t h e  o v e r a l l  thermal  t r a n s m i t t a n c e  va lue  ( U o ) .  

The c h a r a c t e r i s t i c s  o f  t h i s  r e s i d e n t i a l  b u i l d i n g  a r e  t h e  same as those o f  

t h e  r e s i d e n t i a l  b u i l d i n g  analyzed i n  t h e  BLAST i n v e s t l g a t i o n .  The e x t e r i o r  

envelope c o n s i s t s  o f  two  components. G l a s s  windows and g l a s s  s l i d i n g  doors 

make up 22.7% of t h e  gross w a l l  area. A l l  g l a s s  I s  double g lazed and has a 

the rma l  t r a n s m i t t a n c e  o f  0.55 B t u / h r * f t 2 = " F  (3 .12  W/m O K ) .  

o f  t h e  e x t e r i o r  envelope i s  opaque w a l l .  

2 The rema in ing  77.3% 

The maximum a l l o w a b l e  w a l l  thermal t r a n s m i t t a n c e ,  Uw, 'IS determined f rom 

Equat lon 1 (ASHRAE) u s i n g  t h e  Uo va lue  f r o m  F i g .  1 (ASHRAE) and known area 

and t r a n s m i t t a n c e  va lues.  

minimum R-value f o r  t h e  opaque p o r t i o n  o f  t h e  w a l l .  If t h i s  r e q u i r e d  R-value 

The r e s u l t i n g  Uw va lue  i s  i n v e r t e d  t o  o b t a i n  a 
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TABLE 14 - ANSI/ASHRAE/IES STANDARD 9OA-1980 FOR COMMERCIAL BUILDING 

Location 

H i  nneapol is 

Chi cago 

Oetroi t 

Denver 

Seattle 

New York 

Washington, D. C. 

Atlanta 

Fresno 

Dallas/Fort Worth 

10s Angeles 

Phoen i x 

Houston 

Taolpa 

Heating Degree 
Days, * 
OF-dayS 

(OC-dayS) 

8158 
(4532) 

6 6 4 P  
(36891 

6228 
(3460) 

6016 
(3342) 

5 184 
(2880) 

5033 
(2796) 

4240- 
(2356) 

3094 
(1719) 

2650 
(1472) 

2335 
(1297) 

1818 
1010) 

1552 
862) 

796) 
1433 

700” 
( 3981 

Naximum Overall 
Thermal Transmittance 

UO * 
Btu/hr-ft2=OF 

( W / d - K )  

0.231 
(1.31) 

0.260 
(1.48) 

0.272 
(1.54) 

0.272 
(1.54) 

0.289 
(1.64) 

0.291 
(1 -65) 

0.307 
(1.74) 

0.329 
(1.87) 

0.338 
(1.92) 

0.343 
(1.95) 

0.351 
(1.99) 

0.358 
(2.03) 

0.361 
(2.05) 

0.374 
(2.12) 

%S°F (18OC) Base, from Reference 15 unless otherwise noted. 
m65OF (18OC) Base, from Reference 14 

Maximum Overall 
Thermal Transmi ttancc 

Btu/hr f t2 O F  

( W / d - K )  

uw 9 

0.210 
(1.19) 

0.240 
(1.36) 

0.253 
(1.44) 

0.253 
(1.44) I -  

0.271 
(1.54) 

0.273 
(1.55) 

0.290 
(1.65) 

0.313 
(1.78) 

0.322 
(1.83) 

0.327 
(1.86) 

0.336 
(1.91) 

0.343 
(1.95) 

0.346 
(1.96) 

0.360 
(2.04) 

Minimum Required 
Wall R-Value, 

hr f t2-OF/Btu 
(rr? K/W) 

4.16 
(0.84) 

4.16 
(0.73) 

3.95 
(0.70) 

3.95 
(0.70) 

3.69 
(0.65) 

3.66 
(0.64) 

3.45 
(0.61) 

3.20 
(0.56) 

3.10 
(0.55) 

3.05 
(0.54) 

2.98 
(0.52) 

2.91 
(0.51) 

2.89 
(0.51) 

(0.49) 
2.78 
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i s  l e s s  than  6.18 h r . f t 2 - "F /B tu  (1  -09 m 2 * K / W ) ,  t h e  proposed l i g h t w e i g h t  conc re te  

w a l l  system i s  adequate f o r  t h e  l o c a t i o n  i n  q u e s t i o n .  

Table 1 5  l i s t s  r e s u l t s  o f  t h i s  check f o r  14 c i t i e s  i n  t h e  U.S. The l i g h t -  

w e i g h t  conc re te  w a l l  system exceeds t h e  r e q u l r e d  thermal  r e s i s t a n c e  i n  a l l  c i t i e s  

except  Minneapo I s ,  where t h e  r e q u i r e d  R-value i s  7.21 h r - f t * * " F / B t u  

(1.27 r n 2 w K / W ) .  

Compliance w i t h  t h e  s tandard requi rement  f o r  Minneapol is  cou ld  be achieved 

by a d d i t i o n  o f  l n s u l a t i o n  w i t h  an R-value o f  1.03 h r - f t 2 - " F / 8 t u  (0.18 m - K / W ) .  

The r e q u l r e d  R-value c o u l d  a l s o  be ob ta lned  w l t h  a 1 0 - i n .  (250  mm) t h i c k  l i g h t -  

w e i g h t  conc re te  w a l l  w l t h  no i n s u l a t i o n .  

2 

A l though t h e  % i n .  (200-mm) t h i c k  l i g h t w e i g h t  conc re te  w a l l  system i s  n o t  

adequate f o r  M inneapo l i s  acco rd lng  t o  t h e  ASHRAE Standard 90A-1980 minimum 

thermal  r e s i s t a n c e  requi rements f o r  r e s i d e n t j a l  b u i l d i n g s ,  t h e  s tandard does 

n o t  d i s t i n g u i s h  between massive and non-massive w a l l s  i n  d e t e r m i n i n g  r e q u i r e d  

thermal  r e s i s t a n c e .  For massive w a l l  systems, t h e  s tandard a l l o w s  excep t ions  

i f  i t  can be demonstrated t h a t  t h e  w a l l  system performs e f f i c i e n t l y .  Th i s  

enables a b u i l d e r  t o  t a k e  advantage o f  t h e  b e n e f i t s  o f  heat  s to rage  c a p a c i t y  

i n  e x t e r i o r  w a l l s .  

A BLAST a n a l y s i s  o f  t h e  l i g h t w e i g h t  conc re te  w a l l  system i n  a r e s i d e n t i a l  

b u i l d l n g  i n  M inneapo l i s  should be done. Th is  would i n d i c a t e  whether t h e  l i g h t -  

w e i g h t  conc re te  w a l l  system outper forms a low mass w a l l  w l t h  t h e  ASHRAE mlnjmum 

thermal  r e s i s t a n c e  o f  7.21 h r * f t 2 * " F / i 3 t u  (1.27 m 2 * K / W ) .  

I t  should be no ted  t h a t  many s t a t e s ,  i n c l u d i n g  C a l i f o r n i a ,  F l o r l d a ,  and 

Minnesota, have s t a t e  energy codes t h a t  govern R-value requl rements f o r  

e x t e r i o r  w a l l s .  Therefore,  t h e  "Minimum Required Wal l  R-Value" l i s t e d  i n  t h e  

I 

i 
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TABLE 15 - AIJSI/ASHRAE/IES STANDARD 9OA-1980 FOR RESIDENTIAL BUILDING 

I 

~ 

Loca t i on 

~ ~~ 

M i  nneapol i s  

Chi cago 

Det ro i t  

Denver 

Seatt le 

New York 

Washi ngton , D. C. 

Atlanta 

Fresno 

kl las/Fort Worth 

Los Angeles 

Phwn i x 

Houston 

Tarnpa 

Heating Degree 
Days, * 

( OC-da ys) 
OF-days 

8158 
(4532) 

6 6 4 W  
(3689) 

6228 
(3460) 

6016 
(3342) 

5 184 
(2880) 

5033 
(2796) 

4240*k 
(2356) 

3094 
(1719) 

2650 
(1472) 

2335 
(1297) 

1818 
(1010) 

1552 
( 862) 

1433 
( 7963 

( 398) 
loo* 

Haximm Overall 
Thermal Transmittance 

"0 * 
Btu/hr - ft2 O F  

(W/d K) 

0.232 
(1.32) 

0.261 
(1.48) 

0.269 
(1.53) 

0.272 
(1.54) 

0,289 
(1.64) 

0.292 
(1.66) 

0.307 
(1,741 

0.328 
(1.86) 

0.331 
(1.91) 

0.342 
(1.94) 

0.351 
(1.99) 

0.358 
(2.03) 

0.360 
(2.04) 

0.374 
(2.12) 

%5OF (18'C) Base, fran Reference 15 unless otherwise noted. 
%5OF (18°C) Base, fran Reference 14 

Maximum Overall 
Thermal Transmi ttancf 

B tu /h r - f t2*  O F  

(W/d K) 

"w , 

0.139 
(0.79) 

0.176 
(1.00) 

0,186 
(1.06) 

0.190 
(1.08) 

0.212 
(1.20) 

0.216 
(1.23) 

0.236 
(1.34) 

0.263 
(1.49) 

0.274 
(1.56) 

0.281 
(1.60) 

0.293 
(1.66) 

0.302 
( 1 . 7 1 )  

0.304 
(1.73) 

0.322 
(1.83) 

Minimun Required 
Wall R-Value, 

hr* ft2-"F/Btu 
(d K I W I  

7.21 
(1.27) 

5.68 
( 1  .OO) 

5.36 
(0.94) 

5.25 
(0.92) 

4.71 
(0.83) 

4.62 
(0.81) 

4.24 
(0.74) 

3.81 
(0.671 

3.64 
(0.64) 

3.56 
(0.63) 

3.42 
(0.60) 

3.32 
(0.58) 

2.29 
(0.58) 

3.10 
(0.55) 
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l a s t  column of Tables 11 and 1 2  may n o t  represent  t h e  a c t u a l  R-value r e q u i r e d  

f o r  a l l  l o c a t i o n s  l i s t ed .  C i t i e s  s e l e c t e d  f o r  t h e  Standard Requirements 

Comparison were chosen t o  determine t h e  f e a s i b i l i t y  o f  t h e  l i g h t w e i g h t  

concre te  w a l l  system, according t o  t h e  A N S I / A S H R A E / I E S  Standard 90A-1980, f o r  

a v a r i e t y  o f  U . S .  c l i m a t e s .  
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SUMMARY AND CONCLUSIONS 

The purpose o f  t h i s  p r o j e c t  i s  t o  i n v e s t i g a t e  l i g h t w e i g h t  conc re te  systems 

f o r  p o t e n t i a l  use as thermal  breaks i n  b u i l d i n g s .  The p r o j e c t  o b j e c t i v e  i s  t o  

develop a p o r t l a n d  cement c o n c r e t e  w i t h  a d e n s i t y  less than SO p c f  

(800 kg/m ) ,  compressive s t r e n g t h  o f  1000 t o  1500 p s i  (6.9 t o  10.3 MPa), and 

thermal  c o n d u c t i v i t y  o f  l e s s  than 1.5 B t u - i n . / h r = f t 2 = " F  (0 .22  W / m = K ) .  

3 

The p r o j e c t  i s  d i v i d e d  i n t o  f i v e  major  t a s k s .  This  r e p o r t  summarizes 

Task 1 ,  a f e a s i b i l i t y  s tudy which i d e n t i f i e s  uses f o r  t h e  l i g h t w e i g h t  portland 

cement conc re te  i n  b u i l d i n g s .  

The r e p o r t  Is subd iv ided  i n t o  t h r e e  s e c t i o n s .  The f i r s t  s e c t i o n  shows 

where t h e  l l g h t w e i g h t  conc re te  can be used i n  p l a c e  o f  s t e e l ,  o t h e r  metal, o r  

normal we igh t  conc re te  t o  p reven t  thermal  b r i d g e s  o r  thermal  bypasses. The 

second s e c t i o n  p resen ts  BLAST analyses t o  determine annual energy use f o r  a 

one -s to ry  commercial b u l l d i n g  and a t h r e e - s t o r y  r e s i d e n t i a l  bu' l ld lng w i t h  

8 - i n .  t h i c k  w a l l s  c o n s t r u c t e d  u s i n g  t h e  proposed l i g h t w e i g h t  c o n c r e t e *  

R e s u l t s  were compared t o  p r e v j o u s  i n v e s t i g a t i o n s  o f  conven t iona l  w a l l  systems 

t o  determine p o t e n t i a l  energy savings o f  t h e  l i g h t w e i g h t  conc re te  w a l l  s y s t e m .  

I n  t h e  t h i r d  s e c t i o n ,  standards c r i t e r i a  a r e  checked t o  determine whether an 

8 - i n .  (200-mm) t h i c k  w a l l  c o n s t r u c t e d  o f  t h e  l i g h t w e i g h t  conc re te  meets 

minimum energy requi rements f o r  e x t e r i o r  w a l l s .  

The f o l l o w i n g  conc lus ions  a r e  based on r e s u l t s  ob ta ined  I n  t h i s  program. 

L i g h t w e i q h t  Concrete Uses 

1. Thermal c o n d u c t i v i t y  of t h e  proposed l i g h t w e i g h t  conc re te  m a t e r i a l  i s  

app rox ima te l y  l / l O t h  t h a t  o f  normal we igh t  conc re te  and 1/100th t h a t  

o f  s t e e l .  
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2. 

1. 

2. 

3 .  

4 .  

The llghtweight concrete has potential to serve as thermal break 

material when used to prevent thermal bridges and thermal bypasses in 

the following building components: exterior walls, interior walls, 

columns, chimneys, foundations, and floor slabs. 

BLAST Computer Analyses 

Based on the BLAST analysis, total annual loads for the one-story 

commercial building and three-story residential building may be pre- 

dicted using the relationships between heating and cooling loads and 

heating and cooling degree days, respectively. 

The commercial building with lightweight concrete walls had lower 

total annual load than the metal wall system commercial building for 

all cities considered In the BLAST analysis. The comparison was for 

walls with the same thermal resjstance, Results indicate the benefits 

o f  the thermal storage capacity o f  the lightweight concrete. 

The residential building with lightweight concrete walls had lower 

total annual load than the wood frame wall residential building. The 

comparison was for walls with the same thermal resistance. Resul t s  

indicate the benefits o f  the thermal storage capacity o f  the concrete. 

The advantage of the lightweight concrete system compared to the 

alternative concrete and masonry systems described I s  that an R-value 

o f  6.18 hr*ft*="F/Btu (1,09 m2*K/W) can be achleved without 

added insulation. 

The effect o f  thermal mass is influenced by many operating and functional 

parameters such as solar heat gains, internal heat galns, and temperature 

control strategy, bulldlng geometry, and level o f  internal mass. The results 

reported here are for specific sets of such parameters. Other combinations of 
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these parameters may result Sn thermal performance different from that reported 

here. However, results reported here are representative of commercial and 

residential buildings having operational profiles and building geometry 

similar to those assumed for this Investlgation. 

I Standard Requirements 

1. The lightwelght concrete wall system meets ASHRAE Standard 90A-1980 

requirements f o r  the commercial bullding considered In this study for 

1 4  cSties representing a range o f  climates in the continental U.S. 

2. The lightweight concrete wall system meets ASHRAE Standard 90A-1980 

requirements f o r  the residentlal buildlng considered in this study 

f o r  13 o f  1 4  cities representing a range o f  climates in the 

continental U.S. 

3 .  Based on the BLAST analyses and ASHRAE Standard requirements, the 

proposed &-in. (ZOO-mm) structural lightwejght concrete wall system 

exceeds minimum thermal performance criteria for commercial and 

residential bulldlngs in most regions of the continental United 

States. 
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