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The Structural Effectiveness of Protective Shells 
on Reinforced Concrete Colum ns*

By F. E. RICH ART t
M ember Amercain Concrete Institute

S Y N O P S I S

This paper presents a study  of 108 plain, tied or spirally reinforced 
concrete columns. The columns were 7, 8 and  9 in. round or square,
45 in. long, and the  ties and spirals were 6 in. in diam eter.

The columns were loaded axially, w ith “fiat” ends. Strains were 
m easured and  close observations were m ade of the initial failure of the 
p rotective  shell.

Analyses of th e  tes t results were m ade to  see if the  column shells were 
fully effective. This was the  case w ith the  shells of spirally reinforced 
columns, b u t the  tied  columns showed a slight deficiency in the streng th  
expected on the  basis of previous tests of the  1930 ACI column investi­
gation.

The te s t results lend support to  the  design m ethods prescribed in the 
current ACI Building Regulations for Reinforced Concrete.

INTRODUCTION

The stru c tu ra l effectiveness of the concrete shell enclosing the rein­
forcing un it of a concrete column has long been a controversial subject. 
For m any years the design of spirally reinforced columns was based on 
consideration of only the area of the concrete core, probably because in 
tests  the shell concrete cracks and spalls off before the spiral comes into 
action. The 1924 Jo in t Com m ittee R e p o r t(1)* recommended use of the core 
area for spirally reinforced columns b u t specified the gross area for tied 
columns. This does no t seem consistent w ith any idea of fire protection, 
since il the shell area is reserved for fire protection purposes for spiral 
columns, it certain ly  should be likewise reserved for tied columns, which 
are likely to  be more vulnerable to  fire dam age than  those containing 
spirals.

*Received by  the  In s titu te , S eptem ber 20, 1946.
fR esearch  P rofessor of E ngineering  M aterials , U n ivers ity  of Illinois.
tS ee  references end  of tex t.

(353)
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T he 1940 Jo in t C om m ittee R eport (2) and  th e  cu rren t A C I Building 
R egulations (3) in troduced a concept of sp iral colum n behavior w hich 
m akes i t  logical to  use th e  gross a rea  for all colum n sections. I t  is well 
know n th a t  b o th  the  shell and  the  sp iral reinforcem ent con trib u te  in  a 
definite, calculable w ay to  th e  s tren g th  of a  colum n, b u t never ac t 
sim ultaneously , so th a t  only one of the  tw o should ap p ear in  a  colum n 
form ula. B y specifying th a t  enough sp iral reinforcem ent be used to  
slightly  exceed th e  s tren g th  co n tribu ted  b y  th e  shell, th e  toughening 
effect of th e  spiral is provided as assurance against a  sudden failure, 
b u t th e  spiral is n o t designed to  provide a  large con tribu tion  of s tren g th  
a fte r th e  shell fails. T his design envisions th e  spiral as an  insurance 
factor, a  second line of defense, b u t does n o t call on i t  as an  elem ent of 
added  streng th , w hich would require a huge shorten ing  of th e  colum n 
for its  developm ent. Such a spiral colum n develops its  m axim um  s tren g th  
by  th e  action  of the  vertica l steel and the  overall concrete section; i t  is 
re la tive ly  stiff, th e  concrete section rem ains in ta c t and  th e  deform ation  
is sm all (.0015 to  .002) righ t up to  the  m axim um  load. T his m ay  be 
com pared w ith spirally  reinforced colum ns of w h at m ay  be term ed  th e  
E uropean  sty le  of design, w hich m ay  require a  shorten ing  of 1 percen t 
or m ore a t  the  m axim um  load, a  com plete spalling of th e  shell concrete 
and  a  tan g en t m odulus of e lastic ity  a t  high loads less th a n  5 per cen t of 
th e  original value.

T hree questions have been raised regarding th e  effectiveness of shells: 
(1) C an sound, hom ogenous concrete be placed in  th e  shell? (2) W ill 
th e  spiral u n it form  a surface of cleavage betw een shell and  core? (3) 
In  tied  colum ns, m ay  th e  buckling of h ighly  stressed v ertica l bars  cause a 
p rem atu re  sp litting  and failure of the  shell?

DESCRIPTION OF TESTS

T o secure in form ation  on some of th e  questions outlined, a series of 
te s ts  was m ade in 1938 a t  the  T a lb o t L ab o ra to ry , U n iversity  of Illinois. 
T he te s t colum ns used were b o th  round and square, 7, 8 and  9 in. in 
d iam eter or w idth, and 45 in. long. T ies and  spirals were circular, 6 in. 
in  outside d iam eter. A few plain  colum ns were 8 in. round  or square.

T h e  colum ns were m ade w ith  th ree  grades of concrete, hav ing  average 
com pressive s treng ths of 2880, 4900 and 6280 psi. T he vertica l bars 
used in  all reinforced colum ns were four Jdz-in. p lain  rounds, of ha rd  grade 
steel. T hey  were m illed to  exact leng th  and were placed w ith  the ends 
flush w ith  the  plane ends of the  column.

T he spiral reinforcem ent was of draw n wire of nine d ifferent sizes, 
having useful lim it values ranging from  61,600 to  97,000 psi. In  all cases 
th e  p itch  of spiral was 1 in. T hree designs of spiral were used: design A
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(spiral equivalen t to  shell), com plying very  closely to the ACI Building 
Regulations, Section 1103; design B (spiral stronger th an  shell), w ith 
roughly 40 percent more spiral th an  design A; and design C (spiral w eaker 
th an  shell) w ith  roughly 40 percen t less sp iral th an  design A. Due to 
varia tions in  the ac tual streng ths of sp iral wire and concrete, and the 
relatively  few wire sizes available, i t  was no t possible to  produce the 
colum ns w ith the exact relations betw een spiral and shell strengths ju s t 
specified.

The concrete, m ade w ith  torpedo sand and a gravel of 1-in. m axim um  
size, was machine mixed, and was placed w ith the aid of a Viber in ternal 
v ibrator. No difficulty was found in securing sound concrete, w ith 
sm ooth surfaces.

All of the  columns were cured 28 days in a standard  m oist room. They 
were tested  w ith flat ends, following the usual procedure of applying 
loads in ten  or more increm ents, tak ing  stra in  m easurem ents a t each 
increm ent. Because the  failure of the shells destroyed gage lines, m easure­
m ents were taken  w ith  a ttached  extensom eters and were discontinued 
afte r spalling of the column shell began.

I t  is of in terest th a t  tests  of 8-in. round and square columns, two of a 
kind, gave ratios of streng th  of column to  th a t of 6 by 12-in. cylinder as 
follows: lean concrete, 0.83; m edium  concrete, 0.84; rich concrete, 0.87; 
average, 0.85.

RESULTS OF TESTS OF SPIRALLY REINFORCED COLUMNS 

Shell failures

N early all of the colum ns of norm al design A and all of design C, 
deficient in spiral, failed when the protective shell began to  spall. W hile 
w ith  fu rther compression and shortening some of these columns developed 
a second “m axim um ” load due to  the action of the spiral, th is load never 
exceeded the  load a t  first spalling.

Two columns of design A, and all of design B w ith an excess of spiral, 
developed considerable additional load after the shell failed. T hey  fu rn ­
ished useful inform ation, however, on the effectiveness of shells a t  the 
spalling load.

For the columns which developed shell failures, the  column streng th  
m ay be expected to  be the sum  of the s treng th  of the vertical steel, a t 
its  yield point stress, and  the  gross section of the concrete a t  its  u ltim ate  
capacity. From  the results of m any previous te s ts (4), th is m ay be 
w ritten

P  =  0.85 (A„ -  A , ) f ' c + A s f y ..............................................  , ..........(1)
The nota tion  used is defined in T able 1. The factor 0.85 represents an 
experim ental determ ination  of the  ra tio  of the streng th  of concrete in a
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colum n diam eters in length  to  th a t  in  a 6- by  12-in. cylinder, and  is 
based on a large num ber of tests. I t  is proposed to  in sert the  results of 
the presen t series of tests  in  eq. (1) and  solve for th e  num erical factor. 
If the  resu lt is 0.85 or more, i t  would seem  to  ind icate  com plete effective­
ness of the  shell concrete, or, th a t  w ith  th e  vary ing  leng th -d iam eter 
ratios used in  th e  tests, th e  fac to r should be slightly  g rea te r th a n  0.85.

T he results of th is analysis are given in T ab le  1. F rom  th e  to ta l  load 
a t  shell failure, P , th e  con tribu tion  of th e  vertica l steel has been deducted ; 
the rem ainder, divided by th e  p roduc t of concrete area  (A„ — A ,)  and 
cylinder streng th , f ' c, gives the experim ental factor, C. T he values of C 
are seen to  range from  0.75 to  0.94, w ith  a grand  average of 0.83. T he 
average value is 0.84 for colum ns w ith square shells and  0.82 for those 
w ith  circular shells.

F rom  the  last colum n in T able  1, i t  is seen th a t  the  shell area for these 
te s ts  colum ns represen t an  excessively large p roportion  of th e  to ta l con­
crete area, 27 to  66 percent, w ith  an average for the  group of 49 percent. 
T his is considerably g rea ter th an  would generally  be used in  large build ing 
colum ns and  constitu tes a ra th e r  severe te s t of the  shell areas. In  view 
of th is condition, th e  average value of th e  co n stan t C of 0.83 for th e  to ta l  
concrete area m ay  be considered in good agreem ent w ith  th e  expected 
value of 0.85. T here is no th ing  to  show th a t  the sligh t deficiency is due 
to  a shortcom ing of the shell concrete any  more th a n  of the  core co n cre te ; 
if th e  shell concrete is to  be charged w ith  all of it, th e  deficiency is less 
th a n  5 percent. F o r all p rac tica l purposes th is is negligible.

A brief s tu d y  ind icates th a t  there  is no consisten t effect of class of 
concrete, shell th ickness or design of spiral, as ind ica ted  b y  th e  following 
tab u la tio n  of average values of C from  T able  1.

Class of 
concrete

Value of 
C

M inim um
shell

thickness

Value of 
C

D esign 
of sp ira l

V alue

A 0.831 Vt. in. 0 .845 N orm al— A 0 .825

B 0 .798 1 in. 0 .821 Excessive— B 0.835

C 0 .862 1 l/ t  in. 0 .842 D eficient— C 0 .833

T he record of the te s ts  shows no ind ica tion  of lack  of soundness or 
re liab ility  of shell concrete and  no ind ication  of a surface of separa tion  
coincident w ith the position of th e  spiral. Failure of the shell occurred 
a t stra ins corresponding to  those a t  failure of the  p lain  concrete. A t 
these stra ins in the  reinforced colum ns there  was the usual p lastic  bulging 
of the core and the  developm ent of stress in th e  spirals.
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TABLE 1— RESULTS OF SPIRAL C O LU M N  TESTS, SHELL FAILURES
T h e  m axim um  load listed  is th e  load  a t  w hich th e re  was definite failu re of th e  shell, even though  th e  colum n 
la te r  developed ad d itio n a l s tren g th . A ll colum ns w ere 45 in. long, w ith  6 in. core d iam eter; vertical bars, 
4 J^-in . rou n d ; area , As = 0.76 sq. in .; y ie ld  p o in t, f y =  50850 psi.; AySv — 38.5 kips. A? is th e  gross 
or overall a rea  of th e  colum n. Spiral design A has  sp iral rpugh ly  equ iv a len t to  shell; design, B, sp iral 
s tronger th a n  shell, design C, sp ira l w eaker th a n  shell. M axim um  load, as defined above,
P  =  C (A 0 — As) f 'c  +  A s fv ,  w hence

P  -  Asfy 
(.Ao — As)f'c

V alue of C, from  previous te sts , was 0.85. Tw o colum ns of a  kind.

C olum n
Spiral
design

C oncrete
T o ta l

concrete
a rea

Ag Ag
sq. in.

M ax.
load,

P
kips

T o ta l 
load 

on con­
crete 

P-Agfy,  
kips

Factor.
C

for
con­
crete

Av. ratio , 
shell a rea 
Ag Ag

Size,
in.

Shape Class Comp, 
s trength  
f 'c  psi.

8 square A A 3240 63 .86 194.0 155.5 .750
B A 2360 63 .32 165.01 126.5 .845
C A 2405 63 .38 173.5 135.0 .885 .565

8 square A B 4900 63 .40 293.0 254.5 .819
B B 5000 64 .04 2 9 4 .51 256.0 .800
C B 4455 63 .32 262.0 223.5 .810 .566

8 square A C 6145 63 .16 3 7 6 .81 338.3 .872
B C 6235 62 .77 3 7 9 .01 340.5 .870
C c 5520 63 .56 362.0 323.5 .920 .564

7 square A A 2555 48.31 137.5 199.0 .801
A B 4650 49 .30 219.5 181.0 .788
A C 5605 48 .52 275.0 236.5 .867 .434

9 square A A 3265 81 .50 271.5 233.0 .875
A B 4985 82 .50 374.5 336.0 .815
A C 6465 81 .96 510.0 471.5 .891 .665

Av. square ABC ABC .840 .559

8 round A A 3240 48 .69 165.5 127.0 .804
B A 2360 48 .57 13 8 .51 100.0 .887
C A 2405 48 .94 135.0 96 .5 .820 .436

8 round A B 4900 48.81 222.5 184.0 .779
B B 5000 49 .25 2 1 9 .51 181.0 .735
C B 4455 48 .70 208.0 169.5 .780 .438

8 round A C 6145 48.81 2 6 5 .0 l 226.5 .750
B C 6235 48 .82 3 0 4 .0 ‘ 265.5 .871
C C 5520 48 .69 248.5 210.0 .781 .436

7 round A A 2555 37 .24 117.8 79 .3 .833
A B 4650 37 .56 185.5 147.0 .840
A C 5605 37 .72 238.0 199.5 .942 .267

9 round A A 3265 62 .86 204 .8 166.3 .810
A B 4985 62.91 291.0 252.5 .840
A C 6465 62.93 386.5 348 .0 .856 .563

Av. round ABC ABC .820 .428

G rand Square
Av. & round ABC ABC .830

1 These colum ns ca rried  ad d itiona l load  due to  sp iral, a fte r  shell failed.
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Spiral failures

Table 1 ind icates th a t  a fte r the  shell had  failed, certa in  colum ns of 
sp iral designs A and  B took  fu rth e r load, and  a fte r a large am oun t of 
shortening developed a m axim um  load. T he significant resu lts of these 
tests  are given in Table 2, together w ith  an analysis based on th e  con­
ventional equation^) for the  stren g th  of a sp irally  reinforced colum n. 
T he m axim um  load, P, is as follow s:

P  = 0.85 A cf ' c (1-p) +  A s f y +  K  p 'f's A c ...........................................(2)

The m eaning of the no ta tio n  is given in T able  2. T he th ree  term s in 
th e  rig h t hand  m em ber of the  equation  rep resen t the  contribu tions of 
the  concrete core, the  vertical bars, and the restra in ing  effect of th e  spiral, 
respectively. B y su b stitu tin g  the  know n areas of sections, the  per­
centages of reinforcem ent and  the  experim ental values of cylinder 
s tren g th  f ' c, the  yield p o in t stress of v ertica l bars, f v, and  th e  useful 
lim it of the  spiral steel, values of th e  fac to r K  are obtained. T he useful 
lim it of th e  spirals is an  a rb itra ry  m easure of the  sp iral s tren g th  a t  a 
stra in  of 0.005 and was proposed by  th e  w riter in  1931 (5) a fte r a s tu d y  of 
m easured sp iral deform ations a t  or near m axim um  load in  a large num ber 
of te s t columns.

TABLE 2— RESULTS OF SPIRAL C O LU M N  TESTS, SPIRAL FAILURES

M axim um  Load, P,  is load a t  com plete failure of colum n. C olum ns 45 in. long, tw o  of a 
lan d . Core diam ., 6 in. Core area, A c, — 28.3 sq. in. V ertical bars, 4 round ,
Asfy =  38.5 kips. P e r cent spiral p ’ b y  volum e of c o r e ; / 's =  useful lim it stress in  sp iral. 
V ertical steel ra tio , p — .0268, on core area. Spiral design A, spiral roughly  eq u iv a len t 
to  shell, design B, spiral stronger th a n  shell. Spiral effectiveness factor, K,  is com puted  
from  equation

K  p'fs'Ac =  P  -  0.85 Acf'c (1-p) -  A sfy

Concrete Steel reinforcem ent
M ax.
load,

P
kips

.85 A cf'c 
(1-P)

AAsfy.
kips

«
S -&

Spiral
effec­
tive
ness
K

Class f'c
psi.

Design A 8 used
K p ’fs Ac

in
colum n

P'
kips
per

sq.in.

P'f's
psi.

C 6145 A 8 in. sq. .0494 72 .4 3575 408 .5 182.1 2 26 .4 2 .2 4c 6145 A rd. .0324 7 6 .2 2470 323 .0 182.1 140.9 2 .0 2

A 2360 B 8 in. sq. .0324 7 6 .2 2470 199.7 9 3 .7 106.0 1.52
A 2360 B rd. .0191 90.1 1720 159.0 9 3 .7 6 5 .3 1.34
B 5000 B sq. .0494 72 .4 3575 323 .0 155.5 167.5 1.66
B 5000 B rd. .0324 7 6 .2 2470 275 .0 155.5 119.5 1.71
C 6235 B sq. .0696 6 1 .6 4285 4 2 3 .0 184.3 23 8 .7 1.97c 6235 B rd. . 0494 72 .4 3575 377 .0 184.3 192.7 1.91

A verage 1.80
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I t  is seen th a t  the  average value of K  found from  these tests is 1.80. 
T he value w hich has been found in previous tests  a t  th is laboratory , 
p a rticu la rly  in the A C I Colum n investigation  in 1930 (4), was abou t 2.0, 
though  corresponding tests m ade a t  Lehigh U niversity  gave a consider­
ably  lower value. T he curren t tests  have ra th e r  unusual features; very  
high values of the useful lim it stress in the  spirals (61 to  90 kips per sq. 
in.) com bined w ith  spiral percentages of 1.9 to  7.0. The results indicate 
very sa tisfac to ry  effectiveness of spiral even in the highest percentages 
em ployed. T he fac t th a t  th e  spiral factor K  is a little  lower th an  the 
value of 2 assum ed in  the  design probably  explains w hy m ost of the 
columns having the norm al spiral design A developed the ir m axim um  
load th rough  the shell ra th e r  th an  th rough the  spiral contribution.

Results of tests of tied columns

The results of the tests  of th ir ty  six round and square tied  columns 
are given in T able  3 and the  results have been analyzed in the same way 
as those of th e  spirally  reinforced columns of Table 1. As before, the 
factor C for the concrete is slightly  greater for the square columns th an  
for the round ones, though the difference is hard ly  enough to  be significant.

The fea tu re  th a t  is surprising, and som ew hat d isturbing, is th a t the 
factor C averages only abou t 0.75 instead of the value 0.85 expected. 
These colum ns were designed to  be identical, except for the use of ties 
instead  of spirals, w ith  a  p a r t of the  colum ns of Table 1. The vertical 
bars were iden tical in  am ount, quality  and position, and the  concrete 
was of the  same proportions. There is little  varia tion  in C due to  size of 
column or kind of concrete, though the sm aller columns and the stronger 
concretes show a slight superiority .

In  o ther tests, the  value of C equal to  0.85 has generally been found to  
apply  equally  well to  plain, tied  or spiral columns. The reason for the 
low value of 0.75, abo u t 11 percent lower th an  expected, is no t apparen t. 
I t  m ight be surm ised th a t  the  ties and the  concrete shell were no t sufficient 
to  p reven t p rem ature  buckling of th e  vertical bars as the  yield po in t was 
approached, b u t no thing ab o u t th e  m anner of failure indicated  this. 
Failure of all elem ents of the  colum ns apparen tly  took place a t the same 
in stan t, suddenly  and w ithou t w arning. Furtherm ore, m any of the 
previous te s ts  had v irtua lly  no shells a t all to  restra in  th e  buckling of the 
bars.

I t  should no t be im plied th a t  the results of th is group of tests should 
nullify  or supersede th e  results of m any equally  reliable previous tests 
on w hich the  conventional value of 0.85 was based. The results, how­
ever, com bined w ith  the sudden type of failure characteristic  of tied 
columns, do furnish  a good argum ent for requiring a higher factor of 
safety  for th is type of column. The current A CI Building R egulations,
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TABLE 3— RESULTS OF TIED C O LU M N  TESTS

All colum ns 45 in. long, 7, 8 an d  9 in. round  or square. V ertical 
bars, 4 b r in .  round; yield po in t 50,850 psi. A , =  0.76 sq. in., 
Asfy =  38.5 kips. Ties, 6 in. d iam eter, No. 9 wire, 6 in. spacing. 
Two colum ns of a  kind.

c  _  P  -  38.5 
{A„-A.)  f'c

Column Concrete
T o ta l 

concrete 
a rea  

sq. in. 
( A0- A s)

M axim um  load
P,
kips

F ac to r, C, 
for 

concrete
Size,
in.

Shape Class Comp, 
s tren g th  
f ' c  psi.

7 square A 2520 48.31 129.8 .750
B 4190 48 .38 212.0 .857 .788
C 5820 47 .05 245 .0 . 755,

8 square A 2955 63 .96 173.0 .711
B 5075 64 .52 305 .2 .815 .791
C 6665 62 .92 39 4 .0 .848,

9 square A 3050 81.51 219 .2 .727
B 5640 82.51 346 .2 .664 .750
C 6420 82 .13 491 .8 .860,

Average .776

7 round A 2520 37 .67 109.3 .7451
B 4190 37 .46 160.0 .774 i .743
C 5820 37 .45 193.5 . 711J

8 round A 2955 48 .56 137.5 .6911
B 5075 4 8 .88 226 .0 .762 j- .735
C 6665 48.81 283 .3 . 753J

9 round A 3050 61 .66 177.0 .7381
B 5640 63 .14 286 .3 .697 .729
C 6420 62 .20 339 .5 . 753J

Average .736

G rand  Average .756

based on te sts  in  w hich the factor 0.85 was found, require a  fac to r of 
safe ty  25 percent g rea ter for tied  colum ns th a n  for those w ith  spiral 
reinforcem ent. F o r the  usual range of m ateria ls the  A C I R egulations 
provide a  fac to r of safety  against failure ranging from  3.7 to  4.4. A 
little  s tu d y  shows th a t  if the fac to r 0.75 is su b stitu ted  in  th e  u ltim ate  
load form ula, the fac to r of safety  under the A C I R egulations is still 
3.5 to  4.0. Hence, even if these te s ts  were the  only source of in form ation  
on th e  subject, it  is seen th a t  th e  A C I design procedure w ould still 
provide am ple safety  for such columns. In  fact, com pared to  some 
E uropean  codes, i t  m ay be considered d is tinc tly  conservative.
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GENERAL COMMENTS

T he foregoing inform ation seems to  con trovert two opinions frequently  
held am ong engineers. One was th a t the shells of tied  columns, because 
of b e tte r  conditions for placing the concrete, would surely be more re­
liable th an  those of sp irally  reinforced ones. The other, as s ta ted  in the 
1928 ACT B uilding Code, was th a t while th e  full gross section of tied 
columns m ight be used w ithou t question in design, the shells of spiral 
colum ns should be neglected as a load carrying elem ent. As used in the 
cu rren t A C I B uilding R egu la tions/ the use of the  gross area form ulas 
for spiral colum ns appears fully justified.

In  addition  to  the inform ation from  these tests, there  are two groups 
of fairly  recent E uropean  tests  which contain contributions to  the 
subject.

Austrian tests

A series of colum n tests, m ade by a  subcom m ittee of the A ustrian 
C om m ittee on Reinforced Concrete, was rèported  in 1931 by the  late 
Dr. F. Em perger(6). T he tests  included fo rty  types of plain, tied and 
spirally  reinforced columns. The columns were generally 20 or 24 cm. 
square or 22.5 cm. in  d iam eter and were 150 cm. in length.

F rom  tests  of a rela tively  sm all group of columns, Em perger concluded 
th a t for colum ns w ith  heavy ties or light spirals the full gross area of the 
colum n could be relied upon, b u t for columns w ith light ties th e  shell 
m ight fail a t  stra ins in  the  neighborhood of 0.001 before the vertical 
steel had a tta in ed  its full yield po in t stress. This does no t agree w ith  the 
w rite r’s tests, in w hich the plain and tied columns developed stra ins of
0.0015 to  0.0020 and more before failure, bu t m ay have some bearing on 
th e  low concrete effectiveness in  the  presen t tests of tied columns.

Dutch tests

C olum n tests  by  the D u tch  C oncrete Association, A m sterdam , were 
reported  briefly by N. J. Rengers in  1932 (7h A bout 35 of th e  te s t 
colum ns were spirally reinforced, w ith  22.5 cm. core diam eters, w ith  24 
cm. square shells or w ithou t shells. The au tho r gives the unqualified 
conclusion, and w ith relatively little  analysis of the te s t results to  support 
it, th a t  w ith  the w eaker grade of concrete used (cube strength , 188 kg 
per sq. cm.) 80 percent of the shell area was effective, while w ith a stronger 
concrete (cube strength , 389 kg per sq. cm.) 100 percent of the  shell area 
was effective. Since the yield point of the-vertical bars is no t known, i t  is 
difficult to  m ake any  accurate analysis of the results, b u t unless a  steel of 
high streng th  was used, it appears th a t the  effectiveness of the shells 
m ade w ith the weaker concrete m ust have been considerably more th an  
the 80 percent quoted.
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CONCLUSION

T he tests described in th is paper ind icate  th a t the shell concrete of 
spirally  reinforced colum ns can be counted on for full effectiveness as a 
load-carrying elem ent, if the concrete is properly  placed and  com pacted.

The effectiveness of the concrete section of tied colum ns in these te s ts  
was only abou t 90 percent of the  value expected on the basis of previous 
tests of tied  columns.

The effectiveness of the spiral reinforcem ent in  those colum ns in which 
the  s treng th  produced by the spirals was grea ter th a n  th a t  con tribu ted  
by the colum n shells was 1.80, as com pared w ith the value of 2.0, w hich 
is usually  found from such tests. However, th is  is a fac to r w hich m ay  be 
expected to  vary  considerably, and considering the high s treng ths and 
percentages of spiral reinforcem ent em ployed, th is  value m ay  be con­
sidered as satisfactory .

The resu lts of the studies of shell effectiveness would seem to  su pport 
th e  presen t A C I design m ethod in  w hich th e  gross area of spirally  re in­
forced colum ns is em ployed. Spiral colum ns designed on th is  basis 
have tw o very  desirable physical characteristics, th e  re la tive ly  high stiff­
ness of a  tied  colum n righ t up  to  the  m axim um  load and  a slow m anner 
of failure, m arked by  the spalling of the  shell, a t  the m axim um  load.

T he ra th e r  sm all group of tied  colum n tests  ind icates a little  less 
effectiveness of th e  shell concrete th a n  was expected on the basis of o ther 
te s ts ; this, toge ther w ith  the well-known sudden  and  vio lent type  of 
failure observed in  the  tied  columns, is consisten t w ith  the  A C I design 
provisions, w hich call for a fac to r of safety  for tied  colum ns 25 percent 
g rea ter th a n  th a t  for spirally  reinforced columns.
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Precast Concrete Structures*
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S Y N O P S I S

Precasting  is becoming a m ajor factor in the  choice of reinforced con­
crete as a  construction m aterial because of ever-rising cost of labor and 
m aterials. T he advan tages of precasting  are no t however confined to  
savings in cost and  m aterials. Since it is a p lanned m ethod of construc­
tion, com parable to  facto ry  production, its  use alsb assures a b e tte r 
control of qua lity  and  speedier completion of the  project. T his article  
is an  a tte m p t to  show how precasting can be utilized to  provide the  
fram ing of a g reat v a rie ty  of structu res. T he first p a rt deals w ith bent 
type  of fram ing as used in  buildings, the  second describes a novel type  of 
fram ing consisting of precast cells, particu larly  suitable for floating 
structures.

GENERAL CONSIDERATIONS

W eight and streng th  are prim ary  considerations in precasting. A 
successful design is one w hich utilizes the sm allest num ber of assem bly 
elem ents possessing the  least weight during erection and the grea test 
stren g th  per un it weight of fram ing.

Since precasting is a controlled operation, perform ed under ideal 
conditions of form ing, pouring, v ibration , curing and inspection, the 
requirem ents of s treng th  and the dim ensional restrictions necessary for 
the casting of slender sections are generally m et w ith  bu t little  difficulty. 
O bviously, the technique of casting will differ in m any details from th a t  
of a conventional poured-in-place job. The basic features include the 
following :
Position of pours

All casting is accomplished in the flat or horizontal position of the 
elem ent, thus assuring ease of pours, control of quality  and thinness of 
sections unobtainable  in vertical pours.

♦P resen ted  42nd A nnual C onven tion , Buffalo, N . Y ., F eb ru ary  21, 1946.
fH e a d  D esigning E ngineer, B ureau  of Y ards and  D ocks, U. S. N avy  D ep t., W ashington , D. C.

(365)
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Form work

C ontainer form s of cast elem ents are of rigid construction  for a close 
m ain tenance of dim ensions and  m ay have ra th e r  e laborate  details and 
outline. These form s usually  are b u ilt of steel or concrete, su itab le  for 
m ultiple and repeated  use. In  accordance w ith  th e  shape of th e  elem ents, 
th ey  m ay be e ith er s ta tio n ary  pan  type or ro ta ry  box type.

Minimum thickness for casting

W ith  the  aid of v ib ra tion  and positioned pouring, it is possible to  cast 
s tru c tu ra l elem ents as th in  as Y  in.

Grade of concrete

T hin  sections and ligh ter w eight elem ents will require th e  use of high 
streng th  concrete, w ith  a nom inal 28-day s tren g th  of 4000 psi to  5000 psi.

Size of aggregate

In  m ost cases the  size of th e  coarse aggregate will be lim ited  to  x/ i  in.

Reinforcing

The reinforcing of plaques, w ebbing and  cellular elem ents will consist 
m ainly  of high-tensile wire fabric of ra th e r  close m esh, w ith  a  m inim um  
yield value of 70,000 psi. In  some cases wire fabric m ay  be supplem ented 
w ith  o rd inary  concrete reinforcing bars.

Cover and spacing of reinforcing

The m inim um  cover for wire m esh m ay  v a ry  from  in. to  Y  in., and 
th e  clear spacing betw een reinforcing rods m ay  be reduced to  1 in.

Casting tolerance

E lem ents m ay be cast w ith  a to lerance of T2 in. as regards th e  th ick ­
ness and  to  an  accuracy of in. in  overall dim ensions. ‘

Shapes of cast elements

T he cross section of the  elem ent m ay  generally  conform  to  one of the 
following outlines: (a) solid rec tangu lar w ith  or w ith o u t ribs, as in  slabs 
and plaques; (b) channel, tee- or ell-shaped; and (c) hollow rec tangu lar, 
as in  a cell or box.

Types of framing

According to  fram ing arrangem ent, types of precasting  m ay be grouped 
under tw o general headings: (a) ben t fram ing and (b) cellular fram ing. 
The arrangem ent of the  first type is in conform ity  w ith  the  so-called 
conventional fram ing as generally utilized in building construction . The 
second type is ra th e r  novel as regards arrangem en t and  presen ts a  new 
m edium  of fram ing for s truc tu res afloat and on shore. A brief descrip­
tion  of each type, covering general characteristics, basic details and the 
ex ten t of application, follows.
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1. BENT FRAM ING

General arrangement

T he m ain  com ponents of a  building fram e consist of the floor and roof 
m em bers and the supporting  bents in  the  form of arch ribs, rigid fram es 
and continuous or sim ply-supported  girders and beams.

Floor, roof and wall panels

In  devising a  precast elem ent to  span the m ain supports or frames, 
one is obviously influenced by the  fram ing arrangem ent of a conven­
tionally  designed poured-in-place job. In  th a t type of construction, the 
floor or roof slab is supported  either d irectly  by the m ain fram ing, as a 
one-way or tw o-w ay slab, or by stringers which in tu rn  fram e in to  the 
bents. E xcept for conditions of unusual loading, the  la tte r  arrangem ent 
will generally result in a fram ing of the lightest weight. In  addition to 
the  type of fram ing, the choice of p recast elem ents is affected by such 
other considerations as lim itations in over-all dimensions and weight for 
assuring ease in handling, a m inim um  am ount of jo in ting  and sim plicity 
in connections.

Fig. 1 (a) illustra tes a precast panel having a fram ing arrangem ent in 
conform ity w ith conventional type of construction. As will be noted, 
th e  u n it consists of a  slab, tw o longitudinal edge beam s or girders and a 
series of transverse beam s which divide the panel into sub-panels of 
square or rectangular outline. T he length of the  panel m ay vary  from 
16 ft. to  30 ft. and  the w idth from  4 ft. to  8 ft., in accordance w ith  facilities 
of erection. F or a live load of up to  75 psf, the corresponding weight of 
the  panel will v a ry  betw een a m inim um  of abou t ton  to  a m axim um  
of abou t 6 tons. A suggested detail for connecting the panels together 
and anchoring them  to  the  supports is shown in Fig. 1 (b).

As an alternative to  the flat-panel fram ing arrangem ent, the un it 
m ay be cast in the  form of a half-barrel shell, stiffened w ith a series of 
diaphragm s. T hree typ ical panels illustrating  th is m ethod of fram ing 
are shown in Fig. 2. The panel in (a) represents the sim plest type, and 
is su itable for roof or wall fram ing. For floor construction, the panel 
m ay be som ew hat modified by the addition  of exterior diaphragm s to 
form supports or chairs for the  flooring. W hile in general the un it will 
consist of a single half-barrel, the section m ay also be m ade of m ultiple 
half-barrels, as shown in (b) and (c), according to  the requirem ents of 
fram ing and facilities of erection. Due to  curved shell action, the weight 
of a half-barrel panel will be considerably less th an  th a t of a com parable 
flat panel. As regards casting, no serious difficulties are antic ipated , 
since all d iaphragm s m ay be precast and set in th e  form  prior to  pouring 
of the shell.
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P L A N  V I E W  O F  P A N E L

Sect. A-A Sect. B"B Sect. G-C

Connection Details of Panels to Girder

Fig. 1— Flat-type roof or wall panel
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Fig. 2— Arch-type roof or wall panel
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Girders
In  devising a m ost favorable cross-sectional form  for a p recast beam , 

one is obviously guided by th e  fundam enta l principle of placing m ateria l 
a t  locations of optim um  efficiency. T he problem  is one of furnishing 
sufficient section for bending and shear w ith  the least cross-sectional area. 
Since the parts  of a  rectangular cross section w hich m ost effectively resist 
bending are those located fa rth est from  the n eu tra l axis, i t  is ev iden t 
th a t  a large reduction  in the  area of a solid section, as generally  u tilized 
in  conventional concrete construction , can be m ade by rem oval of less 
effective parts  of the  core to  form  a hollow section. W hile th e  use of 
hollow sections m ay in general be found im practicab le  in  poured-in- 
place construction, the positioned casting of such sections on th e  basis 
of planned production involves b u t little  difficulties. In  some cases the  
section m ay be cast as one u n it; in  m ost cases, however, i t  will be more 
convenient to  cast i t  in two pieces in  the form  of channels.* Fig. 3 illus­
tra te s  the la tte r  m ethod of casting as applied to  a continuous beam  or 
girder. T he general a rrangem ent of fram ing is shown in  th e  sectional 
elevation, Fig. 3 (a), and a typ ical cross-section is given in Fig. 4. The 
channels have th in  webs, reinforced w ith  wire-mesh, and  flanges of 
sufficient thickness to  accom m odate th e  m ain  longitud inal reinforcing 
and to  provide th e  necessary com pression area. T he sam e section also 
illustrates a  suggested m ethod for in terconnecting  the  tw o channels. 
The arrangem ent consists of a p ipe-separator assem bly, Fig. 3 (d), cast 
e ither in the  flanges of each channel or in  em bossed lips under th e  flanges, 
and held together by  th rough  bolts. Tw o types of beam  splices are 
sketched in  (b) and (c) of Fig. 3. In  th e  form er m ethod  th e  co n tinu ity  
of the m em ber is m ain tained  by  lapping or w elding some of th e  longi­
tu d ina l rods of the  ab u ttin g  segm ents. F o r th is purpose, a  wedge- 
shaped opening is provided a t  the ends of the cast segm ents. A fter com­
pletion of the  welding, the  openings are closed by  e ith er gun iting  to  the 
norm al thickness of the cast elem ent or by  filling concrete in  th e  splice 
com partm ent. In  the  o ther m ethod of splicing, shown in  Fig. 3 (c), the 
longitudinal reinforcing is spliced by  looping and anchoring in to  th e  con­
crete fill of the  splice com partm ent. For c larity  of p resen ta tion , the  
wire mesh reinforcing is om itted  from  the  details.
Rigid-frame bents

The basic features of fram ing described above for continuous beam s 
are also applicable to  rigid fram es. T he sim ple b en t shown in  Fig. 4 
will serve for illustration . As will be noted, the  assem bly is com posed of 
five m ain segm ents: a  girder, tw o colum ns and  tw o connecting knees. In  
some cases i t  m ay be possible to  cast the  colum n sections w ith th e  knees 
and th u s reduce the  num ber of the  involved splices from  four to  two.

♦ P a te n t app lied  for by  U. S. N av y  in th e  nam e of A. A m irik ian .
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(e)

Typical Cross-Section

1 4 ÿlli: V

(b)
Alternate Details of Field Splice 

Fig. 3— Continuous girder

(d) 

Section A-A

Fig. 4— Rigid-frame bent

H ere again the com ponent elem ents of each segm ent or m em ber consist 
of tw o channels, as shown in th e  typ ical section in  Fig. 4, joined to ­
gether b y  a  bolt-and-sleeve arrangem ent (connector detail). As an 
a lternative  to  the  la tte r  detail, loose tim ber block separators m ay be 
su b stitu ted  for th e  cast-in pipe-sleeves (see s tru t detail). To obviate 
possible over-strain  on the  concrete when tightening the  bolts, welded 
washers are provided a t  th e  tw o ends of each sleeve, cast in the flanges 
w ith  slight projections and serving as bearing plates.
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i *i

(c)
Typical Cross- 

Section

Arch bents

T he preeasting  of an  arch  ben t, as shown in Fig. 5 (a), p resen ts no 
different problem s th an  th o se  encountered  in  the construction  of rigid- 
fram e bents. T he m ain assem bly will consist of segm ents of e ither 
s tra ig h t or curved outline and  of hollow cross section. These segm ents 
m ay  be cast e ither in one piece, as tu b u la r  un its, or in  tw o pieces in the  
form  of channels as previously described. Hollow sections being p a rtic ­
u larly  adap tab le  for the  p a tte rn  of arch  stresses, th e  use of these tu b u la r  
segm ents of re la tively  ligh ter w eight m akes it  possible to  construct 
precast concrete building or hangar arches up to  500 ft. of .span, w ith  
erection ease com parable to  steel rib  construction . T he leng ths of the  
erection segm ents, and the  corresponding num ber of th e  field splices, 
will obviously vary  in accordance w ith the handling and erection  facilities 
available for each project. In  general, arch  ribs up  to  200 ft. in  span 
m ay be erected in  th ree segm ents, consisting of a cen ter and  tw o ab u tm en t 
pieces. F or shorter spans, say up to  120 ft., th e  la tte r  tw o segm ents 
m ay be elim inated and the rib  erected in one piece. A suggested detail 
for in terconnection of the erection segm ents is shown in Fig. 5 (b).

2. CELLULAR FR AM IN G

Cellular slab

B y definition, a cellular slab is an egg-crate fram ing a rran g em en t in 
w hich in terconnecting vertical web panels are anchored betw een tw o 
horizontal flange plates to  form  a series of cells. T he ev iden t adv an tag e  
of a  slab so composed over a solid slab lies in its  g rea tly  reduced w eight
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for com parable strength . W hile the basic idea of cellular fram ing is no t 
new, since it is used to  a certa in  ex ten t in some types of steel structu res, 
inheren t difficulties and lim itations in poured-in-place concrete work 
have precluded h itherto  its  u tilization  in  concrete construction. How­
ever, precasting, w ith  th e  aid of a new s tru c tu ra l elem ent, in the form  
of a  precast cell, elim inates the involved difficulties and provides un­
lim ited  opportun ities of application  of the principle to  a great varie ty  of 
struc tu res.
Concept of cell

As in the case of m any inventions, the concept of the precast cell is 
traceable  to  th e  exigencies of war. D ue to  the unavailab ility  of steel 
p lating, it was necessary to  use reinforced concrete as a  substitu te  
m ateria l for th e  construction of certa in  types of auxiliary floating craft 
for the N avy. The resulting structu res ob tained by the conventional 
poured-in-place construction  technique, while s truc tu ra lly  adequate, 
were however m uch too heavy in  com parison w ith the  steel prototypes. 
To reduce w eight, consideration was given to  the  use of precast panels. 
However, the ta sk  of assem bly and join ting  of a great num ber of loose 
p lates to  form  a given fram ing appeared too difficult for a satisfactory  
solution. I t  was in laboring w ith th is practical phase of the problem  
th a t  the idea of a cell or box-shaped s tru c tu ra l elem ent was conceived 
by the au thor.*

Detail of cell

Fig. 6 (a) illustra tes the basic features of the elem ent. Essentially, 
i t  is a rectangular box w ith  tw o open ends and four faces which join to

Fig. 6.— Typical precast cells

♦ P a ten t app lied  for b y  U. S. N avy  in  th e  nam e of A. A m irikian.
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Section th ro u g h  B o tto m  Slab

S e c tio n  th ro u g h  
To p  S la b

Poured bottom

Fig. 7— Single-layer cell assembly with poured-in-place top and bottom slabs

Poured
bottom

form  a channel-shaped groove a t  the  corners. T he faces m ay  be solid 
or have openings as required . T he w ire-m esh reinforcing p ro trudes from  
all four edges of each face to  serve as a  m eans of connection splice be­
tw een adjoin ing boxes of an  assem bly.

T he box is cast on a ro ta ry  collapsible form , enabling each of the  Sides 
or Avails to  be poured continuously, in  succession, in  a  horizontal position. 
T his positioned pouring assures ease and  contro l of operation, and  
enables th e  casting  of very  th in  sections of g rea t s treng th .

By vary ing  the  th ree over-all dim ensions of th e  box, i t  m ay  be shaped 
as a cube or as a  prism , in  accordance w ith  th e  required  fram ing arrange­
m ent. In  cross-section, the  box m ay  have an  outline o th e r th a n  rec­
tangu lar, such as, tr ian g u la r or hexagonal. Some of these form s are 
shown in  Fig. 6.

Framing arrangement

H aving described the  characteristic  of th e  box, i t  noAV rem ains to  
show hoAv i t  can be utilized  in a cellular fram ing. As s ta ted  above, the 
fram ing comprises a  series pf v ertica l bu lkheads Avhich in te rsec t each 
o ther a t righ t angles to  form  an  egg-crate w ebbing, and tw o horizontal 
p lates Avhich serve as the  top  and b o tto m  flanges of the  slab. In  accord­
ance w ith  tw o basic arrangem ents, a  se t of boxes m ay  provide e ith er a 
p a r t of the fram ing, such as th e  egg-crate webbing, or th e  en tire  fram ing.

To ob tain  th e  first a rrangem ent, th e  boxes are set on th e ir  ends, a b u t­
ting  cornerAvise on a checker-board p a tte rn , as shoAvn in Fig. 7. W ith
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Fig. 8— Single-layer all 
precast assembly

precast w ebbing thus furnished by the boxes, the fram ing is then  com­
pleted by  pouring in place the top  and bo ttom  flange slabs.

Fig. 8 illustra tes the  second arrangem ent. As will be noted, here 
the boxes are set on the ir sides and so oriented th a t the open end of one 
box faces the closed side of the ad jacen t box. W ith  th is arrangem ent, 
and  a fte r jointing, the sides of the  boxes form  continuous planes of 
single-wall th ickness extending in th ree directions and thus providing 
p recast elem ents for the entire fram ing.
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These two basic single-layer arrangem ents m ay also be used to  form  a 
m ultip le-layer assem bly. F or th is purpose, the  boxes in  the successive 
layers are set in an a lternating  sequence, using one a rrangem en t in th e  
first layer and the o ther p a tte rn  in the next. Fig. 9 illu stra tes a m ultip le- 
layer assem bly th u s obtained.

Method of assembly

The erection procedure of a cellular assem bly is re la tive ly  simple. . 
Since the boxes are inheren tly  stable, the ir se tting  is accom plished 
w ithou t the  aid of shoring, guying or o ther devices of su p p o rt generally 
used in conventional construction. For exam ple, in  erecting  the single­
layer solid p a tte rn  shown in Fig. 8, the boxes are m erely set side by  side 
on an  erection p latform  which is chalk-m arked to  m ain ta in  the  required  
jo in t gaps betw een the boxes and  to  insure a lignm ent of th e  walls in  each 
direction. The erection of the  single layer checkerboard  p a tte rn  shown 
in Fig. 7 is equally  simple. In  th is a rrangem ent proper spacing and 
alignm ent of the boxes m ay be obtained by m eans of tapered  plug inserts 
set in the bo ttom  slab which engage th readed  s tuds cast in  the bo tto m  
edges of the  boxes, as detailed in Fig. 7 (b).

In  the case of the m ultip le-layer assem bly illu stra ted  in Fig. 9, a fter 
se tting  up the bo ttom  layer as described above, th e  erection of th e  boxes 
in  the  succeeding layers m ay be accom plished by  m eans of tem porary  
supporting and spacer devices. Two suggested devices for th is purpose 
are shown in Fig. 10. The detail in (a) is a  sim ple jack ing  arrangem ent,

r

Ob) (c)

b lo ck
'u p  bea m

block

D etail A
Detail B D etail C

Fig. 10— Erection and assembly devices

S ec tio n  H
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Additional b a r re in fo rc ing  when needed

Fig. 11— Typical joint details of cells

particu larly  suitable for supporting  th e  edge of one box on the corner 
ledge of the  o ther, w ith the bo ttom  bo lt serving as support as well as 
spacer. T he o ther arrangem ent shown in (b) and (c) consists of a built- 
up  beam  w ith  wedge-block ends and can be used as a support e ither for 
the  edges of a box, as in (b), or the bo ttom  side of a supported  box as 
indicated in (c) and detail “ C .”

Method of jointing

Since relatively  sm all jo in t gaps are desirable, the interconnections of 
the boxes in an assem bly are m ost conveniently  accomplished by use of 
pressure grout. Fig. 11 illu stra tes typ ical jo in t details betw een elem ents 
having a single-layer mesh reinforcing. The section in (a) is for two 
boxes ab u ttin g  cornerwise, as in th e  case of vertical jo in ts of the single­
layer assem bly shown in Fig. 7; (b) is a section of a jo in t betw een the 
corner of a  box and  the  edges of two ab u ttin g  boxes, as in the  case of 
jo in ts betw een two layers of the  m ultip le-laver assem bly shown in Fig. 9;
(c) is a section of a jo in t betw een three edges, as will result when the end 
faces of an assem bly are closed with precast plaques; and (d) is a corner 
section betw een tw o edges. Fig. 12 illustra tes sim ilar jo in t details for 
boxes having tw o layers of mesh reinforcing. In  addition, a suggested 
detail is indicated  in (c) for retain ing the g rout in the jo int. The arrange­
m ent, draw n in th is case for a jo in t betw een four edges, consists of two 
form  strips and anchor blocks which are secured in place by wire ties. 
As will be no ted  from  the reinforcing details in Fig. 11 and 12, some of the 
mesh wires projecting from  the corners or edges of the precast elem ents 
are lapped stra ig h t in the  jo in t gap and others ben t into the poured
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fillets. The jo in t grooves also provide space for add itional reinforcing 
bars.
Range of application

The p recast cell constitu tes an ideal fram ing elem ent for floating 
structures, such as barges, gate and breakw ater caissons, drydocks, 
tankers, floating piers, landing strips and  m any  o ther w ater c ra ft in  the 
designs of w hich streng th  and ligh ter d isplacem ent are p rim ary  con­
siderations. R esults of com parative designs p repared  for some of these 
structu res indicate th a t  the  weight of a conventionally-poured job  m ay  
be reduced as m uch as 60 percent by  the use of p recast cellular fram ing. 
O ther advantages favoring precast cellular fram ing are the  resu lting  
economy, sim plicity of erection and  speed of construction . S till ano ther 
advantage is the fact th a t  no basin or special facilities of erection and 
launching are required. For example, in erecting a cellular barge such 
as shown in  Fig. 13, a construction p latfo rm  is all th a t  is needed for th e  
assem bly of th e  cells in  e ither arrangem ent. O pportun ities of applica­
tion  are not, however, confined to  floating s truc tu res only, since these 
elem ents can also be utilized to  provide th e  fram ing of various shore 
buildings. Cellular fram ing is p a rticu la rly  ad ap tab le  to  long-span floor 
construction as well as su itab le for walls. E xtensive studies will no do u b t 
disclose possibilities of a wide range of applications.

CONCLUSION

In  the huge construction  program  planned for the  postw ar era, con­
crete will undoub ted ly  p lay  an im p o rtan t role. T his role can, however,
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Fig. 1 3— Cellular assembly of a barge

be m ade more significant if precasting possibilities are fully explored and 
utilized. T he scope of precasting is presented  here in the  in terest of and 
as a challenge to  the profession and the industry . C ertain experim ental 
projects of p recast concrete construction, em bracing both cellular and 
b en t fram ing, have already  been com pleted for the N avy. The results 
of these in itia l undertak ings have been very encouraging, b u t a g reat 
deal of w ork still rem ains to  be done for th e  im provem ent of various 
phases of precasting. T here are m any problem s which need fu rther 
investigation  and  experim entation  in  laboratories. A com m ittee ap ­
pointed b y  th e  In s titu te  for th is purpose could render valuable service 
in coordinating all such efforts. * M uch of the success of precasting depends 
on th e  ingenu ity  and  resourcefulness of the  contractor, since the  actual 
construction  technique em ployed involves skilful planning, fabrication 
and  handling.

♦Since th is  paper was p resen ted , A C I C om m ittee  324, “ P recast R einforced C oncre te  S tru c tu re s” , has 
been  organized  w ith  M r. A m irik ian  as chairm an.
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Com parative Bond Efficiency of Deform ed Concrete 
Reinforcing Bars*

By ARTHUR P. CLARKf
Mem ber Am erican Concrete Institute

S Y N O P S I S

T he purpose of th e  tests described was to  determ ine the resistance 
to  slip in  concrete of 17 different designs of deform ed reinforcing bars.

T he tests were of th e  pull-out type  in which the  bars were cast in  a 
horizontal position; the  dep th  of concrete under the bars and  the  length 
of em bedm ent were varied. The slip of the  bar was m easured a t the 
loaded and  free end.

T hree tes ts  were m ade of each variable for each design of deform ation.
I t  was established th a t  a certain  group of the  bars was definitely 

superior to  th e  others, in the sense th a t  their average ra ting  was sig­
nificantly higher th an  the  average of the others. B ars cast in the  top 
position were m uch less effective th an  those cast in  the  bo ttom  position.

INTRODUCTION

The tests  of pull-out specim ens reported  herein constitu te  the first 
phase of a com prehensive investigation  on the bond efficiency of deformed 
concrete reinforcing bars. The investigation  was in itia ted  by the Com­
m ittee on Reinforced Concrete Research of the  Am erican Iron and Steel 
In stitu te , and  was conducted through the m edium  of a Research Fellow­
ship established a t the  N ational B ureau of S tandards in W ashington.

MATERIALS
Reinforcing bars

T he bars, all nom inally Ts-in. d iam eter, are illustra ted  in Fig. l a  and 
lb  by two views of each bar to  show the p a tte rn  of the  deform ations as 
produced by  the upper and lower rolls and also the relation of the two.

*R eceived  by  th e  In s ti tu te , S ep tem ber 21, 1946.
tR e se a rch  A ssociate , A m erican Iro n  and  Steel In s ti tu te , N a tiona l B ureau  of S tanda rds. W ash in g to n , 

D . C.
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10 11 12 13 14 16 16 17

Fig. 1b

The yield po in t was determ ined in a 100,000-lb capacity  testing  m a­
chine of the beam  and poise type  by observing the drop of the beam . 
The height of the deform ations was m easured w ith  a dial gage reading 
to  1/1000 in. T he b ar was held in a  jig (Fig. 2) and readings taken  
a t  th ree or m ore points around the bar a t each of several positions 
along th e  length of the  bar. A to ta l of 92 m easurem ents of deform a­
tion  heights were m ade by  three observers to  determ ine the average 
heights of the  deform ations of each bar. The bearing area of th e



384 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE December 1946

deform ations per lin. in. of b ar was determ ined from  th e  average height, 
projected length  and spacing. T he tw o la tte r  dim ensions were m easured 
from  an im pression of th e  deform ations p ro jected  on a p lane surface 
m ade by  rolling the  b ar in a th in  layer of qu ick-setting  p laster.

The physical properties of th e  bars are given in T able  1.

TABLE 1— PHYSICAL PROPERTIES OF THE DEFORMED REINFORCING BARS

B ar
No.

W eight 
per ft., 

lb.

A rea,*  
sq. in.

Y ield po in t T ensile  s tre n g th
E lo n g a ­
tion  in 
8 in., 

in.

D eforn la tio n s

lb. psi lb. psi A verage
h eigh t,

in.

B earing  
area , 

sq. m. 
pe r in.

1 2.059 0 .6 1 26,890 44,100 47,430 77,700 2 .1 2 5 0 .0 4 5 0 .0 8 2
2 1.966 .58 25,100 43,200 43,020 74,100 2 .053 .046 .149
3 1.915 .56 22,970 41,000 34,490 63,300 2 .719 .063 .134
4 2.011 .59 22,160 37,500 34,750 58,900 2 .6 8 8 .067 .192
5 2.211 .65 24,870 38,300 45,790 70,400 2 .0 9 4 .040 .322
6 2.042 .60 26,360 43,900 48,680 81,100 1 .750 . 055 .354
7 2.010 .59 27,110 45,900 47,870 81,100 1.719 .050 .257
8 2.058 .61 32,300 53,300 47,430 77,800 2 .031 .055 .390
9 2 .058 .61 25,050 41,100 42,870 70,300 2 .0 0 0 .054 .224

10 2.030 .60 25,860 43,100 42,580 71,000 2 .031 .050 .332
11 2.066 .61 33,880 55,500 60,020 98,400 1.500 .027 . 10112 2.049 .60 36,620 61,000 61,880 103,100 1.563 .028 . 100
13 1.973 .58 36,780 63,400 62,090 107,100 1 .375 .030 . 10314 2 .020 .59 27,700 46,900 47,850 81,100 1.625 .067 . 102
15 2.026 .60 27,640 46,100 45,220 75,400 2 .031 .033 .052
16 2.006 .59 21,900 35,750 33,060 56,000 2 .9 3 8 .033 . 041
17 2.042 .60 77,240 128,700 0 .9 0 6

*These areas and  th e  ca lcula tions of y ie ld  po in ts  artd tensile  s tren g th s  the re fro m  are  based  on leng th  
an d  w eight m easurem ents in  accordance w ith  Sec. 10 of A .S .T .M . D esignation  A15-39. A ll ca lcu la tions  
of stresses in  th e  b ars  in  p u llo u t specim ens a re  based  on th e  nom inal area , (0.60 sq. in.) of a J^-in. p la in  
round  bar.
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Concrete

C oncrete was m achine-m ixed and proportioned by w eight in the  
ra tio  of 1:1.74:2.23. T he w ater-cem ent ra tio  was 5.75 gal. per sack. 
P o rtlan d  cem ent m eeting the  cu rren t s tan d ard  specifications of the  
A .S .T .M . for T ype I cem ent was used.

The coarse aggregate was Potom ac R iver gravel ranging in size from 
No. 4 to  1 in. T he fine aggregate was P otom ac R iver sand graded as 
shown in T able 2. T he d ry  rodded w eight of the gravel was 106 lb. per 
cu. ft. and  the sand 109 lb. per cu. ft.

TABLE 2— SIEVE ANALYSIS  OF SAND

U. S. S tandard Percentage passing
Sieve No. b y  weight

4 98
8 86

16 71
30 44
50 12

100 3
i

The slum p of the  concrete averaged 4)4  in. and th e  compressive 
s treng th  of s tandard  6- by  12-in. cylinders, cured in m oist air for 28 
days, averaged 5,600 psi. T he m odulus of elastic ity  a t  37 days was 
4,140,000 psi.

DESCRIPTION OF TEST SPECIMENS

The pull-out specim ens were 8 by  9 in. in cross section and of two 
lengths— 8 in. and 16 in .; the bars in these specimens were held rigidly 
in th e  m olds during casting w ith  the longitudinal ribs in a horizontal 
plane. Two specimens were cast in a mold 18 in. in dep th  w ith  one bar 
near the  top  and one near the  bo ttom ; the dep th  of concrete under the 
b ar in  the top  position was 15 in., and 2 in. for th e  b ar in the  bottom  
position. T riangu lar steel strips welded horizontally  to  the  in terior 
sides of the molds a t  m id-height scored the concrete blocks to  perm it their 
subsequent separation  in to  two specimens.

T he molds were m ade of heavy steel sections fabricated  to  perm it 
stripp ing  of the  specimens w ithou t dam aging the concrete and the 
m olds were sealed prior to  casting to  preven t leakage. T he concrete was 
deposited in the  mold in three layers and rodded in place.

T he blocks were kep t in  m oist storage in  th e  molds after casting and 
a t  the  end of th ree days were rem oved and divided in to  two specimens 
by  loading as a beam  in a testing m achine, as illustrated  in Fig. 3. All 
blocks broke in a plane where scored and the  surface departed  from  a
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M a c fr /h e

Fig. 3.— Method of breaking blocks 
to produce two pull-out specimens.

plane surface generally only to  ab o u t the  ex ten t of th e  size of th e  coarse 
aggregate particles. T he average breaking load was 1,660 lb. per in. of 
length  of specimen. T he specim ens were th en  placed in  a m oist room  
u n til tested  a t  th e  age of 29 to  31 days.

TESTING PROCEDURE

The pu ll-ou t specim ens were te s ted  in  a 60,000-lb. capacity  fluid- 
support, B ourdon-tube hydraulic  m achine and  the  load was applied 
a t  th e  ra te  of abou t 2,000 lb. per m in., th e  dial gages being read  w ithou t 
stopping the m achine. T he specim en was seated  on a rubber cushion on 
tw o segm ents of a 2-in. base p la te  a ttach ed  to  th e  face of a  spherical 
bearing block (Fig. 4). Slip of th e  b ar was m easured w ith  0.0001-in. 
m icrom eter dial gages and  th e  readings were estim ated  to  0.00005 in. 
A t the loaded end, tw o dials were held by a steel b a r firm ly a ttach ed  to  th e  
bo ttom  face of the  specim en by  bolts screwed in to  a series of n u ts  cast 
in  the  specimen. The dial gages were in  con tac t w ith  the sm ooth  surface 
of a steel yoke fastened to  the reinforcing b ar by  th ree  set screws w ith 
cupped ends 1 in. below the surface of th e  concrete. The su p p o rt b ar 
for the dial gages and the  yoke were free to  move in  a  recess in the  base 
plate. As load was applied, the  average of th e  tw o dial gage readings 
indicated  th e  am ount of m ovem ent of th e  po in t on the reinforcing b a r 
a t  w hich th e  yoke was a ttach ed  w ith  reference to  the  lower face of the  
concrete. To give th e  slip a t  th e  face o f 'th e  concrete (slip a t  th e  loaded 
end), th e  dial gage readings were corrected for the  elongation  of th e  re­
inforcing b ar in the 1-in. distance betw een the po in t of a tta ch m en t of the 
yoke and the face of the  concrete.
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Support for d ia l C  l 
pas e t in  p ia ste r

D ie/ Z

Die/ 3

- S/ip a t dee end 
measured here

S/ip a t loaded en d  
m easured /  'tronr ¿/och 
Dial /

ia t support t>ar 
fe ste r erf to ¿oftor? 
o f concrete 
Yoke fostered to bor_ 
Z 'sp / it  
base p ta te 
Sph erica l 
bearing block

d ea d  o f
te stin g  m achine

FRONT F/EW S /O F  V/F/V

Fig. 4.— Specimen in 
testing machine.

The slip a t the  free end was read directly  from  the  dial gage m ounted 
on a fram e, seated  in  p laster on the  top of the  specimen w ith the point 
of the dial resting 011 the planed end of the bar.

In itia l dial gage readings were taken  a t a m achine load of 300 lb. 
then  600 lb. and readings a t  increm ents of 600 lb. were taken  un til the  
machine registered 7,200 lb, and  th en  a t increm ents of abou t 1,200 lb. 
un til failure. The dial gages a t  th e  loaded end were rem oved as the 
stress in the b a r approached the  yield po in t or when a loosening of the 
support b a r or yoke, due to  th e  stre tch  in the  b a r or initial cracking of 
the  concrete, m ade th e  readings of questionable value. Readings a t the 
free end were continued u n til ju s t before failure.

RESULTS A N D  DISCUSSION

T ests in  all cases were continued u n til failure of th e  specimen occurred, 
e ither by  splitting  of the  concrete or by  th e  b ar pulling th rough  the 
concrete. The typ ical sp litting  (79 percent of all specimens) was in a 
plane th rough  the  longitudinal ribs of the  bar. O ther specimens 
(13 percent) failed by splitting  in a plane approxim ately  a t righ t angles
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Fig. 5. (top)— Load-siip curves for bottom bars embedded 16 in. Slip measured 
at the loaded end.
Fig. 6 (bottom)— Load-slip curves for top bars embedded 16 in. Slip measured 
at the loaded end.
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Fig. 7 (top)— Load-slip curves for the average of bottom and top bars embedded 
16 in. Slip measured at the loaded end.
Fig. 8 (bottom)— Load-slip curves for bottom bars embedded 8 in. Slip measured 
at the loaded end.
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Fig. 9— Load-slip cyrves for top bars embedded 8 in. Slip measured at the 
loaded end.

to  th e  plane th rough  the longitudinal ribs. Seventeen specim ens (8 
percent) failed by  th e  b a r pulling th rough  the  concrete; these consisted 
of specim ens containing bars 17 (w ith one exception), tw o each of 15 
and  16 and one each of 11 and  13.

Tw elve te s ts  were m ade w ith  each of th e  17 bars w ith  d ifferent p a t­
te rn s  of deform ations— three each w ith  th e  b a r  in  th e  to p  and  bo tto m  
positions and  w ith  8-in. and  16-in. em bedm ents, th e  slip being m easured 
a t  the loaded and  free ends. All of the  te s t  resu lts for b a rs  of each 
p a tte rn  were com bined to  arrive a t  a g rand  average w hich th u s  represen ts 
th e  equ ivalen t of 24 determ inations of the  stress-slip relationship.

T he load-slip relation, as m easured  a t  th e  loaded end for b o th  bo ttom  
and  to p  bars and  for th e  8- and  16-in. em bedm ents, is show n in  Fig. 
5, 6, 7, 8 and  9. E ach  curve represents, in  general, th e  average d a ta  
ob tained  from  th ree specimens.

In  th e  extensive lite ra tu re  dealing w ith  th e  bond  s tren g th  of reinforcing 
bars, th e  te s t bars have usually  been ra ted  b y  considering th e  stresses 
developed by the  bars a t some a rb itra rily  selected value of slip. In  th is 
investigation , an a tte m p t was m ade to  develop a m ethod  of ra tin g  bars 
which would take  in to  account the  stress-slip re la tionsh ip  for a  con­
siderable range of values of slip.

Load-slip curves of the  bars of d ifferent designs show th a t  some curves 
cross others. T his m eans th a t  one b a r m ay have th e  h ighest stress for 
given slips along p a r t of th e  curve, while th e  reverse m ay  be tru e  along 
ano ther p a r t of the  curve.

Reinforced concrete has a wide v a rie ty  of uses ranging from  m em bers 
where th e  prim e consideration is to  keep cracks as narrow  as possible 
such as struc tu res in tended  to  confine liquids and  avoid  leakage or
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m em bers exposed to  a tta c k  by fum es or liquids which ten d  to  hasten  
corrosion of steel, to  those m em bers where such conditions do not p re­
vail and where deflection m ay no t be a m a tte r  of particu la r concern. 
In  th e  first case, a low value of design stress in the  reinforcing steel is 
generally used, and in  th e  o ther a  high value. Betw een th e  extrem es, 
o th e r  considerations m ay  d ic ta te  th e  use of in term edia te  design stresses. 
A desirable concrete reinforcing b a r would be one having a good bond 
resistance for all stresses w ith in  the  range of probable use and up  to  the 
po in t of failure.

In  th is  investigation, to  determ ine th e  bars which could be expected 
to  give th e  best bond resistance, it seemed logical to  adopt a m ethod for 
com parison w hich would ra te  the  bars on th e  basis of average perform ­
ance th rough  a  wide range of slip values. T he m ethod selected was to  
record th e  stress developed a t  several values of slip from  the sm allest a t 
w hich readings were reliable up  to  the  m axim um  slip developed by  the 
m a jo rity  of th e  bars. These stresses for each b a r were to ta led  and the 
sum  divided b y  th e  num ber of readings to  ob tain  a figure indicative of 
th e  ra tin g  of the  bar. These values m ay  be used to  indicate th e  bonding 
efficiency of th e  bars.

T he value of slip a t  w hich th e  stresses were recorded are shown in  the  
following tab le :

E m bed­
m ent,

in.

Position
of

b ar

M easured
a t Slip, in.

16 B ottom Loaded end 0.0005, 0.001, 0.002, 0.003, 0.004. 0.005, 
0.0075, and  0.01

16 T op tl ti Cl ct tl <i 11
8 B o tto m ti <.
8 Top li 4.

0.00005 an d  0.000116 B ottom F ree end
16 T op Cl cc 0.00005. 0.0001. 0.0005 an d  0.001

8 B ottom Cl tl
8 Top 0.00005. 0.0001. 0.0005, 0..001 

0.005, and  0.01

T he w rite r is of the  opinion th a t  th is m ethod, which is original insofar 
as he knows, is a reasonable one and gives a b e tte r  basis for com paring 
bond perform ance th a n  o th e r m ethods heretofore employed.

T he diagram  in  Fig. 10 represents, for slip a t th e  loaded end, the 
ra tin g  of th e  bars for 16-in. em bedm ent. T he ord inates “ steel stress” 
are the  ratings used. In  th e  vertica l colum n for each type  of bar, the 
m axim um  height of the  colum n indicates th e  ra ting  of the  bo ttom  bars. 
T he to p  of th e  vertical ha tched  portion  indicates the  ra ting  for the top  
b ars and  th e  to p  of th e  diagonal h a tched  portion  indicates the average 
ra ting  for b o th  to p  and  bo tto m  bars.
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BAR NUMBERS
Fig. 10— Rating for each bar corresponding to slips of 0.0005, 0.001, 0.002 
0.003, 0.004, 0.005,0.0075 and 0.01 in. at the loaded end for 16-in. embedment
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7
BAR NUMBERS

Fig. 11— Rating for each bar corresponding to slips of 0.0005, 0.001, 0.002, 
0.003, 0.004, 0.005, 0.0075 and 0.01 in. at the loaded end for 8-in. embedment.
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A v e r a g e  s t r e s s  fo r  1 6 "

B O T TO M  BARS FOR SUPS
o f  0 .0 0 0 0 5  4  0.0001 i n c h

A v e r a g e  s t r e s s  f o r  

1 6" t o p  4  b o t t o m  b a r s

A v e r a g e  s t r e s s  f o r

8  ”  TOP 4  BOTTOM BARS

T1 A v e r a g e  s t r e s s  f o r

H 16 'T O P  BARS FOR SUPS

o f  0 .0 0 0 0 5 , 0 .0 0 0 1 , 

0 .0 0 0 5  4  0 .001 in c h

"! A v e r a g e  s t r e s s  f o r  8 '

' BOTTOM BARS FOR SLIPS

o f  0 .0 0 0 0 5 , 0 .0 0 0 1 , 

0.0005 4 0.001 in c h

A v e r a g e  s t r e s s  f o r

8 “ t OP BARS FOR SLIPS

o f  0 .0 0 0 0 5 ,  0 .0 0 0 1, 

0 .0 0 0 5 ,  0 .0 0 1 ,0 .0 0 5  

4  0 .0 1  IN C H

G.A.-G r a n d  a v e r a g e  fo r  

STRESSES A T  FREE £  

LOADED END TOP 4  < 

BOTTOM BARS IN 1 6 "

BAR NUMBERS AND EMBEDMENT LENGTHS
12— Rating for each bar corresponding to slips, as given in the notes at 
ree end for 16-in. and 8-in. embedments.
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Fig. 11 represents for slip a t the  loaded end the ra ting  of the  b ar for 
8-in. em bedm ent, in a m anner sim ilar to  Fig. 10.

Fig. 12 represents the  ra ting  of the bars for slips a t the free end. The 
ra tings for 8-in. and 16-in. em bedm ents are shown on one d iagram  in a 
m anner sim ilar to  the  d iagram s for the  loaded end. T he solid line 
m arked  “G .A .” represents th e  grand average of all the  ra tings for 8-in. 
em bedm ent, 16-in. em bedm ent, top  bars and bottom  bars for shps a t 
b o th  the loaded an d  the free ends.

In  Fig. 10, 11 and 12, the  order in w hich the bars were arranged 
corresponds to  the  sequence of the average ratings of the  bars w ith  16-in. 
em bedm ent. B ars 8, 9, 6, 3, 4 and 5 showed the highest grand average 
ratings, and in the  order nam ed the difference betw een the extrem e 
values of the grand averages were only abou t 11 percent. T he average 
of these six exceeds the average of th e  rem aining bars by  31 percent.

Considering the slip a t  b o th  ends and for bo th  em bedm ents, the  ra ting  
for all bars in  th e  top  position was 56.8 percent of the  ra ting  for the  bars 
in the bo ttom  position. F or bars 8, 9, 6, 3, 4 and 5, th is ratio  was 67.9 
percent.

For all bars of th e  sam e type  of design, 5, 6, 7 and 8, the  ra tio  of the  
ra ting  of the  top  bars to  th a t  of the bo ttom  bars was 62.9 percent, and 
for all bars of the  same general type, 1, 2, 3, 4 and 9, th is ra tio  was 61.8 
percent. The d a ta  from  these tests  indicate th a t, for bars cast in a 
horizontal position, th e  p a tte rn  of the deform ations on the b ar has little  
influence on the loss of bond streng th  due to  settlem ent of the  plastic 
concrete under th e  bar.

A lthough a detailed sta tis tica l analysis of the  dispersion of the d a ta  
was no t m ade, an exam ination of the ranges of values of stress for shps 
greater th an  0.003 in. a t  th e  loaded ends of bars indicated  th a t a  dif­
ference of less th an  10 percent betw een the ordinates of any two of th e
curves of Fig. 5, 6, 8 and 9 is no t positively significant. Similarly, dif­
ferences of less th a n  1500 psi in th e  averages for the  top  and bo ttom  bars 
shown in Fig. 10 and 11 or of less th a n  750 psi in the grand averages shown 
in Fig. 12 m ay no t be significant.

Bond resistance is influenced by several factors, including the average 
height of th e  deform ations, the  bearing area of the deform ations, the 
shearing area of the concrete betw een th e  deform ations, the  inclination 
of th e  bearing face of the deform ations, and the angle th e  deform ations 
m ake w ith  th e  longitudinal axis of th e  bar. W hile in th is series of tests, 
it  w as no t possible to  compare bars in which only one of these factors 
was a variable, the  graphs in  Fig. 13 show the relation of these factors 
to  the  grand average stress developed in  the  bars. As was to  be ex­
pected, th e  presence of o ther factors obscured, to  some extent, th e
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GRAND AVER ASP S if t ESS, M IPS PEP SQ ./N .
Fig. 13— Effect of height and bearing area of deformations and shearing area 
of concrete between deformations and the ratio of stress in top bars to the 
stress in bottom bars on the grand average stress in bars.

relation  betw een th e  grand  average stress and  th e  variab les show n in 
Fig. 13; nevertheless, th e  graphs illu stra te  an  unm istakab le  tren d  in  all 
cases except th e  graph for the shearing area.

I t  is ap p a ran t th a t,  in general, the  grand  average stress increases 
w ith  th e  bearing area of the  deform ations, th e ir  height, and  th e  ra tio  of 
ra ting  in the  to p  b a r to  th e  ra tin g  in th e  bo ttom  bar. I t  is of in te rest 
to  note the  sim ilarity  betw een the  last tw o graphs nam ed. T he sim i­
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la rity  of these graphs indicates th a t  th e  height of deform ations has an 
influence on th e  loss of bond stren g th  due to  th e  se ttlem en t of the plastic 
concrete under the  bars. T he graph  illustra ting  th e  effect of the  ratio  
of shearing area to  bearing area shows th a t  th e  bars w ith low grand 
average stresses have an  excessively high shearing area, and for bars 
w ith  high grand average stresses th is  ra tio  is substan tia lly  constan t 
betw een th e  values of 6 and  11.

T he d a ta  from  te sts  of b a r 10 indicate th a t  the  inclination of the 
bearing face of th e  deform ations is also a factor. B ar 10 has crescent­
shaped deform ations and these po in t in th e  sam e direction on bo th  sides 
of th e  bar. One face of the  deform ation is substan tia lly  norm al to  the 
axis of the  b ar while th e  opposite face is inclined a t an average angle of 
less th a n  30 degrees w ith  the  axis of th e  bar. T ests were m ade w ith  some 
specimens in  w hich th e  b ar was pulled w ith  the  crescents pointing in  the 
d irection of pull and others in w hich th e  b ar was pulled w ith  the crescents 
pointing in  th e  opposite direction. The bearing area, shearing area, 
height of deform ation and  the  d istance the deform ations extend around 
th e  b ar were, of c o u rse /th e  sam e in all the  te s ts  of b ar 10. Therefore, 
th e  only variab le  was the inclination  of the  face of the  deform ations and, 
to  some ex ten t, th e  shape of th e  concrete surface w hich was subjected 
to  bearing stress. T he load-slip relation  for slip a t the  loaded end is 
shown in  Fig. 14. T he solid curves in each case are th e  average of 
specimens of b a r 10, in w hich the  b ar was pulled in th e  direction in 
which th e  crescents pointed  and  th e  bearing on the deform ations was
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against th e  face norm al to  th e  d irection  of pull. T he d o tted  curves 
represent the  opposite conditions. F o r all cases— 8-in. em bedm ent, 16- 
in. em bedm ent, bo tto m  bars and  to p  bars— considerably h igher values 
were shown w hen the bearing on th e  deform ations was against th e  face 
nearly  norm al to  th e  surface of th e  bar.

F ive of the bars included in  th e  te s ts  (1, 14, 15, 16 and  17) have been in 
com m ercial p roduction  for a num ber of years and  are rep resen ta tive  of 
deform ed bars w hich have been generally  accepted  and  used. C om paring 
th e  average of the  grand average stresses of these five bars w ith  th a t  of 
bars 8, 9, 6, 3, 4 and 5 indicates the  increase in bond which m igh t be 
expected by  the  use of bars of th e  b e tte r  types. T he percentage of in­
crease depends on the  basis used for com parison. Based on slip a t  the  
loaded end, th e  m inim um  increase (21.6 percent) was shown by  th e  
bo tto m  bars w ith  16-in. em bedm ent; th e  m axim um  (64.7 percent) b y  th e  
top  bars w ith 8-in. em bedm ent. The average increase of all bars a t  th e  
loaded end was 39.8 percent. Based on slip a t  th e  free end, th e  m inim um  
(47.1 percent) was shown by  bo tto m  bars w ith  16-in. em bedm ent; th e  
m axim um  (137.8 percent) b y  top  bars w ith  16-in. em bedm ent, and  th e  
average of all bars a t the  free end was 78.7 percent. T he grand  overall 
average increase rvas 60.1 percent.

The load-slip relation  a t the loaded end for the  five bars w ith  th e  
highest ra tings in th is experim ent and th e  group of five com m ercial bars  
cast in th e  bo ttom  position for 16-in. em bedm ent is shown in  Fig. 15 
and and for 8-in. em bedm ent in  Fig. 16. T he range of usual design 
stresses (16,000 to  24,000 lb. per sq. in.) is ind ica ted  b y  th e  cross-hatched 
portion. T he five bars w ith  the  h ighest ra tings show m uch less varia tio n  
th a n  the com m ercial bars.

T he d a ta  for th e  tw o groups of bars p resen ted  in  Fig. 15 and  16 repre­
sen t the results ob tained  w ith  bars tes ted  in  trip lica te . In  those cases 
where one specim en of a se t of th ree failed p rem atu re ly  e ither by  sp litting  
of the  concrete or slipping of th e  bar, th e  d a ta  for th a t  b a r were discon­
tinued  a t  the  m axim um  load represen ting  all th ree  specim ens; these 
“ breaks” occur in the  lower enveloping curves wdiere th e y  are ind icated  
by d iscontinuities in the curves. The upper enveloping curves also 
show “breaks” which are due to  the  fac t th a t  th e  load-slip curves of th e  
several bars in a given group in tersected  each other.

SU M M AR Y OF RESULTS

T he te s t specim ens wTere of the  pu ll-ou t ty p e  in which th e  bars were 
cast in a  horizontal position w ith  length  of em bedm ent and  dep th  of 
concrete under th e  b ar varied. Provision was m ade for m easuring the 
slip of the  b ar a t bo th  the loaded end and  the  free end of th e  bar.
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Fig. 15 (top)— Load-slip curves Jor the five commercial bars (1, 14, 15, 16 and 
1 7) and the five best bars (3,4, 6, 8 and 9) in bottom position embedded 16 in., 
determined for the loaded end.
Fig. 16 (bottom)— Load-slip curves for the five commercial bars (1, 14, 15, 16 
and 1 7) and the five best bars (3, 4, 6, 8 and 9) in bottom position embedded 
8 in., determined for the loaded end.
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T he m ethod used for evaluating  th e  efficiency of th e  bars in  bond 
resistance was based on th e  average perform ance for a range of slips as 
m easured a t  the  loaded end and  a t  the  free end for th e  b a r w ith  2 in. 
and  15 in. of concrete under the  b a r and  for 8-in. and  16-in. em bedm ent.

T he eight separate  determ inations for ra tin g  the  bars gave, in  general, 
consistent results. C onsidering the five bars ra ting  h ighest in th e  grand 
average, one of the five ra ted  h ighest in  six of the  determ inations, one of 
the  five ra ted  second highest in  all eight de term inations, and  one of 
the five ra ted  th ird  h ighest in all b u t one of the  eight.

The average of the  grand  averages for bars 8, 9, 6, 3, 4 and  5 was 
approx im ate ly .60 percent h igher th a n  for the  five com m ercial bars.

Bars 8, 9, 6, 3, 4 and 5 gave results which varied  only ab o u t 11 percent 
from the highest. The five com m ercial bars gave resu lts w hich varied 
by more th a n  41 percent from  th e  highest.

In  th e  top  position, bars 8, 9, 6, 3, 4 and  5 were ab o u t tw o-th irds as 
effective in bond as in  the bo tto m  position.

H eight of deform ations appears as an  im p o rtan t fac to r in  determ ining 
the effect of the  se ttlem ent of the  concrete under th e  bar. T he p a tte rn  
of th e  deform ation does no t seem to  be an  im p o rtan t fac to r in  determ ining 
th e  bond resistance.

The inclination of the  face of th e  deform ations is an  im p o rtan t fac to r 
determ ining the bond resistance.

A tten tion  is called to  the fact th a t  th e  conclusions arrived  a t  herein 
do no t necessarily apply  when the conditions are different from  those 
w hich prevailed in th is  investigation.

The outline and  general procedure for th is  series was p repared  by 
R. R. Z ipprodt, R esearch Engineer for the C om m ittee on Reinforced 
Concrete R esearch and acknow ledgm ent is m ade of the  very  willing 
cooperation of all m em bers of th e  B ureau  staff, and  in  p a rticu la r th a t  of 
D. E. Parsons, Chief of the  Division of C lay and Silicate P roducts, and 
D avid  W atstein , M ateria ls Engineer, for the ir helpfulness and  continued 
in terest.
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EDITORIAL NOTE

In the fo llow ing pages the current code appears in full in the larger type. The proposed 
revisions are shown in the smaller type in a narrower measure. Note the proposed new title  is 
"B u ild ing  Code Requirements for Reinforced Concrete". The report of Committee 318 with 
its proposed changes has been released by the Standards Committee for convention action. 
There were no dissenting votes among the membership of Committee 318 on a letter ba llo t 
of the Committee in which a ll members voted.

A lthou gh  the closing date for written discussion is A p r il 1, 1947, prospective discussors 
are urged to present their ideas to the convention. Those who cannot be present should 
have their manuscript (in trip licate ) in the Secretary’s office not later than February 15, 
1947 to insure consideration at the convention.

T itle— change to, “Building Code R equirem ents for Reinforced C oncrete.” 

CHAPTER 1— GENERAL

101-

Line 1, change “These regulations cover” ; to  “T his code covers.”
Line 6, delete “specific.”
Line 7 an d  8, change “these regulations” to  “ th is  code.”

*A dopted  as a  S tan d a rd  of th e  A m erican C oncre te In s titu te  a t  its  37 th  A nnual C onvention , F eb ru ary  
20, 1941 as rep o rted  by  C om m ittee  318; R atified  by  L e tte r  B allo t Ju ly  21, 1941 (w ith edito ria l corrections 
from  previous p rin tings, in  accordance w ith  ‘E r r a ta ” leaflet issued 1943.) T he C om m ittee acknowledges 
th e  ac tive  coopera tion  of th e  C om m ittee  on E ngineering  P ractice  of th e  C oncre te Reinforcing S teel In s ti tu te .
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101— Scope

(a) These regulations cover the  use of reinforced concrete and  plain  
concrete in  any  stru c tu re  to  be erected  u n d er th e  provisions of the  
building code of w hich th ey  form  a p a rt. T hey  are in ten d ed  to  supple­
m ent th e  general provisions of the code in order to  provide for the  
proper design and  construction  of stru c tu res  of these m ateria ls. In  all 
m a tte rs  perta in ing  to  design and construction  w here these specific 
regulations are in conflict w ith  o ther provisions of th e  code, these regu­
lations shall govern.

102— Permits and drawings

(a) D raw ings and  typ ica l details of all reinforced concrete con­
struction  showing th e  size and  position  of all s tru c tu ra l m em bers, m etal 
reinforcem ent, design s tren g th  of concrete, and  th e  live load used in 
the design shall be filed w ith  th e  building d ep artm en t as a  perm anen t 
record before a perm it to  construct such work will be issued. All plans 
subm itted  for approval or use on the w ork shall clearly show th e  s tren g th  
of concrete a t  a  specified age for which all p a rts  of th e  s tru c tu re  were 
designed. C alculations perta in ing  to  th e  design shall be filed w ith  the  
draw ings w hen required by  the  Com m issioner of Buildings.

103— Special systems of reinforced concrete

(a) T he sponsors of any  system  of reinforced concrete w hich has 
been in  successful use, or the  adequacy  of w hich has been show n b y  test, 
and the design of w hich is e ither in  conflict w ith, or n o t covered b y  these 
regulations shall have th e  rig h t to  p resen t th e  d a ta  on w hich th e ir  de­
sign is based to  a “ B oard of E xam iners for Special C o n stru c tio n ” ap ­
pointed by the Com m issioner of Buildings. T his B oard  shall be com­
posed of com petent engineers, a rch itec ts  and  builders, and  shall have 
the au th o rity  to  investigate  th e  d a ta  so su b m itted  and  to  form ulate  rules 
governing the  design and  construction  of such system s. These rules 
when approved by  the  Com m issioner of Buildings shall be of th e  sam e 
force and effect as th e  provisions of th is code.

104— Definitions

(a) T he following term s are defined for use in  th is  co d e :
D elete “A ggregate”— term  and  definition; su b stitu te : Aggregate, F ine—

N a tu ra l sand, or sand  prepared  from  stone, b las t furnace slag, or gravel, or, sub ­
jec t to  th e  approval of th e  Com m issioner of Buildings, o ther in ert m ateria ls having 
sim ilar characteristics.

Aggregate, Coarse— C rushed stone, gravel, b las t furnace slag, or o ther approved  
in e rt m ateria ls of sim ilar characteristics, or com binations thereof hav ing  hard, 
strong, durab le  pieces, free from  ad heren t coatings.

Aggregate— In e r t m ateria l w hich is m ixed w ith  p o rtlan d  cem ent and  
w ater to  produce concrete.
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Column— An uprigh t compression m em ber the  length of which ex­
ceeds th ree  tim es its  least la te ra l dimension.

Colum n C apita l— D elete “u p per” in  first line.

Column Capital— An enlargem ent of the  upper end of a reinforced 
concrete colum n designed and  b u ilt to  ac t as a u n it w ith  the  column 
and  flat slab.

Column S trip— A portion  of a  flat slab panel one-half panel in  w idth 
consisting of the tw o ad jacen t quarter-panels on either side of the  column 
center lines and  extending th rough  the  panel in  the  direction of the  span 
considered for bending.

C om bination  Colum n—Line 1, change “section” to  “m em ber.”
Line 4, add  “ thereon” a fte r “allowed.”

Combination Column— A colum n in which a s tru c tu ra l steel section, 
designed to  carry  the  principal p a r t of th e  load, is w rapped w ith  wire 
and encased in  concrete of such quality  th a t  some additional load m ay 
be allowed.

Com posite C olum n— C hange “section” to  “stru c tu ra l m em ber.”

Composite Column— A colum n in which a steel or cast-iron section is 
com pletely encased in  concrete contain ing spiral and longitudinal rein­
forcem ent.

Concrete— A m ixture  of portland  cem ent, fine aggregate, coarse aggre­
gate an d  w ater.

Deformed Bar— R einforcing bars w ith closely spaced shoulders, lugs 
or projections form ed in tegrally  w ith  the  b ar during rolling. W ire mesh 
w ith  welded in tersections no t fa rth e r a p a r t th an  twelve inches in the 
direction of the principal reinforcem ent and w ith cross wires no t sm aller 
th a n  No. 10 W. & M . gage m ay  be ra ted  as a  deform ed bar.

D elete te rm  an d  definition for D iagonal B and, D irect Band.

Diagonal B and— A group of reinforcing bars covering a w idth  ap­
proxim ately  0.4 th e  average span, placed sym m etrically  w ith  respect to  
the diagonal running from  corner to  corner of the  panel of a flat slab.

Direct Band— A group of reinforcing bars, covering a w idth  approxi­
m ate ly  0.4 of l\, placed sym m etrically  w ith respect to  th e  center lines of 
th e  supporting  colum ns of a flat slab.

D rop Panel— Line 2, a fte r “colum n” ad d  “or colum n.”

Drop Panel— T he stru c tu ra l portion  of a  flat slab which is thickened 
in the  area surrounding the colum n capital.
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Effective Area of Concrete— T he area of a  section w hich lies betw een 
the  centro id  of the  tensile reinforcem ent and  th e  com pression face of the 
flexural m em ber.

Effective A rea of Reinforcement— T he area ob tained  by  m ultip ly ing  
the  rig h t cross-sectional area  of th e  reinforcem ent by  th e  cosine of th e  
angle betw een its  direction and  the  d irection  for w hich th e  effectiveness 
is to  be determ ined.

Flat Slab— A concrete slab reinforced in  tw o or m ore directions, gen­
erally  w ithou t beam s or girders to  tran sfe r th e  loads to  supporting 
columns.

M iddle S trip— A portion  of a  flat slab panel one-half panel in w idth, 
sym m etrical ab o u t the  panel cen ter line and  extending  th ro u g h  the 
panel in  th e  direction  of th e  span  considered for bending.

Paneled  Ceiling— O m it te rm  and  definition.

Paneled Ceiling— A flat slab  in  w hich approx im ate ly  th a t  portion  
of th e  area enclosed w ith in  th e  in tersection  of the  tw o m iddle strips is 
reduced in  th ickness.

Panel Length— T he distance along a panel side from  cen ter to  cen ter 
of colum ns of a  flat slab.

Pedestal— An u p rig h t com pression m em ber whose heigh t does no t 
exceed th ree  tim es its  least la te ra l dim ension.

P la in  Concrete— C oncrete w ithou t reinforcem ent, or reinforced only 
for shrinkage or tem p era tu re  changes.

R atio  of R einforcem ent— O m it te rm  and  definition.

Ratio of Reinforcement— The ra tio  of th e  effective a rea  of th e  re in ­
forcem ent to  th e  effective area of the  concrete a t  any  section of a  flexural 
m em ber.

Reinforced Concrete— C oncrete in w hich re inforcem ent o th e r th a n  th a t 
provided for shrinkage or tem p era tu re  changes is em bedded in  such a 
m anner th a t  th e  tw o m ateria ls a c t to g e th er in  resisting  forces.

Surface Water— T he w ater carried  b y  th e  aggregate except th a t  held 
by absorption w ith in  the  aggregate partic les them selves.

Add new Section:
105— A STM  Specifications cited in  th is  code

T he specifications of th e  A m erican Society for T esting  M aterials referred to  in 
th is  code are fisted below w ith  th e ir  serial designation including th e  year of 
la te st revision. T hey  are declared to  be a  p a r t  of th is code th e  sam e as if fully 
se t fo rth  elsewhere herein:
A7-42 S tan d ard  Specifications for Steel for Bridges an d  Buildings
A15-39 S tandard  Specifications for B illet-Steel B ars for Concrete R einforce­

m ent
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C31-44
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C39-44
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■ough tis C130-42

C l 50-44
C192-44T

S tandard  Specifications for R ail-Steel B ars for Concrete R einforcem ent 
S tan d ard  Specifications for C ast Iro n  P it-C ast P ipe for W ater or O ther 
L iquids
S tan d ard  Specifications for C old-D raw n Steel W ire for C oncrete R e­
inforcem ent
S tan d ard  Specifications for Axle-Steel B ars for Concrete R einforcem ent 
S tan d ard  Specifications for W elded Steel W ire Fabric  for C oncrete R e­
inforcem ent
S tan d ard  M ethod of M aking and  C uring Concrete Compression and  
Flexure Test Specimens in  th e  Field 
S tan d ard  Specifications for C oncrete Aggregates 
S tan d ard  M ethod of T es t for Com pressive S treng th  of M olded Con­
crete Cylinders
S tan d ard  Specifications for R eady-A lixed Concrete 
S tan d ard  Specifications for L ightw eight Aggregates for Concrete 
S tan d ard  Specifications for P o rtlan d  Cement
T en ta tiv e  M ethod  of M aking Concrete Compression and  Flexure 
T est Specim ens in  th e  L aboratory

CHAPTER 2— M ATERIALS A N D  TESTS

200-

Line 1, a fte r “ te s t” ad d  “re la tive  to  th e  ends of th e  span L. ”
Line 2, a fte r  “ load te s t” ad d  “ (the shorter span  of flat slabs an d  of floors sup­

ported  on four sides).”

200— Notation

D  =  Deflection of a  floor m em ber under load test.
L  = Span of m em ber under load test.

t =  T he to ta l th ickness or dep th  of a  m em ber under load test.

201—

(a) Line 3, change, “when there  is reasonable doubt as to ” to  “ to  determ ine.” 
L ine 7, delete “ th e .”
Line 8, delete “reasonable.”
(b) Line 4 an d  5, delete “by  th e  Com missioner of Buildings a t  all tim es.”
Line 5, a fte r  “w ork” a d d  “and  for tw o years th ereafte r” .
Line 6, change, “tw o years a fte r th e  com pletion of the  s tru c tu re” ; to  “ th a t 

purpose.”

201— Tests

(a) T he Commissioner of Buildings, or his authorized representative, 
shall have th e  rig h t to  order the  te s t of any m ateria l entering  in to  con­
crete or reinforced concrete when there  is reasonable doubt as to  its  
su itab ility  for th e  purpose; to  order reasonable te s ts  of the  concrete from 
tim e to  tim e to  determ ine w hether th e  m ateria ls and m ethods in  use are 
such as to  produce concrete of th e  necessary quality ; and to  order the 
te s t under load of any  portion  of a  com pleted structure , w hen th e  con­
d itions have been such as to  leave reasonable doub t as to  the  adequacy 
of th e  struc tu re  to  serve the purpose for which it is intended.
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(6) T ests of m ateria ls and of concrete shall be m ade in  accordance 
w ith  the  requirem ents of th e  A m erican Society for T esting  M ateria ls  
as no ted  elsewhere in  th is  chapter. T he com plete records of such te s ts  
shall be available for inspection b y  th e  Com m issioner of Buildings a t  all 
tim es during th e  progress of th e  work, and  shall be preserved b y  th e  
engineer or arch itec t for tw o years a fte r th e  com pletion of th e  struc tu re .

202-

Line 3, change “one an d  one-half” to  “tw o .”
Line 8, a fte r “or,” delete th e  com m a an d  a d d  “else.”
Line 9, change “sha ll” to  “m ay .”
Line 11, a fte r  “following:” delete colon; ad d  “ fo rm ula :” ; change form ula (1) 

to  read:

D = — — .......................................................... •............ (1)
12,000 t

Line 13, ad d  “in  w hich” before “a ll” ; a fte r  “ term s” a d d  “a re ” .
P ar. 2, line 1, ad d  “ (b )” before “if.”
Line 3, change “th e  m em ber or po rtion” to  end  of pa rag rap h  to : “ . . .the

residual deflection does n o t exceed e ith e r fo rty  percen t of th e  m axim um  deflection 
observed under load  or six ty  percen t of th a t  given b y  form ula (1). U nder no 
circum stances will th e  construction  be considered acceptable if th e  deflection 
under load exceeds th ree  tim es th a t  given by  th e  form ula .”

202— Load tests

(a) W hen a load te s t is required, the  m em ber or portion  of th e  s tru c ­
tu re  under consideration shall be subject to  a  superim posed load equal 
to  one and  one-half tim es the  live load plus one-half of th e  dead  load. 
T his load shall be left in  position for a period of tw en ty -fou r hours before 
rem oval. If, during th e  te st, or upon rem oval of th e  load, th e  m em ber or 
portion  of the  stru c tu re  shows ev iden t failure, such changes or m odifi­
cations as are necessary to  m ake th e  s tru c tu re  adequa te  for th e  ra ted  
capacity  shall be m ade; or, where lawful, a lower ra tin g  shall be e s tab ­
lished. T he stru c tu re  shall be considered to  have passed th e  te s t if the  
m axim um  deflection a t  the  end of the tw’en ty -four hour period does not 
exceed the value of D  as given in the  following :

D = •°Q1 L2........................................................................................................(1)
12 t

all term s expressed in the  sam e un its.
If  th e  deflection exceeds th e  value of D  as given in  form ula (1), the  

construction  shall be considered to  have passed the  te s t if w ith in  tw en ty - 
four hours a fte r th e  rem oval of the  load th e  m em ber or po rtion  of th e  
stru c tu re  shows a  recovery of a t  least seventy-five per cen t of th e  ob­
served deflection.

2 0 3 -
Line 1, delete “A ll” ; capitalize “c” in “concrete” ; ad d  “p referab ly” a fte r
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“ supervised” ; change “arch itec t or engineer” to  “ the engineer or a rch itec t.”
L ine 3, change “th e  arch itec t or engineer” to  “him .”
Line 5, delete second “a n d ” ;
Line 6, a fte r  “reinforcing steel” add  “an d  the  general progress of the  w ork” ; 

change sentence “A . . . curing” to  “W hen th e  tem pera tu re  falls below 40
degrees F , a  com plete record of th e  tem peratures and  of the  protection  given to  the 
concrete while curing shall be k ep t.”

L ine 9 and  10, delete “by th e  Com missioner of Buildings a t  all tim es.”
L ine 11, a fte r  “ th e  w ork a n d ” ad d  “for tw o years th ereafte r a n d ” ; change 

a rch itec t or engineer” to  “engineer or a rch itec t” ; change “ for tw o years a fter 
com pletion of th e  w ork” to  “for th a t  purpose.”

203— Supervision

(a) All concrete work shall be supervised by  the arch itect or engineer 
responsible for its  design, or by  a  com petent representative responsible 
to  the  arch itec t or engineer. A record shall be kep t of such supervision, 
w hich record shall cover th e  q u a lity  and  q u an tity  of concrete m aterials, 
th e  m ixing and placing of th e  concrete, and the placing of the reinforcing 
steel. A com plete record shall also be kep t of the progress of the  work 
and of th e  tem pera tu res , when these fall below 40 degrees F ., and of the 
p ro tection  given to  th e  concrete while curing. This record shall be avail­
able for inspection  b y  the  Com m issioner of Buildings a t  all tim es during 
th e  progress of th e  w ork and  shall be preserved by  the arch itect or 
engineer for tw o years a fte r the com pletion of the work.

2 0 4 -
Line 2, change all of section a fte r “P o rtlan d  C em ent” to  “ (A .S.T.M . Desig­

n a tion : C 150).”

204— Portland cement

(a) P o rtland  cem ent shall conform to the “ S tandard  Specifications 
for P o rtlan d  C em ent” (A .S.T .M . Serial D esignation: C9-38) or the 
“S tandard  Specifications for H igh-E arly-S trength  P o rtland  C em ent” 
(A .S.T .M . Serial D esignation: C74-39).

205—
(a) Line 2, delete “ Serial” and  "-40” .
Line 3, change “provided how ever,” to  “or to  the  “S tandard  Specifications for 

L ightw eight Aggregates for C oncrete” (A .S.T.M . D esignation: C130), except” ; 
a fte r “aggregates,” ad d  “ failing to  m eet these specifications b u t” ; a fte r “by ,” 
ad d  “special.”

L ines 4 an d  5, change "streng th , durability , w ater-tightness, fire-resistance, 
a n d  w earing qualities” to  “q u a lity .”

205— Concrete aggregates

(a) Concrete aggregates shall conform to  the “S tandard  Specifica­
tions for Concrete A ggregates” (A .S.T.M . Serial D esignation: C33-40), 
p rovided however, th a t  aggregates w hich have been shown by  te s t or 
ac tu a l service to  produce concrete of the  required strength , durability , 
w ater-tightness, fire-resistance, and wearing qualities m ay be used under
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Section 302(a) M ethod  2, where au thorized  by the Com m issioner of 
Buildings.

(b) T he m axim um  size of th e  aggregate shall be no t larger th a n  one- 
fifth of the  narrow est dim ension betw een sides of the  form s of th e  m em ber 
for which th e  concrete is to  be used nor larger th a n  th ree-fourths of the 
m inim um  clear spacing betw een reinforcing bars.

206— Water

(a) W ater used in  m ixing concrete shall be clean, and  free from  in ­
jurious am ounts of oils, acids, alkalis, organic m aterials, or o th e r deleteri­
ous substances.

207—
(a) Line 1, change “ M etal reinforcem ent” to  “Reinforcing b a rs.”
Line 3, delete “Serial” an d  “-39” ; a fte r “or” a d d  “ S tan d ard  Specifications fo r.”
Line 4, delete “Serial” an d  “-35”
Line 5, a fte r  “o r” ad d  “S tan d ard  Specifications for” ; delete “Serial.”
Line 6, delete “-39” .
(b) Line 4, delete “ Serial” an d  “ -34” .
L ine 5, delete “ Serial” .
L ine 6, delete “-37.”
(c) Line 2, delete “S tru c tu ra l.”
Line 3, delete “Serial” an d  “-39.”
(d) Line 2, change “T en ta tiv e ” to  “S tan d ard .”
Line 3, delete “Serial” and  “-39T .”

207— M etal reinforcement

(a) M eta l reinforcem ent shall conform  to  th e  requ irem ents of the  
“S tandard  Specifications for B illet-Steel B ars for C oncrete R einforce­
m en t” (A. S. T . M . Serial D esignation : A15-39), or for “R ail-S teel B ars 
for C oncrete R einforcem ent” (A. S. T . M . Serial D esignation : A16-35), 
or for “Axle-Steel B ars for Concrete R einforcem ent” (A. S. T . M . Serial 
D esignation: A160-39).

(b) Cold-draw n wire or w elded wire fabric for concrete reinforce­
m ent shall conform  to  the  requirem ents of th e  “S tan d a rd  Specifications 
for C old-D raw n Steel W ire for C oncrete R einforcem ent” (A. S. T . M. 
Serial D esignation: A82-34), or “ S tan d ard  Specifications for W elded 
Steel W ire F abric  for Concrete R einforcem ent” (A. S. T . M . Serial 
D esignation: A185-37).

(c) S tru c tu ra l steel shall conform  to  the  requirem ents of the  “ S ta n d ­
ard  Specifications for S tru c tu ra l Steel for Bridges and B uild ings” (A. S. 
T . M . Serial D esignation : A7-39).

(d) C ast-iron  sections for com posite colum ns shall conform  to  the  
“ T en ta tiv e  Specifications for C ast Iron  P it-cast Pipe for W ater and 
O ther L iquids” (A. S. T. M . Serial D esignation: A44-39T).
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208— Storage of materials

(a) C em ent and  aggregates shall be stored in such a m anner as to  
p rev en t deterio ration  or in trusion  of foreign m atte r. A ny m aterial 
w hich has deterio ra ted  or which has been dam aged shall no t be used for 
concrete.

C h ap te r 3—T itle, change “W orking” to  “Allowable” .

CHAPTER 3— CONCRETE Q U A LITY  A N D  W ORKING STRESSES

3 0 0 -
Line 2, delete, “ U ltim ate” ; capitalize “c” in  “compressive.”
Line 4, change “Allowable” to  “ Com pressive.”
Line 6, change “w orking” to  “allowable” .

300— Notation

f c — Com pressive u n it stress in  extrem e fiber of concrete in flexure. 
f ' c =  U ltim ate  com pressive stren g th  of concrete a t  age of 28 days 

unless otherw ise specified. 
f T = Allowable u n it stress in the  m etal core of a composite column. 
f 3 — Tensile un it stress in longitudinal reinforcem ent; nominal 

working stress in  vertica l colum n reinforcem ent. 
f v = Tensile u n it stress in  web reinforcem ent. 
n  =  R atio  of m odulus of elasticity  of steel to  th a t  of concrete. 
u  =  Bond stress per u n it of surface area of bar. 
v = Shearing u n it stress.

vc — Shearing u n it stress perm itted  on the  concrete.

301—
(a) L ine 2, change “working” to  “allowable” .
Line 3, delete “u ltim ate” .
Line 4, delete “u ltim ate” .
(b) Line 1, change “All” to  “N o” ; change “ th e” before “w eather” to  “ freez­

ing.”
Line 2, change “of n o t to  exceed” to  “exceeding” ; delete hyphen  in “water-

con ten t” ; delete asterisk  a n d  footnote to  which i t  refers.

301— Concrete quality

(a) F o r the design of reinforced concrete structures, the  value of 
f ' c used for determ ining the working stresses as s tipu lated  in Section 305 
shall be based on the specified m inim um  ultim ate  28-day compressive 
stren g th  of the  concrete, or on the specified m inim um  u ltim ate  com­
pressive stren g th  a t  the  earlier age a t  which the concrete m ay be expected 
to  receive its  full load. All plans, subm itted  for approval or used on the 
job, shall clearly show th e  assum ed streng th  of concrete a t  a specified 
age for which all parts  of the  struc tu re  were designed.

(b) All concrete exposed to  th e  action of the  w eather shall have a 
w ater-con ten t of no t to  exceed six gallons per sack of cem ent.*

*In  clim ates w here fro s t ac tion  is n o t severe th is  section  shou ld  be om itted .
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3 0 2 -
C hange title  to  “ M ethods for determ ining s tren g th  of concrete.”
(a) M ethod 1, line 1, delete hyphen  in  “w ater-con ten t” also in  left colum n 

heading T able  302(a) an d  footnote.
M ethod  2, line 1, delete hyphen  in  “w ater-con ten t” .
Lines 4 and  5, change “of M aking Com pression T ests of C oncrete” to  “of T es t 

for Com pressive S treng th  of M oulded Concrete C ylinders” ; delete “ Serial ’’an d  
“-39.”

Lines 6 an d  11, delete hyphen  in  “w ater-con ten t” .

302— Determination of strength-quality of materials

(a) T he determ ination  of th e  proportions of cem ent, aggregate and 
w ater to  a tta in  the  required  s treng ths shall be m ade b y  one of the  
following m ethods:

Method 1— Concrete made from, average materials:
W hen no prelim inary  te s ts  of th e  m ateria ls to  be used are m ade, th e  w ater-con ten t 

per sack of cem ent shall no t exceed th e  values in  T able  302(a). M ethod  2 shall be em ­
ployed w hen artificial aggregates or adm ix tures a re  used.

TABLE 302(a)— ASSUMED STRENGTH OF CONCRETE MIXTURES

W a te r-C o n te n t U. S. G allons 
P er 94-lb. S ack  of C em en t

A ssum ed C om pressive S tren g th  
a t  28 D ay s—p.s.i.

7 ^ 2 0 0 0
6 ^ 2500
6 3000
5 3750

N o t e —I n in te rp re tin g  th is  tab le , su rface w ate r ca rried  b y  th e  agg rega te  m u s t be  in c lu d ed  as p a r t  of 
th e  m ixing w ate r in  com pu ting  th e  w ate r-con ten t.

Method 2— Controlled Concrete:
W ater-con ten t o ther th a n  shown in  T able  302(a) m ay  be used  prov ided  th a t  th e  

streng th -quality  of th e  concrete proposed for use in  th e  s tru c tu re  shall be established 
by tes ts which shall be m ade in  advance of th e  beginning of operations, using th e  con­
sistencies suitable for the  work and  in accordance w ith  th e  “ S tan d ard  M ethod  of M ak­
ing Com pression T ests of C oncrete” (A .S.T.M . Serial D esignation: C39-39). A curve 
representing th e  re la tion  betw een th e  w ater-con ten t an d  th e  average 28-day compressive 
stren g th  or earlier s tren g th  a t  which th e  concrete is to  receive its  full w orking load, shall 
be established for a  range of values including all th e  com pressive stren g th s called for on 
th e  plans.

T he curve shall be established b y  a t  least th ree  points, each p o in t represen ting  average 
values from  a t  least four te s t specimens. T he m axim um  allowable w ater-con ten t for 
th e  concrete for th e  s tru c tu re  shall be as determ ined  from  th is  curve an d  shall correspond 
to  a  stren g th  which is fifteen percen t g reater th a n  th a t  called for on th e  plans. N o 
substitu tions shall be m ade in  th e  m ateria ls used on th e  work w ithou t add itional te s ts  
in accordance herew ith  to  show th a t  th e  q u a lity  of th e  concrete is sa tisfacto ry .

3 0 3 -
C hange title  to  “ C oncrete P roportions and  C onsistency” ; change te x t to  th a t  

of p resen t Section 304 (a) an d  (b).
(a) T he proportions of aggregate to  cem ent for any  concrete shall be such 

as to  produce a  m ixture which wall w ork readily  in to  th e  corners and  angles of
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th e  form s an d  a round  reinforcem ent w ith  th e  m ethod of placing em ployed on the  
work, b u t w ithou t perm itting  th e  m ateria ls to  segregate or excess free w ater to  
collect on th e  surface. T he combined aggregates shall be of such com position of 
sizes th a t  w hen separated  on th e  No. 4 s tan d ard  sieve, th e  weight passing the 
sieve (fine aggregate) shall n o t be less th a n  th ir ty  percent nor g reater th a n  fifty 
percen t of th e  to ta l, except th a t  these proportions do n o t necessarily app ly  to  
light-w eight aggregates.

(b) T he m ethods of m easuring concrete m ateria ls shall be such th a t  th e  pro­
portions can be accurate ly  controlled an d  easily checked a t  any  tim e during th e  
work.* M easurem ent of m ateria ls for ready  m ixed concrete shall conform  to  the 
“S tan d ard  Specifications for R eady-M ixed Concrete” (A. S. T. M . Designation: 
C94).

303— Tests on concrete

(а) T he Com m issioner of Buildings shall require a reasonable num ­
ber of com pression te s ts  to  be m ade during the progress of the work. 
Such te s ts  shall be m ade in  accordance w ith  th e  “S tandard  M ethod of 
M aking and  S toring Com pression T est Specimens of Concrete in the 
F ield” (A. S. T . M . Serial D esignation C31-39), and cured in accordance 
w ith  th e  requirem ents for labo ra to ry  control tests.

(б) N o t less th a n  th ree  specim ens shall be m ade for each te s t; nor 
less th a n  one te s t for each 250 cu. yd. of concrete.

(c) T he s tan d ard  age of te s t  shall be 28 days, b u t 7-day tests m ay 
be used provided  th a t  the  relation  betw een the 7- and 28-day strengths 
of the  concrete is established by te s t for the m aterials and proportions 
used.

(d) W here th e  average streng th  of the  labora to ry  control cylinders 
for any  portion  of th e  stru c tu re  falls below th e  m inim um  ultim ate  com­
pressive s treng ths called for on th e  plans, the  Commissioner of Buildings 
shall have the righ t to  order a  change in the  m ixture or in th e  w ater 
con ten t for th e  rem aining portion of the  structu re . In  cases where the  
average stren g th  of th e  cylinders cured on th e  job falls below the re­
quired streng th , th e  Com m issioner of Buildings shall have the righ t to  
require conditions of tem pera tu re  and  m oisture necessary to  secure the 
required streng th . If the  average s treng th  of either the laboratory  
control cylinders or the  cylinders cured on the  job falls below th e  re­
quired streng th , load tests  as specified in Section 202 m ay be required 
on th e  portion  of the  stru c tu re  so affected.

3 0 4 -
Change title  to  “T ests on concrete” .
Change te x t to  th e  following:
(a) T he Com missioner of Buildings m ay  require a  reasonable num ber of 

te s ts  to  be m ade during th e  progress of th e  work. N o t less th a n  three specimens 
shall be m ade for each test, nor less th an  one te s t for each 250 cu. yd. of concrete. 
Specim ens shall be m ade and  cured in  accordance w ith the  “T en ta tiv e  M ethod

♦W herever p rac ticab le  such  m easurem ent shall be by  w eight ra th e r th a n  b y  volum e.
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of M aking Concrete Com pression an d  Flexure T est Specim ens in  th e  L ab o ra to ry ” 
(A .S .T .M . D esignation: C192) or, if in th e  opinion of th e  Com m issioner of B uild ­
ings there  is a  possibility  of th e  a ir tem pera tu re  falling below 40 F ., he m ay  
require th e  specim ens to  be m ade in  accordance w ith  th e  “ S tan d ard  M ethod  of 
M aking C oncrete C om pression an d  F lexure T est Specim ens in  th e  F ie ld  (A.S.T.
M. D esignation: C31).

(6) T h e  stan d ard  age of te s t shall be 28 days, b u t  7-day te s ts  m ay  be used 
provided th a t  th e  re la tion  betw een th e  7- a n d  28-day s tren g th s  of th e  concrete 
is established b y  tes ts  for th e  m ateria ls an d  p roportions used.

(c) If  th e  average s tren g th  of th e  lab o ra to ry  contro l cylinders for a n y  por­
tion  of th e  s tru c tu re  falls below th e  compressive s tren g th  requ ired  b y  th e  design, 
th e  Com m issioner of Buildings shall have th e  rig h t to  order a  change in th e  pro­
portions or th e  w ater con ten t of th e  concrete for th e  rem aining portions of th e  
struc tu re . If  th e  average s tren g th  of th e  cylinders cured on th e  job falls below 
th e  requ ired  streng th , th e  Com m issioner of B uildings shall have th e  righ t to  re­
quire changes in  th e  conditions of tem p era tu re  an d  m oisture necessary to  secure 
th e  required strength .

(d) In  addition , where th ere  is question as to  th e  q uality  of th e  concrete in 
th e  structure , th e  Com missioner of B uildings m ay require tes ts  in  accordance w ith  
th e  “ S tandard  M ethods of Securing, P reparing  an d  T esting  Specim ens of H a rd ­
ened Concrete for Com pressive an d  F lexural S tren g th s” , (A .S.T.M . D esignation  
C42) or order load tes ts  as outlined in  Section 202 for th a t  po rtion  of th e  s tru c ­
tu re  where th e  questionable concrete has been placed.

304— Concrete proportions and consistency

(a) T he proportions of aggregate to  cem ent for any  concrete shall 
he  such as to  produce a  m ix ture w hich will w ork readily  in to  th e  corners 
a n d  angles of th e  form s and  around reinforcem ent w ith  th e  m ethod  of 
placing em ployed on the  work, b u t w ithou t p erm itting  th e  m ateria ls to  
segregate or excess free w ater to  collect on th e  surface. T he com bined 
aggregates shall be of such com position of sizes th a t  w hen separa ted  on 
th e  No. 4 s tan d ard  sieve, the w eight passing th e  sieve (fine aggregate) 
shall no t be less th a n  th ir ty  percent nor g rea te r th a n  fifty  percen t of the  
to ta l, except th a t  these proportions do n o t necessarily ap p ly  to  ligh t­
weight aggregates.

(b) The m ethods of m easuring concrete m ateria ls shall be such th a t  
the proportions can be accurately  controlled and  easily checked a t  any  
tim e during the work.* M easurem ent of m ateria ls for read y  mixed 
concrete shall conform  to  th e  “ S tandard  Specifications for R eady-M ixed 
C oncrete” (A. S. T. M . Serial D esignation : C94-38).

305—
(a) Line 3, delete “u ltim ate” .
T able  305(a), C olum n 3 head, delete “as F ixed b y  T e s t” ; Colum n 4, 5, 6 an d  7 

top  head, change “ W hen S tren g th  of C oncrete is F ixed by  th e  W ater-C on ten t in 
Accordance w ith  Section 302” to  “F o r S tren g th  of C oncrete Show n Below” .

Colum n 1 u n der Flexure: f c, add  new line “E xtrem e fiber stress in  tension  in 
p lain concrete footings . . . | f e | 0 .03 /'c | 60 | 75 | 90 | 113” .

*W herever p rac ticab le  such  m easu rem en ts sha ll be b y  w eight ra th e r  th a n  b y  volum e.
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A fter Shear: v, add  “ (as a m easure of diagonal tension)” ; before Bond: 
delete and  footnote to  which it  refers.

Change p resen t tex t of tab le  to:

B ond: u
In  beam s a n d  slabs: 

P la in  B ars

D eform ed  B a r s ..............................................

In  beam s an d  slabs an d  one-w ay footings: 
P la in  b ars  (h o o k ed ) .....................................

D eform ed  b a r s  (h o o k ed )...........................

In  tw o-w ay footings:
P la in  b a rs  (h o o k ed ) .....................................

D eform ed  bars (h o o k ed ) ............................

u 0 .0 4 / 'c 
b u t  n o t 

to  exceed 
160 p.s.i.

80 1 0 0 1 2 0

u 0 .0 5 /'c 
b u t  n o t 

to  exceed 
2 0 0  p.s.i.

1 0 0 125 150

u 0 .0 6 /'c 
b u t  n o t 

to  exceed 
2 0 0  p.s.i.

1 2 0 150 180

u 0.075f 'e  
b u t  n o t 

to  exceed 
250 p.s.i.

150 188 225

u 0 .0 4 5 /'c 
b u t  n o t 

to  exceed 
160 p.s.i.

90 113 135

u 0.056f'c  
b u t  n o t 

to  exceed 
2 0 0  p .s.i.

1 1 2 140 168

150

188

200

250

160

200

U nder bearing: f c, line 2, c h a n g e /, t o / , .

305— A llow able unit stresses in concrete

(a) T he u n it stresses in pounds per square inch on concrete to  be 
used in th e  design shall no t exceed the values of Table 305(a) where f ' c 
equals th e  m inim um  specified u ltim ate  compressive streng th  a t  28 days, 
or a t th e  earlier age a t  which the  concrete m ay be expected to  receive its 
full load.

3 0 6 -
Line 1, change “ these R egulations” to  “ th is Code” .
(c) Line 1, change “w orking” to  “allowable” .

306— A llowable unit stresses in reinforcement

Unless otherw ise provided in  these R egulations, steel for concrete 
reinforcem ent shall n o t be stressed in  excess of th e  following lim its:

(a) Tension
( js =  Tensile u n it stress in  longitudinal reinforcem ent) 

and  (f v — Tensile u n it stress in  web reinforcem ent)
20,000 p.s.i. for Rail-Steel C oncrete R einforcem ent Bars, B illet-Steel 

Concrete R einforcem ent Bars (of in term ediate  and hard  grades), 
Axle-Steel C oncrete R einforcem ent Bars (of in term ediate  and 
hard  grades), and C old-D raw n Steel W ire for C oncrete Reinforce­
m ent.
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TABLE 305(a)— A LL O W A B L E  UNIT STRESSES IN CONCRETE

A llow able U n it Stresses

D escrip tion

F o r A ny 
S tren g th  of 
C oncre te  as 

F ixed  by  
T e s t in 

A-Ccordance 
w ith  Section 

302
30000 

n  =  - 7 7 -
J  C

W hen S tren g th  of C on cre te  is F ixed  
by  th e  W a te r-C o n te n t in  A ccordance 

w ith  S ection  302

f ' c  — 
2 0 0 0  
p .s.i.

n  = 15

f ' c  —
2500 
p.s.i. 

n  =  1 2

f ' c  =
3000 
p .s.i. 

n  — 1 0

f 'c  =
3750
p .s.i.

71=  8

F lexure : f c
E x trem e  fiber s tress in  com pression .................. f c 0 .4 5 / 'c 900 1125 1350 1688

S hear: v
B eam s w ith  no  web re in fo rcem en t an d  w ith ­

o u t special anchorage  of long itud inal 
s te e l............................................................................ v c 0 .0 2 / '  e 40 50 60 75

B eam s w ith  no  w eb re in fo rcem en t b u t  w ith  
special anchorage of lo ng itud ina l s tee l . . . . v c 0 .0 3 / 'c 60 75 90 113

B eam s w ith  p ro p erly  designed web reinforce­
m e n t b u t  w ith o u t special anchorage  of 
long itud ina l s te e l.................................................. V 0 .0 6 / 'c 1 2 0 150 180 225

B eam s w ith  p roperly  designed  w eb rein fo rce­
m e n t a n d  w ith  special anchorage of longi­
tu d in a l s te e l ........................................... ............... V 0 . 1 2 / ' c 240 300 360 450

* F la t s labs a t  d is tance  d from  edge of colum n 
cap ita l or d rop  p a n e l .......................................... v c 0 .0 3 /' c 60 75 90 113

**F oo tm gs ........................................................................ Vc 0 .0 3 / ' c 60 75 75 75

ÎB ond : u
In  beam s an d  slabs an d  one-w ay footings: 

P la in  b a r s ................................................................ u

b u t  n o t 
to  exceed 

75 p.s.i.

0 .0 4 / ' c 80 1 0 0 1 2 0 150

D eform ed  b a r s ...................................................... u

b u t  n o t 
to  exceed 
160 p.s.i.

0 .0 5 /' c 1 0 0 125 150 188

In  tw o-w ay footings:
P la in  b ars  (h o o k ed )............................................ u

b u t  n o t 
to  exceed 
2 0 0  p.s.i.

0 .0 4 5 /' c 90 113 135 160

D eform ed  b ars  (h o o k ed ) ................................... u

b u t  n o t 
to  exceed 
160 p.s.i.

0 .0 5 6 / 'c 1 1 2 140 168 2 0 0

B earing: f c
O n fu ll a r e a ............................................................ fc

b u t  n o t 
to  exceed 
2 0 0  p .s.i.

0 .2 5 /' c 500 625 750 938
On one-th ird  area  or l e s s f ................................ fe 0 .3 7 5 / 'c 750 938 1125 1405

*See Section 807. **See S ection  905(a) an d  808(a).
tT h e  allow able bearing  s tress on an  a rea  g rea te r th a n  one-th ird  b u t  less th a n  th e  fu ll a rea  sha ll be in te r­

po la ted  betw een  th e  values given.
t  W here special anchorage is p rov ided  (see Section 903(a), one an d  one-half tim es th e se  v alues  in  bond  

m ay  be used  in  beam s, slabs an d  one-w ay foptings, b u t  in  no  case to  exceed 2 0 0  p .s.i. for p la in  b a rs  and  
250 p .s.i. for deform ed bars. T h e  values g iven  for tw o-w ay foo tings inc lude  an  allow ance for special 
anchorage.

18,000 p.s.i. for B illet-Steel C oncrete R einforcem ent B ars (of s tru c ­
tu ra l grade), and  Axle-Steel Concrete R einforcem ent B ars (of 
s tru c tu ra l grade).

(b) Tension in  O ne-W ay Slabs of N ot More Than 12 Feet Span  
( fs = Tensile u n it stress in  m ain  reinforcem ent).

F o r th e  m ain  reinforcem ent, %  inch or less in d iam eter, in  one-w ay 
slabs, 50 percent of th e  m inim um  yield po in t specified in th e  S tan d ard
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Specifications of the  A m erican Society for T esting  M ateria ls for the  
particu la r k ind and  grade of reinforcem ent used, b u t in no case to  exceed
30.000 p.s.i.

(c) Compression, Vertical Column Reinforcement
i f ,  =  N om inal working stress in  vertica l colum n reinforcem ent). 

F o rty  percen t of the  m inim um  yield p o in t specified in  th e  S tandard  
Specifications of th e  A m erican Society for T esting M ateria ls  for the  
particu la r kind and  grade of reinforcem ent used, b u t in  no case to  exceed
30.000 p.s.i.

( f r = Allowable u n it stress in  th e  m etal core of com posite and 
com bination  co lum ns):

S tru c tu ra l steel sec tions......................................................................  16,000 p.s.i.
C ast iron  sec tions....................................................................................10,000 p.s.i.
Steel p ip e ........................................................See lim itations of Section 1106(b)

(d) Compression, Flexural Members
F o r com pression reinforcem ent in flexural m em bers see Section 706(b).

CHAPTER 4— M IX IN G  A N D  PLACING  CONCRETE

401— Preparation of equipment and place of deposit

(a) Before placing concrete, all equipm ent for mixing and  tran s­
porting th e  concrete shall be cleaned, all debris and ice shall be rem oved 
from the  spaces to  be occupied by  th e  concrete, form s shall be th o r­
oughly w etted  (except in freezing w eather) or oiled, and m asonry filler 
un its th a t  will be in  con tac t w ith  concrete shall be well drenched (ex­
cept in  freezing w eather), and  th e  reinforcem ent shall be thoroughly 
cleaned of ice or o th e r coatings.

(b) W ater shall be rem oved from  place of deposit before concrete is 
placed unless otherw ise perm itted  by the  Com m issioner of Buildings.

402—
(d) D elete “Serial” an d  “-38.”

402— M ixing of concrete

(a) Unless otherw ise authorized by the  Com m issioner of Buildings, 
the m ixing of concrete shall be done in a b a tch  m ixer of approved type.

(b) T he concrete shall be mixed u n til there  is a  uniform  d istribu tion  
of the  m aterials and shall be discharged com pletely before th e  mixer 
is recharged.

(c) F o r job m ixed concrete, the  m ixer shall be ro ta ted  a t  a  speed 
recom m ended b y  th e  m anufacturers and  mixing shall be continued for 
a t  least one m inute  a fte r all m aterials are in  the  mixer. A longer mixing 
p e r io d  m ay be required for mixers larger th a n  one cubic yard  capacity .
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(d) R eady-m ixed concrete shall be mixed and  delivered in  accord­
ance w ith  th e  requirem ents set fo rth  in  the  “S tan d ard  Specifications for 
R eady-M ixed C oncrete” (A. S. T. M . Serial D esignation  C94-38).

403— Conveying

(a) Concrete shall be conveyed from  th e  m ixer to  th e  place of final 
deposit b y  m ethods w hich will p rev en t th e  separa tion  or loss of th e  
m aterials.

(b) E qu ip m en t for chuting, pum ping and  pneum atica lly  conveying 
concrete shall be of such size and  design as to  insure a p rac tica lly  con­
tinuous flow of concrete a t  the delivery  end w ith o u t separa tion  of th e  
m aterials.

404— Depositing

(a) Concrete shall be deposited as nearly  as prac ticab le  in its  final 
position to  avoid segregation due to  rehandling or flowing. The con­
creting shall be carried on a t  such a ra te  th a t  th e  concrete is a t  all tim es 
plastic and  flows readily  in to  the  spaces betw een th e  bars. N o concrete 
th a t  has p a rtia lly  hardened or been con tam inated  by  foreign m ateria ls 
shall be deposited on th e  work, nor shall re tem pered  concrete be used.

(b) W hen concreting is once sta rted , i t  shall be carried  on as a  con­
tinuous operation un til th e  placing of the panel or section is com pleted. 
T he to p  surface shall be generally level. W hen construction  jo in ts  are 
necessary, th ey  shall be m ade in  accordance w ith  Section 508.

(c) All concrete shall be thorough ly  com pacted by  su itab le  m eans 
during the operation  of placing, and  shall be thorough ly  w orked around  
th e  reinforcem ent and em bedded fixtures and  in to  th e  corners of th e  
forms. V ibrators m ay be used to  aid  in  th e  p lacem ent of the  concrete 
provided they  are used under experienced supervision, and  th e  form s 
are designed to  w ith stand  th e ir  action.

(d) W here conditions m ake com pacting difficult, or w here th e  re in­
forcem ent is congested, batches of m o rta r contain ing th e  sam e propor­
tions of cem ent to  sand as used in  th e  concrete, shall first be deposited  in 
the  form s to  a  d ep th  of a t  least one inch.

405— Curing

(a) In  all concrete struc tu res, concrete m ade w ith  norm al p o rtlan d  
cem ent shall be m ain tained  in  a  m oist condition for a t  least th e  first 
seven days a fte r placing and  h igh-early-strength  concrete shall be so 
m ain tained  for a t  least th e  first th ree  days.

406— Cold weather requirements

(a) A dequate equ ipm ent shall be provided for heating  th e  concrete 
m aterials and pro tecting  the concrete during freezing or near-freezing 
w eather. No frozen m ateria ls or m ateria ls contain ing ice shall be used.
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(6) All concrete m aterials and all reinforcem ent, forms, fillers and 
ground w ith  w hich th e  concrete is to  come in contact, shall be free from  
frost. W henever the  tem pera tu re  of the  surrounding air is below 40 
degrees F ah renheit, all concrete w hen placed in  the  forms shall have a 
tem p era tu re  of betw een 60 and 90 degrees F ah renheit and shall be m ain­
ta in ed  a t  a  tem p era tu re  of no t less th a n  50 degrees F ahrenheit for a t  
least 72 hours for norm al concrete or 24 hours for high-early-strength  
concrete, or for as m uch more tim e as is necessary to  insure proper ra te  of 
curing of th e  concrete. T he housing, covering or o ther pro tection  used 
in  connection w ith  curing shall rem ain in  place and  in ta c t a t  least tw enty- 
four hours a fte r th e  artificial heating  is discontinued. No dependence 
shall be placed on sa lt or o ther chemicals for the  prevention of freezing. 
M anure, w hen used for pro tection , shall n o t be allowed to  come in to  
con tac t w ith  th e  concrete.

CHAPTER 5— FORMS A N D  DETAILS OF CONSTRUCTION

501— Design of forms

(a) Form s shall conform  to  the shape, lines, and dimensions of the 
m em bers as called for on th e  plans, and shall be substan tia l and suffici­
en tly  tig h t to  p reven t leakage of m ortar. T hey  shall be properly braced 
or tied  together so as to  m ain tain  position and shape.

502— Removal of forms

(a) Form s shall be rem oved in such m anner as to  insure the complete 
safety  of th e  struc tu re . W here th e  stru c tu re  as a  whole is supported on 
shores, the  rem ovable floor forms, beam  and girder sides, column and 
sim ilar vertical form s m ay be rem oved after tw enty-four hours, providing 
the concrete is sufficiently hard  no t to  be in jured  thereby. In  no case 
shall th e  supporting  form s or shoring be removed un til the  m em bers 
have acquired sufficient s tren g th  to  support safely the ir weight and the 
load thereon. T he resu lts of suitable control tests  m ay be used as 
evidence th a t  th e  concrete has a tta in ed  such sufficient strength .

5 0 3 -
Place a fte r title  and  add  footnote:
“ *Since th is  section was adopted  a  num ber of concrete floors have been built 

w ith  pipes em bedded for rad ian t heating  which is prohibited  by  th is  section. The 
C om m ittee is studying  th e  problem  for th e  purpose of revising the  requirem ents 
to  perm it th e  safe use of such pipes in s tru c tu ra l concrete.”

503— Pipes, conduits, etc., embedded in concrete

(a) P ipes which will contain liquid, gas or vapor a t  o ther th an  room 
tem p era tu re  shall no t be em bedded in  concrete necessary for struc tu ra l 
s tab ility  or fire protection. D rain  pipes and pipes whose contents will 
be under pressure grea ter th an  atm ospheric pressure by more th an  one 
pound per square inch shall no t be em bedded in stru c tu ra l concrete
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except in  passing th rough  from  one side to  th e  o ther of a  floor, w all or 
beam . E lectric  conduits and o ther pipes whose em bedm ent is allowed 
shall no t, w ith  th e ir  fittings, displace th a t  concrete of a  colum n on w hich 
stress is calculated  or w hich is required  for fire p ro tection , to  g rea ter 
ex ten t th a n  four per cent of th e  area of th e  cross section. Sleeves or o ther 
pipes passing th rough  floors, walls or beam s shall no t be of such size or in 
such location as undu ly  to  im pair th e  s tren g th  of th e  construction ; such 
sleeves or pipes m ay be considered as replacing s tru c tu ra lly  the  displaced 
concrete, provided th ey  are no t exposed to  ru sting  or o th e r de terioration , 
are of uncoated  iron or steel no t th in n er th a n  s tan d a rd  w rought-iron 
pipe, have a nom inal inside d iam eter no t over tw o inches, and  are spaced 
n o t less th a n  th ree d iam eters on centers. E m bedded  pipes o r conduits 
o ther th a n  those m erely passing th rough , shall n o t be larger in  outside 
d iam eter th a n  one-th ird  the  th ickness of the  slab, w all or beam  in which 
th ey  are em bedded; shall n o t be spaced closer th a n  th ree  diam eters 
on centers, nor so located as undu ly  to  im pair th e  s tren g th  of th e  con­
struction . C ircular uncoated  or galvanized electric conduit of iron or 
steel m ay be considered as replacing th e  displaced concrete.

5 0 4 -
Line 4, a fte r “b a r” add, “H ooks shall conform  to  th e  requ irem ents of Section 

906.”

504— Cleaning and bending reinforcement

(a) M eta l reinforcem ent, a t  th e  tim e concrete is placed, shall be 
free from  ru s t scale or o ther coatings th a t  will destroy  or reduce the 
bond. B ends for stirrups and ties shall be m ade around a  p in  having  a 
d iam eter no t less th a n  tw o tim es the  m inim um  thickness of th e  bar. 
Bends for o ther bars shall be m ade around a  pin having a d iam eter not 
less th a n  six tim es th e  m inim um  thickness of the  bar, except th a t  for 
bars larger th a n  one inch, the  pin shall be no t less th a n  eigh t tim es the 
m inim um  thickness of the  bar. All bars shall be b en t cold.

505—
(a) Line 10. Add “ W here reinforcem ent in beam s or girders is placed in  tw o or 

more layers, th e  clear d istance betw een layers shall be n o t less th a n  1 in., an d  the  
bars in  th e  upper layers shall be placed d irectly  above those in  th e  b o tto m  layer.”

505— Placing reinforcement

(a) M eta l reinforcem ent shall be accurately  placed and  adequately  
secured in  position by  concrete or m etal chairs and spacers. T he m ini­
m um  clear distance betw een parallel bars shall be one and one-half tim es 
the d iam eter for round bars and twice th e  side dim ension for square bars. 
If special anchorage as required in Section 903 is provided, th e  m inim um  
clear d istance betw een parallel bars shall be equal to  the  d iam eter for 
round bars and  one and one-half tim es the side dim ension for square bars.
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In  no case shall the clear distance betw een bars be less th an  one in., nor 
less th a n  one and one-third tim es the  m axim um  size of the  coarse aggre­
gate.

(b) W hen wire or o ther reinforcem ent, no t exceeding one-fourth inch 
in d iam eter is used as reinforcem ent for slabs no t exceeding ten  feet in 
span, th e  reinforcem ent m ay be curved from  a po in t near the top  of the 
slab over th e  support to  a po in t near the bo ttom  of the  slab a t m id­
span; provided such reinforcem ent is e ither continuous over, or securely 
anchored to  th e  support.

5 0 6 -
T itle , delete, “and  offsets” .
(a) Line 3, change sentence “In  such . . . Section 505,” to  “The clear

distance betw een bars shall also app ly  to  th e  clear distance betw een a  contact
splice an d  ad jacen t con tact splices o r bars” .

(b) Change p a rag rap h  to  “ Splices in  th e  reinforcem ent of columns are specified
in Section 1103(c)” .

506— Splices and offsets in reinforcement

(a) In  slabs, beam s and  girders, splices of reinforcem ent a t points 
of m axim um  stress shall generally be avoided. Splices shall provide 
sufficient lap to  transfer the  stress betw een bars by  bond and shear. In  
such splices the  m im im um  spacing of bars shall be as specified in Section 
505.

(b) W here changes in th e  cross section of a column occur, the longi­
tud in a l bars shall be offset in a region where la teral support is afforded. 
W here offset, th e  slope of the  inclined portion  shall no t be more th an  1 in 
6, and in  the  case of tied  columns the ties shall be spaced no t over three 
inches on centers for a d istance of one foot below the actual point of 
offset.

507—
(b) L ine 6, delete “m eta l” .
(c) Line 1, change “ these R egulations form ” to  “ th is  Code form s” .

507— Concrete protection for reinforcement

(a) T he reinforcem ent of footings and o ther principal struc tu ra l 
m em bers in  w hich the  concrete is deposited against the  ground shall 
have n o t less th a n  th ree inches of concrete betw een it  and the ground 
con tac t surface. If  concrete surfaces after rem oval of the forms are to  be 
exposed to  th e  wTeather or be in contact w ith  the  ground, the  reinforce­
m en t shall be pro tected  w ith  no t less th an  two inches of concrete for 
b ars more th an  y  inch in d iam eter and one and one-half inches for bars 
y  inch or less in d iam eter.

(5) T he concrete pro tective covering for reinforcem ent a t surfaces 
no t exposed d irectly  to  the ground or w eather shall be no t less th an  
th ree-fourths inch for slabs and walls; and no t less th an  one and one-half
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inches for beam s, girders and  colum ns. In  concrete jo ist floors in  w hich 
the  clear distance betw een jo ists is no t more th a n  th ir ty  inches, th e  p ro ­
tection  of m etal reinforcem ent shall be a t  least th ree-fourths inch.

(c) If the code of w hich these regulations form  a p a r t  specifies, as 
fire-protective covering of the  reinforcem ent, thicknesses of concrete 
g rea te r th a n  those given in  th is  section, th en  such g rea te r thicknesses 
shall be used.

(d) Concrete pro tec tion  for reinforcem ent shall in  all cases be a t  least 
equal to  th e  d iam eter of round  bars, and  one and  one-half tim es th e  side 
dim ension of square bars.

(e) Exposed reinforcem ent bars in tended  for bonding w ith  fu tu re  
extensions shall be p ro tec ted  from  corrosion by  concrete or o ther 
adequate  covering.

508—
(a) L ine 5, delete “b u t n o t sa tu ra ted ” .

508— Construction joints

(a) Jo in ts  n o t ind icated  on th e  p lans shall be so m ade an d  located 
as to  least im pair th e  s tren g th  of th e  struc tu re . W here a  jo in t is to  be 
m ade, th e  surface of th e  concrete shall be thorough ly  cleaned and  all 
laitance rem oved. In  add ition  to  th e  foregoing, vertical jo in ts  shall be 
thorough ly  w etted  b u t n o t sa tu ra ted , and slushed w ith  a coat of nea t 
cem ent g rou t im m ediately  before placing of new concrete.

(b) A t least tw o hours m ust elapse a fte r depositing concrete in  the 
colum ns or walls before depositing in  beam s, girders, or slabs supported  
thereon. Beam s, girders, b rackets, colum n capitals, and  haunches shall 
be considered as p a r t  of th e  floor system  and  shall be placed monoli- 
th ically  therew ith .

(c) C onstruction  jo in ts  in  floors shall be located near th e  m iddle of 
th e  spans of slabs, beam s, or girders, unless a  beam  in tersec ts  a girder 
a t  th is point, in which case th e  jo in ts  in th e  girders shall be offset a 
distance equal to  twice th e  w id th  of th e  beam . In  th is  la s t case provision 
shall be m ade for shear b y  use of inclined reinforcem ent.

CHAPTER 6— DESIGN— GENERAL CONSIDERATIONS

6 0 0 -
Line 1, delete “ U ltim ate” ; capitalize “c” in  “ com pressive” .

600— Notation

f'c  =  U ltim ate  com pressive stren g th  of concrete a t  age of 28 days, 
unless otherw ise specified.

n  =  R atio  of m odulus of e lastic ity  of steel to  th a t  of con-
E s , . . 30,000

crete =  — : assum ed as equal to  — -—  .
E c H f'c
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601—
(a) Line 2, change “working” to  “allowable” .

601— Assumptions

I (a) T he design of reinforced concrete m em bers shall be m ade w ith 
reference to  working stresses and  safe loads. T he accepted theory  of 
flexure as applied to  reinforced concrete shall be applied to  all mem bers 
resisting bending. T he following assum ptions shall be m a d e :

1. T he steel takes all th e  tensile stress.
2. In  determ ining the  ra tio  n  for design purposes, the  m odulus 

of elastic ity  for the  concrete shall be assum ed as 1000 f ' c, and th a t 
for steel as 30,000,000 p.s.i.

602— Design loads

(a) The provisions for design herein specified are based on the as­
sum ption th a t  all s truc tu res shall be designed for all dead- and live- 
loads coming upon them , the live-loads to  be in accordance w ith the 
general requirem ents of the  building code of which th is form s a p art, w ith 
such reductions for girders and  lower sto ry  colum ns as are perm itted  
therein.

603— Resistance to wind forces

(a) T he resisting elem ents in struc tu res required to  resist wind forces 
shall be lim ited  to  th e  in teg ra l s tru c tu ra l parts.

(b) T he m om ents, shears, and  direct stresses resulting from wind 
forces determ ined  in  accordance w ith  recognized m ethods shall be 
added to  th e  m axim um  stresses which obtain  a t  any  section for dead- 
and live-loads.

(c) In  proportioning th e  com ponent p a rts  of the s truc tu re  for the 
m axim um  com bined stresses, including wind stresses, the  u n it stresses 
shall no t exceed the allowable stresses for combined live- and dead-loads 
provided in  Sections 305, 306 and  1110 by more th a n  one-third. The 
s tru c tu ra l m em bers and th e ir connections shall be so proportioned as to  
provide su itab le rig id ity  of structu re .

CHAPTER 7— FLEXURAL COMPUTATIONS

7 0 0 -
D elete term s and  definitions: A, B, eA, eB, FaA, FbB, Fa, Fb, K a, K b, K ab,

K  hi*. N ,  >la i Qu• ta , r B, x .
C hange definition for “b” to : “W idth  of rectangular flexural m em ber or w idth

of flanges for T  and  I  sections.”
Change definition for “b”’ to : “W idth  of web in  T  and  7 flexural m em bers”
Line 5, change “cen ter” to  “centroid” .
In  “V” line 1, a fte r “m om ent” ad d  “an d  shear” .
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700— Notation

A  =  Span length  betw een opposite supports  in  one d irection.
B  = Span  leng th  a t  r ig h t angles to  A .
b = W id th  of rec tangu lar beam  or w id th  of flange of T -beam .

b' =  W id th  of web in  beam s of I  or T  sections.
d = D ep th  from  com pression face of beam  or slab to  cen ter of

longitud inal tensile reinforcem ent; th e  d iam eter of a round 
b a r or side of a  square bar. 

eA = F ac to r m odifying rA, used in  ob tain ing  an  equ ivalen t uniform  
load for bending m om ents on span  A . 

eB = F ac to r m odifying rB, used in  ob tain ing  an  equ ivalen t uniform  
load for bending m om ents on span B.

E  — The m odulus of e lastic ity  of concrete in  compression.
FaA  =  T he distance betw een lines of inflection in  span  A , consider­

ing span A  only to  be loaded.
F bB = T he distance betw een lines of inflection in span  B , consider­

ing span  B  only to  be loaded.
F a = R a tio  of th e  distance betw een assum ed inflections po in ts of 

th e  span A  to  span A  in  an isolated s trip  extending  the  entire 
w id th  of the  stru c tu re  w hen a  uniform ly d is trib u ted  load is 
applied to  span A  only.

F b = R atio  as defined above, b u t applying to  span  B. 
h = U nsupported  leng th  of a  column.
I  =  M om ent of in ertia  of a section abo u t th e  n eu tra l axis for 

bending.
K  = The stiffness factor, th a t  is, th e  m om ent of in e rtia  divided 

b y  th e  span.

K a = Stiffness fac to r — for span  A  of panel A B .
A

K b =  Stiffness fac to r i  for span B  of panel A B .

K Ar — Stiffness facto rs for any  span  ad jacen t to  and  continuous 
w ith  span  A .

K Br =  Stiffness facto rs for an y  span  ad jacen t to  an d  continuous 
w ith  span  B.

I = Span leng th  of slab  or beam .
V =  C lear span  for positive m om ent and  th e  average of th e  tw o

ad jacen t clear spans for negative m om ent (See Section 701). 
N  =  T he sum of th e  lengths of those edges of panel A B  w hich 

are also edges of ad jacen t panels continuous w ith  A B . 
qA =  6rA (1 -  eA).
qB = 6rjj (1 -  eB).
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O  =  P roportion  of th e  to ta l load carried by  span  A  of slab.
tb =  P roportion  of th e  to ta l load carried by  span B  of slab.
11 =  M inim um  to ta l thickness of slab.
w =  U niform ly d is tribu ted  load per u n it of length  of beam  or

per u n it area  of slab. 
x  =  D istance from  face of support to  po in t in  span.

701— General requirements

(a) All m em bers of fram es or continuous construction  shall be de­
signed to  resist a t  all sections the  m axim um  m orgents and shears pro­
duced b y  dead load, live load and  wind load, as determ ined by  th e  theory  
of elastic fram es in  which th e  simplified assum ptions of Section 702 m ay 
be used.

(b) A pproxim ate m ethods of fram e analysis are satisfactory  for 
buildings of usual types of construction , spans and  sto ry  heights.

(c) In  th e  case of tw o or more approxim ately  equal spans (the larger 
of tw o ad jacen t spans n o t exceeding th e  shorter b jr more th a n  20 per 
cent) w ith  loads uniform ly d istribu ted , where the  u n it live load does 
no t exceed th ree tim es th e  un it dead load, design for the following 
m om ents and  shears is sa tis fac to ry :

Positive m om ent a t  cen ter of span

E n d  s p a n s ...................................................................................................  — wl'-
14

In te rio r S p an s ............................................................................................  — wI'2

N egative m om ent a t  face of all supports for, (a) slabs w ith  spans 
no t exceeding te n  feet, and (b) beam s and  girders w here ra tio  
of sum  of colum n stiffnesses to  beam  stiffness exceeds eight

N egative m om ent a t  exterior face of first in terior support 

Two s p a n s .....................................................................................

M ore th a n  tw o spans

N egative m om ent a t  o ther faces of in terio r supports

Shear in  end m em bers a t first in terior support 1.15 —  
2
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Shear a t  o ther supports 

702—
(e) A fter sub -paragraphs 1, 2 and  3, ad d  “ (Use b in stead  of b ' for rectan g u la r 

flexural m em bers.)”

702— Conditions of design*

(a) Arrangement o f Live Load
1. T he live load m ay be considered to  be applied only to  th e  floor 

under consideration, and  th e  far ends of th e  colum ns m ay  be assum ed 
as fixed.

2. C onsideration m ay  be lim ited  to  com binations of dead load on 
all spans w ith  full live load on tw o ad jacen t spans and  w ith  full live 
load on a lte rn a te  spans.

(b) Span  length
1. T he span length, I, of m em bers th a t  are no t b u ilt in teg ra lly  w ith 

the ir supports shall be the  clear span  plus th e  d ep th  of th e  slab  or beam  
b u t shall no t exceed the d istance betw een centers of supports.

2. In  analysis of continuous fram es, cen ter to  cen ter d istances, I and 
h, m ay  be used in  th e  de te rm in a tio n  of m om ents. M om ents a t  faces 
of supports m ay be used for design of beam s and  girders.

3. Solid or ribbed slabs w ith  clear spans of n o t m ore th a n  ten  feet 
th a t  are bu ilt in tegrally  w ith  th e ir  supports m ay  be designed as con­
tinuous slabs on knife edge supports w ith  spans equal to  th e  clear spans 
of the  slab and  th e  w id th  of beam s otherw ise neglected.

(c) Stiffness
1. T he stiffness, K , of a  m em ber is defined as E l  d iv ided by  I or h.
2. In  com puting th e  value of I  of slabs, beam s, girders, and  colum ns, 

th e  reinforcem ent m ay  be neglected. In  T -shaped  sections allowance 
shall be m ade for th e  effect of flange.

3. A ny reasonable assum ption  m ay  be adop ted  as to  re la tive  stiffness 
of colum ns and of floor system . T he assum ption  m ade shall be consistent 
th roughou t the analysis.

(d) Haunched Floor Members
1. W hen m em bers are w idened near th e  supports, the  add itional

w id th  m ay be neglected in  com puting m om ents, b u t m ay  be considered
as resisting th e  resu lting  m om ents and  shears.

2. W hen m em bers are deepened near th e  supports, th ey  m ay  be 
analyzed as m em bers of co n stan t d ep th  provided th e  m inim um  d e p th  
only is considered as resisting th e  resu lting  m om ents; otherw ise an

*C hap ter 7 deals w ith  floor m em bers only. F o r m om ents in  colum ns see S ection  1108.
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analysis tak ing  in to  account the varia tion  in dep th  is required. In  any 
case, th e  ac tu a l dep th  m ay be considered as resisting shear.

(e) L im itations
1. W herever a t  any  section positive reinforcem ent is indicated by 

analysis, th e  am oun t provided shall be no t less th an  .005 b'd except in 
slabs of uniform  thickness.

2. N o t less th a n  0.005 b'd of negative reinforcem ent shall be provided 
a t  the ou ter end of all m em bers b u ilt in tegrally  w ith the ir supports.

3. W here analysis indicates negative reinforcem ent along the full 
length  of a  span, the  reinforcem ent need no t be extended beyond the 
po in t w here th e  required  am ount is 0.0025 b'd or less.

4. In  slabs of uniform  thickness the  m inim um  am ount of reinforce­
m en t in  the  direction of the  span shall be:

F o r s truc tu ra l, in term edia te  and  hard  grades and rail s te e l . .0.0025 bd
F o r steel hav ing  a m inim um  yield po in t of 56,000 p. s. i   0.002 bd

703— Depth of beam or slab

(a) T he d ep th  of the  beam  or slab shall be taken  as the  distance 
from  the centroid  of th e  tensile reinforcem ent to  the compression face 
of th e  s tru c tu ra l m em bers. A ny floor finish not placed m onolithically 
w ith  th e  floor slab shall no t be included as a p a r t of the  struc tu ra l mem­
ber. W hen th e  finish is placed m onolithically w ith the stru c tu ra l slab 
in buildings of the  warehouse or industria l class, there shall be placed 
an additional dep th  of one-half inch over th a t required by the design 
of the m em ber.

704— Distance between lateral supports

(a) The clear distance betw een la tera l supports of a  beam  shall not 
exceed th irty -tw o  tim es the least w idth  of compression flange.

705—
(c) L ine 5, a fte r  “T -beam ” add, “T he flange shall be assum ed to  ac t as a

can tilever” .
Line 5, change “assum ed as” to  “required for” .

705— Requirements for T-beams

(a) In  T -beam  construction the  slab and beam  shall be bu ilt in­
tegrally  or otherw ise effectively bonded together. The effective flange 
w id th  to  be used in  the  design of sym m etrical T-beam s shall no t exceed 
one-fourth  of the span length  of th e  beam , and its overhanging w idth 
on either side of th e  web shall no t exceed eight tim es the thickness of 
the  slab nor one-half th e  clear distance to  th e  next beam.

(5) F o r beam s having a flange on one side only, the effective over­
hanging flange w id th  shall no t exceed one-tw elfth of the span length of
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the  beam , nor six tim es the  th ickness of the  slab, nor one-half th e  clear 
distance to  th e  nex t beam .

(c) W here th e  principal reinforcem ent in  a slab w hich is considered 
as th e  flange of a  T -beam  (not a  jo ist in  concrete jo is t floors) is parallel 
to  th e  beam , transverse  reinforcem ent shall be provided in  the  to p  of 
th e  slab. T his reinforcem ent shall be designed to  carry  the  load on the  
portion  of th e  slab assum ed as th e  flange of the  T -beam . T he spacing 
of the  bars shall no t exceed five tim es th e  thickness of th e  flange, nor in 
any  case eighteen inches.

('d) P rovision shall be m ade for th e  com pressive stress a t  th e  support 
in  continuous T -beam  construction, care being tak en  th a t  the  provisions 
of Section 505 relating to  th e  spacing of bars, and 404(d), re la ting  to  
the  placing of concrete shall be fully m et.

(e) T he overhanging portion  of th e  flange of the beam  shall n o t be 
considered as effective in com puting th e  shear and diagonal tension 
resistance of T-beam s.

(/) Iso lated  beam s in  w hich the  T -form  is used only for th e  purpose 
of providing additional com pression area, shall have a  flange th ickness 
no t less th a n  one-half the  w id th  of th e  web and  a to ta l flange w id th  not 
more th a n  four tim es th e  web thickness.

706— Compression steel in flexural members

(а) Com pression steel in beam s, girders, or slabs shall be anchored 
by ties or stirrups no t less th a n  inch in  d iam eter spaced no t fa rth er 
ap a rt th a n  16 b a r d iam eters, or 48 tie  d iam eters. Such s tirru p s or ties 
shall be used th ro u g h o u t th e  distance w here th e  com pression steel is 
required.

(б) T he effectiveness of com pression reinforcem ent in  resisting  bend­
ing m ay be taken  a t  tw ice the  value ind icated  from  th e  calculations 
assum ing a stra igh t-line  relation  betw een stress and s tra in  and  the 
m odular ra tio  given in Section 601, b u t no t of g rea ter value th a n  the 
allowable stress in  tension.

707— Shrinkage and temperature reinforcement

(a) R einforcem ent for shrinkage an d  tem p era tu re  stresses norm al to  
the principal reinforcem ent shall be provided in  floor and  roof slabs 
where th e  principal reinforcem ent extends in  one direction only. Such 
reinforcem ent shall provide for the  following m inim um  ra tio s of rein­
forcem ent area to  concrete bd, b u t in  no case shall such reinforcing bars 
be placed fa rth e r a p a r t th a n  five tim es th e  slab th ickness nor m ore th a n  
eighteen inches:

Floor slabs where p lain  bars are u s e d ...........................................  0.0025
Floor slabs w here deform ed bars are u s e d ..................................  0.002
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Floor .slabs where wire fabric is used, having welded in te r­
sections no t fa rth e r a p a rt in the direction of stress th an
tw elve inches........................... ......................................................... 0.0018

Roof slabs where plain bars are u s e d ...........................................  0.003
Roof slabs where deform ed bars are u sed ..................................... 0.0025
Roof slabs where wire fabric is used, having welded in te r­

sections no t fa rth e r a p a rt in the  direction of stress th an  
twelve inches....................................................................................  0.0022

708—
(c) C hange second sentence to  “Shrinkage reinforcem ent shall be provided 

in th e  slab a t  righ t angles to  the  joists as required in Section 707, substitu ting  U, 
( to ta l thickness of slab) for d ”.

(d) C hange second sentence to  “Such slab shall be reinforced a t  right angles 
to  the  jo ists w ith  a  m inim um  of a t  least th e  am ount of reinforcem ent required for 
flexure giving due consideration to  concentrations, if any, b u t in  no case shall the  
reinforcem ent be less th a n  th a t  required by  Section 707, considering t\ as th e  full 
thickness of th e  slab” .

A dd parag raph : (g) Shrinkage reinforcem ent shall no t be required in the  slab
parallel to  th e  jo is ts” .

708— Concrete joist floor construction

(a) C oncrete jo ist floor construction  consists of concrete joists and 
slabs placed m onolithically w ith  or w ithou t burned clay or concrete 
tile fillers. T he joists shall no t be fa rther ap a rt th a n  th ir ty  inches face 
to  face. T he ribs shall be stra igh t, no t less th an  four inches wide, nor 
of a  dep th  m ore th a n  th ree  tim es the  w idth.

(b) W hen burned  clay or concrete tile fillers, of m aterial having a 
un it com pressive s treng th  a t  least equal to  th a t  of the designed strength  
of the  concrete in  the  jo ists are used, and the fillers are so placed th a t the  
jo in ts in a lte rn a te  rows are staggered, the  vertical shells of the fillers 
in contact w ith  the  jo ists m ay be included in the calculations involving 
shear or negative bending m om ent. No o ther portion of the fillers m ay 
be included in the  design calculations.

(c) T he concrete slab over th e  fillers shall be not less th an  one and 
one-half inches in  thickness, nor less in  thickness th an  one-tw elfth of 
th e  clear d istance betw een joists. Shrinkage reinforcem ent in the  slab 
shall be provided as required in Section 707.

(d) W here rem ovable forms or fillers no t complying w ith (6) are used, 
th e  thickness of the concrete slab shall no t be less th a n  one-tw elfth of 
th e  clear distance betw een joists and in  no case less th an  tw o inches. 
Such slab shall be reinforced a t  right angles to  the joists w ith a m inim um  
of 049 sq. in. of reinforcing steel per foot of w idth, and  in slabs on which 
the prescribed live loads does no t exceed fifty  ̂ lb. per sq. ft., no additional 
r e i n f o r c e m e n t  shall be required.
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(e) W hen th e  finish used as a  w earing surface is placed m onolith ically  
w ith  the s tru c tu ra l slab in  buildings of th e  warehouse or indu stria l class, 
the th ickness of th e  concrete over the  fillers shall be one-half inch g rea ter 
th a n  th e  thickness used for design purposes.

(/) W here th e  slab contains conduits or pipes, th e  thickness shall no t 
be less th a n  one inch plus th e  to ta l over-all d ep th  of such conduits or 
pipes a t  any  poin t. Such conduits or pipes shall be so located  as no t 
to  im pair th e  stren g th  of th e  construction .

7 0 9 -
T itle, change “ (1) (2)” to
Change entire  section to:
(a) T his construction, consisting of floors reinforced in  tw o directions an d  

supported  on four sides, includes solid reinforced concrete slabs; concrete joists 
w ith  fillers of hollow concrete u n its  or clay title , w ith  or w ithou t concrete top  
slabs; an d  concrete joists w ith  top  slabs p laced m onolithically  w ith  th e  joists. 
T he slab shall be supported  b y  walls or beam s on all sides a n d  if n o t securely 
a tta ch ed  to  supports, shall be reinforced as specified in  709(b).

(b) W here th e  slab is n o t securely a ttach ed  to  th e  supporting  beam s or walls, 
special reinforcem ent shall be provided a t  exterior corners in  b o th  th e  b o tto m  
and  to p  of th e  slab. This reinforcem ent shall be provided for a  distance in  each 
direction from  th e  corner equal to  1 /5  th e  longest span. T he reinforcem ent in  th e  
top  of th e  slab shall be parallel to  th e  diagonal from  th e  com er. T h e  reinforce­
m ent in th e  b o tto m  of th e  slab shall be a t  righ t angles to  th e  d iagonal or m ay  be 
of bars in  tw o directions parallel to  th e  sides of th e  slab. T he reinforcem ent in  
each band shall be of equ ivalen t size an d  spacing to  th a t  requ ired  for th e  m axim um  
positive m om ent in  th e  slab.

(c) T he slab an d  its  supports shall be designed b y  approved  m ethods which 
shall tak e  in to  account th e  effect of con tinu ity  a t  supports, th e  ra tio  of leng th  
to  w idth  of slab an d  th e  effect of tw o-w ay action.

(d) In  no  case shall th e  slab thickness be less th a n  4 in. no r less th a n  th e  p er­
im eter of th e  slab divided by  180. T he spacing of reinforcem ent shall be n o t m ore 
th a n  3 tim es th e  slab th ickness an d  th e  ra tio  of reinforcem ent shall be a t  least 
0.0025.

Change footnote “ (1) (2)” to :
♦T he requ irem en ts  of th is  section  a re  sa tisfied  b y  e ith e r of th e  follow ing m e thods of design:

M ETH O D  1
N o ta tio n —

L  =  L en g th  of clear span
L i =  L eng th  of clear sp an  in  th e  d irection  no rm a l to  L  

g =  R a tio  of span  betw een  lines of inflection to  L  in  th e  d irection  of sp an  L , w hen sp an  L  
on ly  is loaded.

gi = R a tio  of sp an  betw een  lines of inflection to  L \ in  th e  d irection  of sp an  L i, w hen sp an  L \ 
on ly  is loaded.

w =  T o ta l un ifo rm  load  per sq. ft.
W  =  T o ta l un ifo rm  load  betw een opposite  suppo rts  on slab  s tr ip  of an y  w id th  or to ta l  s lab

load  on b eam  w hen considered  as one-w ay construction . 
x  =  R a tio  of d is tance  from  su p p o rt to  a n y  section  of slab  or beam , to  sp an  L o r  L \.
C =  F ac to r m odifying bend ing  m om ents p rescribed  for one-w ay construc tion  for use in  p ro ­

p o rtion ing  th e  slabs a n d  beam s in  th e  d irec tion  of L  of s labs su p p o rted  on four sides.
C* =  R a tio  of th e  shear a t  an y  section  of a  slab  s tr ip  d is ta n t x L  from  th e  su p p o rt to  th e  to ta l  

load  W  on th e  s tr ip  in  d irection  of L.
Cb =  R a tio  of th e  shear a t  an y  section  of a  beam  d is ta n t x L  from  th e  s u p p o r t to  th e  to ta l  load  

W  on th e  b eam  in  th e  d irec tion  of L.
(Revised footnote continued p. 429)
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(Revised code footnote, sec. 709 continued from  p. 428).

~  B end ing  m o m en t coefficient fo r one-w ay construction . 
vv l, C i, Cei, Cbi, are  corresponding values of W, C, Ca, Cb, for slab  s tr ip  or beam  in direction of L \.

Ka) L in es  o f inflection for determination o f r— T h e lines of inflection shall be determ ined  b y  elastic  
ana lysis  of th e  continuous s tru c tu re  in  each direction, w hen only th e  span  under considera­
tio n  is loaded.

W hen th e  sp an  L  or L \  is a t  le as t 2 /3  and  a t  m ost 3 /2  of th e  a d jacen t continuous sp an  or 
spans, th e  values of g or gi m ay  be ta k e n  as 0.87 for ex terior spans and  0.76 for in terio r 
spans. (See F ig. 1 ).

. . .  | r.or spans d iscon tinuous a t  b o th  ends, g or g\ shall be ta k e n  as unity .
(p) B ending moments and shear— B ending m om ents shall be determ ined  in  each  direction  w ith  th e  

coefficients p rescribed  for one-w ay construc tion  in  Sections 701 and  702 an d  modified by  
fac to r C or Ci from  T ab les 1 or 2.

TABLE 1—SLABS

U pper figure 
Low er figure

C.
C.i

C
Ci

1 V alues of x

r r 0 . 0 .1 .2 .3 .4

0 . 0 0
00

.50
. 0 0

.40
. 0 0

.30
. 0 0

. 2 0
. 0 0

. 1 0
. 0 0

1 .0 0
. 0 0

.50
2 . 0 0

.44
.06

.36
.03

.27
. 0 2

.18
. 0 0

.09
. 0 0

.89
.06

.55
1.82

.43
.07

.33
.04

.23
. 0 2

.15
. 0 1

.07
.0 0

.79
.08

.60
1.67

.41
.09

.30
.05

. 2 0
.03

. 1 2
.0 1

.05
.0 0

.70
. 1 0

.65
1.54

.39
. 1 1

.28
.06

.18
.03

. 1 0
.0 1

.04
. 0 0

.64
.13

.70
1.43

.37
.13

.26
.08

.16
.04

.09
.0 1

.03
. 0 0

.58
.15

.80
1.25

.33
.17

. 2 2
. 1 0

.13
.06

.07
. 0 2

. 0 2
.0 0

.48
. 2 1

.90
1 .1 1

.29
. 2 1

.19
.13

. 1 1
.07

.05
.03

. 0 1
. 0 1

.40
.27

1 .0 0
1 .0 0

.25
.25

.16
.16

.09
.09

.04
.04

. 0 1
.0 1

.33
.33

1 .1 0
.91

. 2 1
.29

.13
.19

.07
. 1 1

.03
.05

.0 1
.0 1

.28
.39

1 .2 0
.83

.18
.32

.1 1
.2 1

.06
.13

. 0 2
.06

. 0 0
. 0 2

.23
.45

1.30
.77

.16
.34

. 1 0
.23

.05
.14

. 0 2
.07

. 0 0
.03

.19
.51

1.40
.71

.13
.37

.08
.25

.04
.16

. 0 2
.09

. 0 0
.03

.16
.57

1.50
.67

. 1 1
.39

.07
.27

.04
.17

.0 1
. 1 0

. 0 0
.04

.14
.61

1.60
.63

. 1 0
.40

.06
.29

.03
.19

.0 1
.1 1

. 0 0
.05

. 1 2
.6 6

1.80
.55

.07
.43

.04
.33

. 0 2
.23

.0 1
.15

.0 0
.07

.08
.79

2 . 0 0
.50

.06
.44

.03
.36

. 0 2
.27

. 0 0
.18

. 0 0
.09

.06
.89

CO
0 . 0 0

. 0 0
.50

. 0 0
.40

. 0 0
.30

. 0 0
. 2 0

.0 0
. 1 0

. 0 0
1 .0 0

(Revised footnote continued p. 430)
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(Revised code footnote, sec. 709, continued from  p. 429)

In  L  D irec tio n  In  L i  D irec tion
B .M . for s lab  s tr ip  M  =  C B W L  M i = C1B W 1L 1
B .M . for beam  M  = ( l-C )B W L  M i = (1-Ci) B W 1L 1

W ben th e  coefficients p rescribed  in  701(c) a re  used, th e  average  value  of Cw or Ciw  for th e  
tw o  spans  a d ja c e n t to  a  s u p p o rt sha ll be  used  in  dete rm in in g  th e  n ega tive  bend ing  m om en t 
a t  th e  face of th e  su p p o rt. . .

T h e  shear a t  an y  section  d is ta n t x L  or x L  1 from  su p p o rts  shall b e  d e te rm in ed  b y  m odify ing  
th e  to ta l  load  on th e  slab  s tr ip  or beam  b y  th e  fac to rs  Ca, Cai, Cb or Cbi ta k e n  from  T ab les  1
or 2 . .

In  L  D irec tion  In  L i  D irec tion
Shear for S lab S trip  V  = CaW V i = CaiW i
Shear for B eam  V  = CbW V i = CbiW i
F o r spans w here th e  end  m om ents are  u n balanced , sh ear values a t  a n y  sec tion  shall be

ad ju sted  in  accordance w ith  S ections 701 a n d  702.

(c) Arrangem ent o f reinforcement:
1. In  a n y  pane l, th e  a rea  of rein fo rcem en t p e r u n it  wddth in  th e  long d irec tion  sha ll be a t  

le as t o n e-th ird  th a t  p rov ided  in  th e  sh o rt d irection .
2. T h e  a rea  of positive  m o m en t re in fo rcem en t ad ja c e n t to  a  con tinuous edge on ly  and  

for a  w id th  n o t exceeding o ne-fou rth  of th e  sh o rte r  d im ension  of th e  pan e l m ay  be  reduced  
25 p er cent. . . .

3. A t a  non-con tinuous edge th e  a rea  of n ega tive  m o m en t rein fo rcem en t per u n it  w id th  
shall be  a t  le as t one-half of th a t  req u ired  for m ax im um  positive  m om ent.
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TABLE 2— BEAM S

U p p er figure 
Low er figure

Cb
Cbi

1 -C
1-Ci

1 V alues of x

r r 0 . 0 .1 .2 .3 .4

0 . 0 0
03

. 0 0
.50

. 0 0
.40

. 0 0
.30

. 0 0
. 2 0

.0 0
. 1 0

.0 0
1 . 0 0

.50
2 . 0 0

.06
.44

.04
.37

.03
.28

. 0 2
.2 0

.0 1
. 1 0

.1 1
.94

.55
1.82

.07
.43

.07
.36

.07
.28

.05
.19

.03
. 1 0

. 2 1
.92

.60
1.67

.09
.41

. 1 0
.35

. 1 0
.27

.08
.19

.05
. 1 0

.30
.90

.65
1.54

. 1 1
.39

. 1 2
.34

. 1 2
.27

. 1 0
.19

.06
. 1 0

.36
.87

.70
1.43

.13
.37

.14
.32

.14
.26

.1 1
.19

.07
.1 0

.42
.85

.80
1.25

.17
.33

.18
.30

.17
.24

.13
.18

.08
. 1 0

.52
.79

.90
1 .1 1

. 2 1
.29

. 2 1
.27

.19
.23

.15
.17

.09
.09

.60
.73

1 . 0 0
1 .0 0

.25
.25

.24
.24

. 2 1
.2 1

.16
.16

.09
.09

.67
.67

1 .1 0
.91

.29
. 2 1

.27
. 2 1

.23
.19

.17
.15

.09
.09

.72
.61

1 . 2 0
.83

.32
.18

.29
.19

.24
.17

.18
.14

. 1 0
.08

.77
.55

1.30
.77

.34
.16

.30
.17

.25
.16

.18
.13

. 1 0
.07

.81
.49

1.40
.71

.37
.13

.32
.15

.26
.14

.18
. 1 1

. 1 0
.07

.84
.43

1.50
.67

.39
. 1 1

.33
.13

.26
.13

.19
. 1 0

. 1 0
.06

. 8 6
.39

1.60
.63

.40
. 1 0

.34
. 1 1

.27
. 1 1

.19
.09

. 1 0
.05

. 8 8
.34

1.80
.55

.43
.07

.36
.07

.28
.07

.19
.05

. 1 0
.03

.92
.2 1

2 . 0 0
.50

.44
.06

.37
.04

.28
.03

. 2 0
. 0 2

. 1 0
.0 1

.94
. 1 1

CO
0 . 0 0

.50
. 0 0

.40
. 0 0

.30
. 0 0

.2 0
. 0 0

. 1 0
. 0 0

1 .0 0
.0 0

M E T H O D  2

C =  M om en t coefficient for tw o-w ay slabs as given in  T ab le  3 
m  =  R a tio  of sh o rt sp an  to  long sp an  for tw o-w ay slabs
S  =  L e n g th  of sh o rt sp an  for tw o-w ay slabs

T he  sp an  sha ll be considered as th e  cen ter-to -cen ter d istance betw een suppo rts  or the  
clear sp an  p lus tw ice th e  th ickness of slab, w hichever va lue  is  th e  sm aller. 

w  =  T o ta l u n ifo rm  load  per sq. ft. . . .  . . .  ,  , . . . .  ,.
(a) L im ita tions  A  trvo-w ay slab  shall be considered as consisting of s trip s in  each d irection  as

follows:
A  m idd le s tr ip  one-half pane l in  w id th , sym m etrical ab o u t pane l cen ter line and  

extend ing  th rough  th e  panel in  th e  direction  in  which m om ents are  considered.
A  colum n s tr ip  one-half pane l in w id th , occupying th e  tw o quarte r-pane l areas out­

side th e  m iddle strip .

(Revised footnote concluded p. 432)
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T A B LE  3— M O M E N T  COEFFICIENTS

S h o rt sp an
Long 
sp an , 

a ll 
values 
of m

M om ents V alues of m

1 .0 0.9 0 . 8 0.7 0 . 6 0.5 
a n d  less

C ase 1— In te rio r panels 
N ega tiv e  m o m en t a t—  

C ontinuous edge .033 .040 .048 .055 .063 .083 .033
D iscon tinuous edge ------- ------- -- - ----- ------ ----- —

P ositive  m o m en t a t  m idspan .025 .030 .036 .041 .047 .062 .025

C ase 2—;One edge d iscon tinuous 
N egative  m om en t a t—  

C ontinuous edge .041 .048 .055 .062 .069 .085 .041
D iscon tinuous edge .0 2 1 .024 .027 .031 .035 .042 . 0 2 1

P ositive  m om en t a t  m idspan .031 .036 .041 .047 .052 .064 .031

C ase 3— T w o edges d iscon tinuous 
N egative  m o m en t a t—  

C ontinuous edge .049 .057 .064 .071 .078 .090 .049
D iscon tinuous edge .025 .028 .032 .036 .039 .045 .025

P ositive  m om en t a t  m idspan .037 .043 .048 .054 .059 .068 .037

C ase 4— T h ree  edges d iscontinuous 
N egative  m om en t a t—  

C ontinuous edge .058 .066 .074 .082 .090 .098 .058
D iscon tinuous edge .029 .033 .037 .041 .045 .049 .029

P ositive  m om en t a t  m idspan .044 .050 .056 .062 .068 .074 .044

C ase 5— F o u r edges d iscontinuous 
N egative  m om en t a t—  

C ontinuous edge
D iscon tinuous edge .033 .038 .043 .047 .053 .055 .033

P ositiv e  m om en t a t  m idspan .050 .057 .064 .072 .080 .083 .050

W here th e  ra tio  of sh o rt to  long span  is less th a n  0.5 th e  m idd le  s tr ip  in  th e  s h o r t  d irection  
sha ll be considered  as hav in g  a  w id th  equa l to  th e  difference betw een  th e  long a n d  sh o rt 
span , th e  rem ain ing  a rea  rep resen ting  th e  tw o  colum n strips.

T h e  critica l sections for m o m en t ca lcu la tions a re  re fe rred  to  as p rinc ipa l design  sections 
f an d  a re  located  as follows:

F o r nega tive  m om ent, along th e  edges of th e  pane l a t  th e  faces of th e  su p p o rtin g  
beam s.

F o r positive  m om ent, along th e  cen ter lines of th e  pane ls.
(6 ) B ending M om ents— T h e bend ing  m om ents for th e  m idd le s tr ip s  sha ll be  co m p u ted  from  th e  

form ula
M  =  C w S2

T he average  m om ents per foo t of w id th  in  th e  co lum n s tr ip  sh a ll be tw o -th ird s  of th e  cor­
responding  m om ents in  th e  m idd le strip . In  d eterm in ing  th e  spacing  of th e  re in fo rcem en t 
in  th e  colum n s tr ip , th e  m o m en t m ay  be assum ed to  v a ry  from  a  m axim um  a t  th e  edge of th e  
m iddle s tr ip  to  a  m in im um  a t  th e  edge of th e  panel.

W here th e  nega tive  m om en t on one side of a  su p p o rt is less th a n  80 per c e n t of th a t  on th e  
o ther side, tw o-th ird s  of th e  difference sh a ll be d is tr ib u te d  in  p ro p o rtio n  to  th e  re la tive  
stiffnesses of th e  slabs.

(c) Shear— T he shearing  stresses in  th e  slab  m ay  be com pu ted  on th e  assu m p tio n  th a t  th e  load  is
d is tr ib u ted  to  th e  su p p o rts  in accordance w ith  (d ).

(d) Supporting  Beam s— T he loads on th e  su p p o rtin g  beam s for a  tw o-w ay rec tan g u la r pane l m ay
be assum ed  as th e  load  w ith in  th e  t r ib u ta ry  areas of th e  pane l b o unded  b y  th e  in tersec tion  
of 45-degree lines from  th e  corners w ith  th e  m ed ian  line of th e  pan e l p a ra lle l to  th e  long  side.

T he  bending m om ents m ay  be determ ined  app ro x im ate ly  b y  using  an  eq u iv a len t uniform  
load  per lineal foo t of b eam  for each  pane l su p p o rted  as fo llow s:

^  , w S



709— Floors with supports on four sides (*) (2)

(a) This construction, consisting of floors reinforced in two direc­
tions and  supported  on four sides, includes solid reinforced concrete 
slabs; concrete joists w ith burned clay or concrete tile fillers, w ith  or 
w ithou t concrete top  slabs; and concrete joists w ith top  slabs placed 
m onolithically  w ith  th e  joists. The supports for the floor slabs m ay 
be walls, reinforced concrete beam s, or steel beam s fully encased in 
concrete.

(b) M in im u m  Slab Thickness
The slab th ickness shall satisfy  prescribed working stresses and shall 

be no t less th a n  4 inches nor less th an
, _  A  +  B  — O.KW ,ON
' * --------------- 72.............  <2)

(c) Bending M om ents and Shears
The bending m om ent a t  any section shall be determ ined w ith co­

efficients derived as prescribed for one-way construction (Sections 701 
and  702), using th e  following equ ivalen t load per u n it length  of span 
considered :
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F oo tn o te s:
(1) F o r com para tive  use th e  m om en t of in e rtia  of a  slab  shall be tak en  as th a t  of the  to ta l p la in  concre te  

section.
(2) F orm ulas for Fa , Fb,  eA, eB, ta ,  tb.  (See “ S labs S upported  on F our Sides” by  J . D iS tasio  an d  M. P. 

van  B uren , J o u rn a l  of th e  A. C. I ., J an u a ry -F eb ru a ry , 1936).
E n d  S pan, con tinuous a t  one end  on ly

- = v--rik..............................................(7)
+  S K ar

In te rio r continuous sp an  w ith  K a r  th e  sam e for b o th  ad jacen t spans continuous w ith .-1

F a =  ¡ 1 --------------- '   (8)

\  15 + SKIr
F or in te rio r sp an s  w here th e  spans ad jacen t to  and  in con tinuation  of the  span  A under consideration 

differ in  stiffness for Fa  use th e  average  of th e  tw o values, one ob ta ined  using K a r  for th e  span  in con­
tin u a tio n  on one en d  of th e  span  A ,  and  th e  o ther ob ta ined  by  using th e  value of K a r  for th e  sp an  a t  th e  
o the r end. . r_ ... v

T o  o b ta in  F b  rep lace K a  w ith  K b  an d  K a r  w ith  K b r .

1 =  1  -    (9)
1 + 1 üTéy

\ F b B )

2  (10a) <« -  ,  (10b)Pl =     .
eA F b B  • * a A

F a A

=  1 .0  fo r

F b B  „  _  ___
^  s’ . a F  b B

F b B  _  „  ca =  0 .5 , a s  b
F a A

T h e  to ta l  lo a d  c a r r ie d  b y  a  s tr ip  of s la b  of u n i t  w id th , s p a n  A ,  e q u a ls  cawA  a n d  is  c o n s id e re d  t o  v a ry  
■ * T i t v  f ro m  ram  (3eA — 2) a t  th e  c e n te r  of t h e  s p a n , t o  r.iu’ ( 4 - 3  ea) a t  t h e  s u p p o rts .
m  T h e  to ta l  lo a d  c a r r ie d  b y  a  b e a m  of s p a n  .4 , o n e -h a lf  p a n e l  t r i b u ta r y  w id th , e q u a ls

( 1 - r a ) ^  ....................................................................................................................................................... (ID
ipB

a n d  v a rie s  u n ifo rm ly  in  in te n s i ty  f ro m  (1 +  2 r.i -  3 e a rs )—  a t  th e  c e n te r  of t h e  s p a n  to

(1 _  4 „  +  3 e s rA )T (y  a t  t h e  s u p p o rts .

W h en  c o n s id e r in g  th e  B  s p a n s  u se  th e  a b o v e  e x p re ss io n s , re p la c in g  .1 w ith  B ,  B  w ith  .4, r.i w ith  ra , a n d

b a  w i th  eB.
(Footnote (2) co n tin u e d  n e x t page)
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(1 -  eArA)w (4)

Slab: S trip  of u n it w idth, span A , ................(eArA)w  ......................... (3)
B eam : Span A , carrying one half of load from  panel w id th  B,

B_
2

T he shear a t  any  section a t  a  d istance x  from  th e  face of th e  support 
shall be tak en  as:

S lab: S trip  of u n it w idth , sp an  A ,
A

(
Span A , carrying one

(5)

B eam : Span A , carrying one half of load from  panel, w id th  B, 
B

w . (6)

(Footnote (2) continued from  'previous page.

t a b l e  1— F a  a n d  F b
T h e  values given  in  th e  ta b le  a re  for F a  d irec tly . T hey  a re  also  th e  values for F b  w hen th e  designa tion  

K a / K a r  is rep laced  b y  K b / K b r .

S pan  A II 1 115 0.00 0.25 0.50 0.67 0.80 1.00 1.25 1.50 1.00 4.00 0. »

In te r io r* . . F a  = 0.58 0.65 0.69 0.72 0.74 0.76 0.78 0.80 0.83 0.89 1.00
E n d ............ F a  = 0.75 0.80 0.83 0.84 0.85 0.87 0 . 8 8 0.89 0.91 0.95 1.00
S im p le . . . . F a = 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

*F or in te rio r spans w here th e  spans a d jacen t to  an d  in  co n tin u a tio n  of th e  s p an  A  u n d e r consideration  
differ in  stiffness, for F a  use th e  average  of th e  tw o  values, one o b ta in ed  using K Ar  for th e  s p an  in  con­
tin u a tio n  on one end  of th e  sp an  A ,  a n d  th e  o the r ob ta in ed  b y  using  th e  va lu e  of K Ar  for th e  sp an  a t  th e  
o ther end.

F o r values of K a / K a r  betw een  2 /3  an d  3 /2  th e  values of Fa  m ay  be  ta k e n  as 0.76 for in te rio r spans  and  
0.87 for end  spans.

t a b l e  2

T h e  value  of eA or eB sha ll be ta k e n  as u n ity  for th e  com p u ta tio n  of sh ear a n d  bend ing  m o m en t in  slabs 
a n d  beam s w here th e  sp an  in  d irec tion  un d er considera tion  is n o t rig id ly  a t ta c h e d  to  th e  su p p o rts  a t  one 
or b o th  ends of th e  span .

F a A  
F bB

ta or
1 — TB eA eATA 1 — eATA

Qa =
6 ta ( 1  — ca)

0 . 0 0 1 . 0 0 1 .0 0 1 . 0 0 0 . 0 0 0 . 0 0
0.50 0.89 1 .0 0 0.89 0 . 1 1 0 . 0 0
0.55 0 . 8 6 0.92 0.79 0 . 2 1 0.41
0.60 0.82 0 . 8 6 0.71 0.29 0.69
0.65 0.78 0.81 0.63 0.37 0.89
0.70 0.74 0.78 0.58 0.42 0.98
0.80 0 . 6 6 0.73 0.48 0.52 1.07
0.90 0.58 0.69 0.40 0.60 1.08
1 .0 0 0.50 0.67 0.33 0.67 1 . 0 0
1 .1 0 0.43 0.65 0.28 0.72 0.90
1 .2 0 0.37 0.63 0.23 0.77 0.82
1.30 0.31 0.62 0.19 0.81 0.71
1.40 0.27 0.61 0.16 0.84 0.63
1.50 0.23 0.60 0.14 0 . 8 6 0.55
1.60 0 . 2 0 0.59 0 . 1 2 0 . 8 8 0.49
1.80 0.15 0.58 0.09 0.91 0 .38
2 . 0 0 0 . 1 1 0.57 0.06 0.94 0 .28
3.00 0.04 0.55 0 . 0 2 0.98 0 . 1 1

F bB
Fa A

tb or
1 — TA

es eBTB 1 — eBTB 6 r B ( 1  _  eB) 
= qb



PROPOSED REVISION OF BUILDING REGULATIONS 435

F or span B, use th e  above expressions su bstitu ting  A  for B, B for 
A , eB for eA, rA for rB, and qB for qA.
T he factors eA, rA, etc., m ay be tak en  from Table 2, footnote (2) below 

a fte r th e  ra tio  F aA / F bB  or F bB /F aA  on which they  depend has been 
determ ined  by  th e  aid of Table 1, footnote (2); or the  several factors 
m ay be com puted from  the  form ulas which appear in  the  footnote (2).

(d) Arrangement of Reinforcement
1. In  any  panel, the  reinforcem ent per u n it w idth  in the long 

direction shall be a t  least one-th ird  of th a t  provided in the  short 
direction.

2. The positive m om ent reinforcem ent ad jacent to  a continuous 
edge only and for a w id th  no t exceeding one-fourth of the shorter 
dim ension of th e  panel m ay  be reduced tw enty-five per cent.

3. A t a  non-continuous edge negative m om ent reinforcem ent 
per u n it w id th  in  am oun t a t  least as g reat as one-half of th a t re­
quired for m axim um  positive m om ent for the  center one-half of 
the  panel shall be provided across th e  entire w idth  of the exterior 
support.

4. T he spacing of the  reinforcem ent shall be no t more th an  three 
tim es th e  slab th ickness and the ratio  of reinforcem ent shall be a t 
least 0.0025.

710— Maximum spacing of principal slab reinforcement

(a) In  slabs o ther th a n  concrete jo ist floor construction or flat slabs, 
th e  principal reinforcem ent shall no t be spaced fa rther a p a rt th an  three 
tim es th e  slab thickness, nor shall the  ra tio  of reinforcem ent be less 
th a n  specified in Section 707(a).

CHAPTER 8— SHEAR A N D  D IA G O N A L  TENSION

800—
Change definition for “b” to: “W idth  of rectangular flexural m em ber or

w id th  of flanges for T  and  I sections” .
C hange definition for “b"’ to : “ W idth  of web in T  and  I  flexural m em bers” .
Line 8, change “center” to  “centroid” .
L ine 10, delete “u ltim ate” ; capitalize “ C ” in “ Com pressive.”

800— Notation

— T o ta l area of web reinforcem ent in  tension w ithin a  distance 
of s (m easured in  a direction parallel to  th a t  of the m ain 
reinforcem ent), or the to ta l area of all bars ben t up  in any 
one plane.

a =  Angle betw een inclined web bars and axis of beam . 
b = W id th  of rectangular beam  or w idth  of flange of T-beam .
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b' =  W id th  of web in  beam s of I  or T  sections.
d =  D ep th  from  com pression face of beam  or slab to  cen ter of

long itud inal tensile reinforcem ent. 
f ' c =  U ltim ate  com pressive s tren g th  of concrete a t  age of 28 days 

unless otherw ise specified.
/„ = Tensile u n it stress in  web reinforcem ent. 
j  =  R atio  of distance betw een centroid  of com pression and  cen­

tro id  of tension to  the  d ep th  d. 
s =  Spacing of s tirru p s or of ben t bars in  a direction parallel to  

th a t  of the  m ain  reinforcem ent.
¿2 =  Thickness of flat slab w ithou t drop panels, or th e  thickness 

of flat slab th rough  the drop panels w here such are used.
ta' =  Thickness of flat slab (w ith drop panels) a t  po in ts outside

the  drop panel. 
v =  Shearing u n it stress.

V  — T o ta l shear.
V ' — Excess of the to ta l shear over th a t  perm itted  on th e  concrete.

801— Shearing unit stress

(a) T he shearing u n it stress v, as a m easure of diagonal tension, 
in  reinforced concrete flexural m em bers shall be com puted b v  form ula 
( 12):

(6) F or beam s of I or T  section, b' shall be su b s titu ted  for b in  form ula 
(12).

(c) In  concrete jo ist floor construction, w here burned  clay or con­
crete tile are used, b' m ay be tak en  as a w id th  equal to  the thickness of 
th e  concrete web plus th e  thicknesses of th e  vertica l shells of the con­
crete or burned clay tile in con tac t w ith  the jo ist as in  Section 708(b).

(d) W hen the  value of the shearing u n it stress com puted by  form ula 
(12) exceeds th e  shearing u n it stress vc pe rm itted  on the concrete of an 
unreinforced web (see Section 305), web reinforcem ent shall be provided 
to  carry  the  excess.

802— Types of web reinforcement

(a) W eb reinforcem ent m ay  consist of:
1. S tirrups or web reinforcem ent bars perpend icu lar to  the 

longitudinal steel.
2. S tirrups or web reinforcem ent bars welded or otherw ise 

rigidly a tta ch ed  to  the longitudinal steel and m aking an  angle of 
30 degrees or more thereto .



PROPOSED REVISION OF BUILDING REGULATIONS 437

3. L ongitudinal bars ben t so th a t  the axis of the inclined portion 
ol th e  b ar m akes an angle of 15 degrees or more w ith the axis of the 
longitud inal portion  of the bar.

4. Special arrangem ents of bars w ith  adequate provisions to  
p reven t slip of bars or sp litting  of the  concrete by the  reinforcem ent 
(See Section 804(f)).

(b) Stirrups, or o ther bars to  be considered effective as web reinforce­
m ent shall be anchored a t  b o th  ends, according to  the provisions of 
Section 904.

803— Stirrups

(a) T he area of steel required in stirrups placed perpendicular to 
th e  longitudinal reinforcem ent shall be com puted by form ula (13).

A * =  ! * ................................................................................................. (13)Svjd
(b) Inclined stirrups shall be proportioned by  form ula (15) (Section 

804(d).)
(c) S tirrups placed perpendicular to  the longitudinal reinforcem ent 

shall no t be used alone as web reinforcem ent when the shearing un it 
stress (v) exceeds 0 .08 /'r.

804—
(e) L ine 1, change “tw o” to  “th ree” .

804— Bent bars

(a) W hen th e  web reinforcem ent consists of a  single ben t bar or of a 
single group of ben t bars th e  required area of such bars shall be com puted 
by form ula (14).

V '
A v =  — 4 —  .............................'•............................................................ (14)

fv sm  a
(b) In  form ula (14) V  shall no t exceed 0.040 f c bjd.
(c) O nly the  center three-fourths of the  inclined portion of such 

bar, or group of bars, shall be considered effective as web reinforcem ent.
(d) W here there  is a series of parallel ben t bars, the  required area 

sh a ll be determ ined by form ula (15).

A ,  =  - - -  - , - 1  j ............................................................. (15)
f vjd  {sin a +  cos a)

(e) W hen ben t bars, having a radius of bend of not more th an  two
tim es th e  d iam eter of the  b ar are used alone as web reinforcem ent,
the  allowable shearing u n it stress shall no t exceed 0.060 f ' c. This shear­
ing un it stress m ay be increased a t the ra te  of 0.01 f ‘c for each increase 
of four b a r diam eters in th e  radius of bend un til the  m axim um  allowable 
shearing un it stress is reached. (See Section 305(a).)
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(/) T he shearing u n it stress perm itted  w hen special arrangem en ts of 
bars are em ployed shall be th a t  determ ined by  m aking co m para tive  
tests, to  destruction , of specim ens of th e  proposed system  and  of sim ilar 
specim ens reinforced in  conform ity w ith th e  provisions of th is  code, th e  
same fac to r of safety  being applied  in  b o th  cases.

805— Combined web reinforcement

(a) W here m ore th a n  one type  of reinforcem ent is used to  reinforce 
th e  sam e portion  of the web, the  to ta l shearing resistance of th is  portion  
of th e  web shall be assum ed as th e  sum  of th e  shearing resistances com­
pu ted  for th e  various types separately . In  such com puta tions th e  shear­
ing resistance of th e  concrete shall be included only once, and  no one

2 7 '
ty p e  of reinforcem ent shall be assum ed to  resist m ore t h a n  .

3

806— Spacing of web reinforcement

(a) W here web reinforcem ent is required  i t  shall be so spaced th a t 
every 45 degree line (representing a  p o ten tia l crack) extending  from 
th e  m id-dep th  of th e  beam  to  the  longitud inal tension  bars shall be 
crossed by  a t  least one line of web reinforcem ent. If a shearing un it 
stress in  excess of 0.06 f ' c is used, every  such line shall be crossed b y  a t  
least tw o such lines of web reinforcem ent.

807— Shearing stress in flat slabs

(а) In  flat slabs, th e  shearing u n it stress on a vertica l section which
lies a t  a  distance ¿2 — 1 3^  in - beyond the  edge of th e  colum n capita l
and  parallel or concentric w ith  it, shall no t exceed th e  following values 
w hen com puted by  form ula (12) (in w hich d shall be tak en  as t2 — V /i  in .) :

1. 0.03 f'c, w hen a t  least 50 per cent of th e  to ta l  negative re­
inforcem ent in  th e  colum n strip  passes d irectly  over th e  colum n 
capital.

2. 0.025 f'c, w hen 25 per cen t or less of th e  to ta l  negative rein­
forcem ent in th e  colum n strip  passes d irec tly  over th e  column 
capital.

3. F o r in te rm ed ia te  percentages, in te rm ed ia te  values of the  
shearing u n it stress shall be used.

(б) In  flat slabs, the  shearing u n it stress on a vertical section w hich
lies a t  a  d istance of t3 — V/2  in. beyond the  edge of th e  drop  panel and
parallel w ith  i t  shall no t exceed 0.03 f ' c w hen com puted b y  form ula (12) 
(in w hich d shall be tak en  as ¿3 — in.). A t least 50 per cen t of th e
cross-sectional a rea  of th e  negative reinforcem ent in  th e  colum n strip  
m ust be w ith in  th e  w id th  of strip  d irectly  above th e  drop panel.
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808 Shear and diagonal tension in footings

(a) In  isolated footings tlie shearing un it stress com puted by form ula 
(12) on th e  critical section (see 1205(a)), shall no t exceed 0.03 f ' c, nor in 
any  case shall it exceed 75 p.s.i.

CHAPTER 9— BOND A N D  A N C H O R AG E

9 0 0 -
L ine 1, change “cen ter” to  “ centro id” .
L ine 3, delete “u ltim ate” ; capitalize “ C ” in  “compressive.”

900— Notation

d = D ep th  from  compression face of beam  or slab to  center of 
longitud inal tensile reinforcem ent. 

f ' c = U ltim ate  compressive streng th  of concrete a t  age of 28 days 
unless otherw ise specified. 

j  = R a tio  of distance betw een centroid of compression and cen­
tro id  of tension to  th e  dep th  d.

2 o =  Sum  of perim eters of bars in one set. 
u = Bond stress per u n it of surface area of bar.
V  = T o ta l shear.

901— Computation of bond stress in beams

(a) In  flexural m em bers in which the  tensile reinforcem ent is parallel 
to  th e  com pression face, the bond  stress a t  any  cross section shall be 
com puted b y  form ula (16).

u  — —— ..................................................................................................... (16)
2 o jd

in w hich V  is the shear a t  th a t  section.
(5) A dequate end anchorage shall be provided for th e  tensile rein­

forcem ent in all flexural m em bers to  which form ula (16) does no t apply, 
such as footings, brackets and o ther tapered  or stepped beam s in which 
th e  tensile reinforcem ent is no t parallel to  the  compression face.

9 0 2 -
C hange section to:
(a) Tensile negative reinforcem ent in  any  span of a  continuous, restrained 

or cantilever beam, or in  any  m em ber of a  rigid fram e shall be adequate ly  an­
chored by  bond, hooks or m echanical anchors in  or th rough  th e  supporting mem­
ber. W ithin any  such span every reinforcing bar, w hether required for positive 
or negative reinforcem ent, shall be extended a t  least twelve diam eters beyond the 
po in t a t which it is no longer needed to  resist stress. In  cases where th e  length from 
the po in t of m axim um  tensile stress in the  bar to  th e  end of th e  ba r is n o t sufficient 
to  develop th is  m axim um  stress by  bond alone, the  bar shall be extended to  such 
a point th a t  w ith the  addition  of a  stan d ard  hook (see Section 906(c)), th e  maxi­
m um tensile u n it stress can be developed. If  preferred, th e  b ar m ay be bent 
across the  web a t  an  angle of not less th an  15 degrees w ith the longitudinal portion
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of th e  b a r and  m ade continuous w ith  th e  reinforcem ent which resists m om ent of 
opposite  sign.

(b) Of the  positive reinforcem ent in continuous beam s n o t less th a n  one- 
fo u rth  th e  a rea  shall ex tend  along th e  sam e face of th e  beam  in to  th e  su p p o rt 
a  d istance of ten  or more b ar d iam eters. W here extension of th e  reinforcem ent 
in to  th e  support a  distance of ten  or m ore b ar d iam eters is im practicab le  th e  bars 
shall be extended as far as possible in to  th e  support an d  te rm in a ted  in  s tan d ard  
hooks or o ther ad equate  anchorage.

(c) In  sim ple beam s, or a t  th e  ou ter or freely supported  ends of end  spans of 
continuous beams, a t  least one-half th e  positive reinforcem ent shall ex tend  along 
th e  sam e face of th e  beam  in to  the  sup p o rt a  d istance of tw elve or m ore b a r diam ­
eters, or shall be extended as far as possible in to  th e  support an d  te rm in a ted  in 
s tan d ard  hooks.

902— Ordinary anchorage requirements

(a) Tensile negative reinforcem ent in  any  span of a  continuous, 
restra ined , or cantilever beam , or in  any  m em ber of a  rigid fram e shall 
be adequate ly  anchored by  bond, hooks or m echanical anchors in or 
th rough  the  supporting  m em ber. W ith in  any  such span  every  rein­
forcing b ar shall be extended a t  least twelve diam eters beyond th e  point 
a t  w hich it  is no longer needed to  resist stress. In  cases w here th e  length  
from  the  po in t of m axim um  tensile stress in  th e  b a r to  th e  end of the 
b a r is no t sufficient to  develop th is  m axim um  stress b y  bond, th e  bar 
shall extend in to  a region of com pression and  be anchored by  m eans of 
a  s tan d a rd  hook or i t  shall be b en t across the  web a t  an  angle of no t less 
th a n  15 degrees w ith  the longitudinal portion  of the  b a r and  e ith er m ade 
continuous w ith  the  positive reinforcem ent or anchored in  a region of 
compression.

(b) Of the positive reinforcem ent in continuous beam s n o t less than  
one-fourth  th e  area shall extend  along the  sam e face of th e  beam  into 
th e  support a  distance of ten  or more b a r  d iam eters, or shall be extended 
as fa r as possible in to  th e  su pport and te rm in a ted  in s tan d a rd  hooks, 
o r o th e r adequate  anchorage.

(c) In  sim ple beam s, or a t  th e  o u te r or freely su pported  ends of end 
spans of continuous beam s, a t  least one-half th e  positive reinforcem ent 
shall extend along the  sam e face of th e  beam  in to  the  su p p o rt a distance 
of tw elve or m ore b a r d iam eters, or shall be extended as far as possible 
in to  th e  support and te rm ina ted  in s tan d a rd  hooks.

9 0 3 -
C hange section to:
(a) W here increased shearing or bond stresses are perm itted  because of th e  use 

of special anchorage (see Section 305), every  b ar except those specifically m entioned 
in  Section 902(b), shall be te rm inated  in a s tan d ard  hook in  a  region of com pres­
sion, or shall be b en t across th e  web a t  an  angle of n o t less th an  15 degrees w ith  
th e  longitudinal po rtion  of the  ba r and  m ade continuous w ith  th e  reinforcem ent 
resisting  m om ent of opposite sign.



PROPOSED REVISION OF BUILDING REGULATIONS 441

903— Special anchorage requirements

(a) W here increased shearing or bond stresses are perm itted  because 
of th e  use of special anchorage (See Section 305), every b ar shall be 
te rm in a ted  in a  s tan d ard  hook in a region of compression, or i t  shall be 
ben t across th e  web a t  an angle of no t less th a n  15 degrees w ith the 
longitudinal portion  of the  b a r and m ade continuous w ith the negative 
or positive reinforcem ent.

904— Anchorage of web reinforcement

(а) Single separate  bars used as web reinforcem ent shall be anchored 
a t each end by one of th e  following m ethods:

1. W elding to  longitudinal reinforcem ent.
2. H ooking tigh tly  around the longitudinal reinforcem ent 

th rough  180 degrees.
3. E m bedm ent above or below the m id-depth  of the beam  on 

th e  com pression side, a  distance sufficient to  develop the stress to  
w hich th e  b a r will be subjected a t  a  bond stress of no t to  exceed 
.04 f ' c on p lain  bars nor .05 f c on deform ed bars.

4. S tan d ard  hook (see Section 900(a)), considered as developing 
10,000 p .s.i., plus em bedm ent sufficient to  develop by bond the re­
m ainder of th e  stress to  which the b ar is subjected. The un it bond 
stress shall no t exceed th a t  specified in Table 305(a). The effective 
em bedded leng th  shall no t be assum ed to  exceed the distance 
betw een th e  m id-depth  of the  beam  and the tangent of the hook.

(б) T he extrem e ends of bars form ing simple U or m ultiple stirrups 
shall be anchored by one of th e  m ethods of Section 904(a) or shall be 
ben t th rough  an angle of a t  least 90 degrees tigh tly  around a longitudinal 
reinforcing b a r no t less in d iam eter th an  the  stirrup  bar, and shall 
p ro ject beyond th e  bend a t  least twelve diam eters of the stirrup  bar.

(c) T he loops or closed ends of such stirrups shall be anchored by 
bending around the longitudinal reinforcem ent through an angle of a t 
least 90 degrees, or by being welded or otherwise rigidly a ttached  thereto.

(d) Hooking or bending stirrups or separate web reinforcem ent bars 
around the  longitudinal reinforcem ent shall be considered effective only 
w hen these bars are perpendicular to  the  longitudinal reinforcement.

(e) L ongitudinal bars ben t to  ac t as web reinforcem ent shall, in a 
region of tension, be continuous w ith the longitudinal reinforcement. 
T he tensile stress in each b ar shall be fully developed in b o th  the upper 
and  the lower half of the beam  by one of the following m ethods:

1. As specified in Section 904(a), (3).
2. As specified in Section 904(a), (4).
3. B y bond, a t a u n it bond stress not exceeding .04 f ' c on plain

bars nor .05 f'c  on deform ed bars, plus a bend of radius not less th an
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tw o tim es th e  d iam eter of the  bar, parallel to  th e  upper or lower 
surface of the beam , plus an  extension of th e  b a r of n o t less th a n  
twelve d iam eters of th e  b ar te rm ina ting  in  a  s tan d a rd  hook. This 
sho rt rad ius bend  extension and  hook shall toge ther n o t be counted 
upon to  develop a tensile u n it stress in  th e  b a r of m ore th a n  10,000 
p.s.i.

4. B y  bond, a t  a  u n it bond stress n o t exceeding .04 f ' c on p lain  
bars nor .05 f c on deform ed bars, plus a  bend  of rad ius n o t less 
th a n  tw o tim es th e  d iam eter of th e  bar, paralle l to  the  upper or 
lower surface of th e  beam  and  continuous w ith  th e  longitudinal 
reinforcem ent. T he sho rt rad ius bend and  con tin u ity  shall together 
n o t be counted upon to  develop a tensile u n it stress in  th e  b a r of 
more th a n  10,000 p.s.i.

5. T he tensile u n it stress a t  th e  beginning of a  bend m ay  be 
increased from  10,000 p.s.i. w hen th e  rad ius of bend  is tw o bar 
diam eters, a t  th e  ra te  of 1,000 p.s.i. tension  for each  increase of 
1 ^ 2  b a r d iam eters in  th e  rad ius of bend, p rovided  th a t  th e  length  
of the  b a r in  th e  bend and  extension is sufficient to  develop th is 
increased tensile stress b y  bond a t  the  u n it stresses given in  Section 
904(e), (3).

(/) In  all cases web reinforcem ent shall be carried  as close to  the  
com pression surface of th e  beam  as fireproofing regulations and  the 
proxim ity  of o ther steel will perm it.

905— Anchorage of bars in footing slabs

(a) All bars in  footing slabs shall be anchored b y  m eans of s tan d ard  
hooks. The ou ter faces of these hooks shall be n o t less th a n  th ree  inches 
nor m ore th a n  six inches from  th e  face of th e  footing.
906— Hooks

(a) The term s “hook” or “ s tan d ard  hook” as used herein shall 
m ean either

1. A com plete sem icircular tu rn  w ith  a  rad ius of bend on the 
axis of th e  b a r of no t less th a n  th ree  and  n o t m ore th a n  six b ar 
diam eters, plus an extension of a t  least four b a r  d iam eters a t  th e  
free end of the  bar, or

2. A 90° bend having a rad ius of no t less th a n  four b a r d iam eters 
plus an  extension of tw elve b a r d iam eters.

Hooks having a rad ius of bend of more th a n  six b a r d iam eters shall be 
considered m erely as extensions to  th e  bars, and  shall be tre a te d  as in 
section 904 (e), (5).

(5) In  general, hooks shall n o t be perm itted  in  th e  tension  po rtion  of 
any  beam  except a t  the  ends of simple or can tilever beam s or a t  th e  
freely supported  ends of continuous or restra ined  beam s.



PROPOSED REVISION OF BUILDING REGULATIONS 443

(c) N o hook shall be assum ed to  carry  a load which would produce 
a  tensile stress in  the  b ar grea ter th a n  10,000 p.s.i.

(id) H ooks shall no t be considered effective in  adding to  the  com­
pressive resistance of bars.

(e) A ny m echanical device capable of developing the streng th  of
th e  b a r w ithou t dam age to  th e  concrete m ay be used in lieu of a hook.
T ests  m u st be presented to  show th e  adequacy of such devices.

CHAPTER 10— FLAT SLABS— WITH SQUARE OR 
RECTANGULAR PANELS

1000— Notation

A  =  The distance from  th e  center line of the column, in  the direc­
tio n  of any  span, to  th e  in tersection  of a  45-degree diagonal 
line from  th e  center of the column to  the bo ttom  of th e  flat 
slab or drop panel, where such line lies wholly w ithin the 
column, capital, or b racket, provided such cap ita l or b racket 
is s tru c tu ra lly  capable of resisting shears and m om ents w ith­
ou t excessive u n it stress. In  no case shall A  be greater th an  
one-eighth the  span in the direction considered.

A av = Average of the tw o values of A  for the  tw o columns a t  the 
ends of a  colum n strip , in  th e  direction of the  spans con­
sidered.

c =  D iam eter or w id th  of column capita l a t the  under side of 
th e  slab or drop panel. No portion of the column capital 
shall be considered for struc tu ra l purposes which lies ou t­
side the  largest righ t circular cone, w ith 90 degrees vertex 
angle, th a t  can be included w ithin the outlines of the column 
capital.

L  = Span length  of slab center to  center of columns in the direc­
tion  of which bending is considered.

M„ =  Sum  of the  positive and the  average negative bending 
m om ents a t  the  critical design sections of a  flat slab panel. 
See Section 1003(b).

W  =  T o ta l dead and live load uniform ly d istribu ted  over a  single 
panel area.

W a v  =  T h e  a v e ra g e  of th e  t o t a l  lo a d  o n  tw o  a d ja c e n t  p an e ls .

x  =  Coefficient of span L  which gives the  distance from the 
center of column to  the  critical section for negative bending 
in design according to  Section 1002(a).

1001— Scope
(a) T he term  flat slab shall, m ean a reinforced concrete slab sup­

ported  by  columns w ith or w ithout flaring heads or column capitals,
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w ith  or w ithou t depressed or drop panels and generally w ithou t beam s or 
girders.

(b) Recesses or pockets in  flat slab ceilings, located  betw een rein­
forcing bars and  form ing cellular or tw o-w ay ribbed ceilings, w hether 
left open or filled w ith  perm anen t fillers, shall no t p rev en t a  slab from  
being considered a flat slab; b u t  allowable u n it stresses shall no t be 
exceeded.

(c) T his chap ter provides for tw o m ethods of design of flat slab 
structu res.

1. A ny ty p e  of flat slab construction  m ay  be designed b y  appli­
cation  of the  principles of con tinu ity , using th e  m ethod  outlined 
in  Section 1002, or using o ther recognized m ethods of elastic analysis. 
In  e ither case, th e  design m ust be sub jec t to  the provisions of Sec­
tions 1005(a) and (c), 1006, 1008 and 1009.

2. T he com m on cases of flat slab construction  described in 
Section 1003 m ay  be designed b y  th e  use of m om ent coefficients, 
given in  Sections 1003 and  1004, and  sub jec t to  th e  provisions of 
Sections 1005, 1006, 1007, 1008 and 1009.

1002—

(a) Sub-paragraph 10—Lines 6 and  7, delete, “in th e  m anner prov ided  in
C h ap te r 11.”

1002— Design of flat slabs as continuous frames

(a) E xcept in  the cases of flat slab construction  w here specified co­
efficients for bending m ay be used, as provided in Section 1003, bending 
and shear in flat slabs and th e ir  supports  shall be determ ined  b y  an 
analysis of the stru c tu re  as a continuous fram e, and  all sections shall be 
proportioned  to  resist th e  m om ents and  shears th u s  obtained . In  the  
analysis, th e  following assum ptions m ay  be m a d e :

1. T he stru c tu re  m ay be considered divided in to  a num ber of 
bents, each consisting of a row of colum ns and  strips of supported  
slabs, each strip  bounded la tera lly  b y  th e  cen ter line of the panel 
on either side of the  row of columns. T he b en ts shall be taken  
longitudinally  and transverse ly  of th e  building.

2. E ach  such ben t m ay  be analyzed in its en tire ty ; or each floor 
thereof and  the roof m ay be analyzed separa te ly  w ith  its  ad jacen t 
colum ns above and  below, the  colum ns being assum ed fixed a t  the ir 
rem ote ends. W here slabs are th u s  analyzed separately , in  ben ts 
m ore th a n  four panels long, i t  m ay be assum ed in  determ ining  th e  
bending a t  a  given su pport th a t  th e  slab is fixed a t  any  support 
tw o panels d is ta n t therefrom  beyond w hich the slab continues.

3. T he jo in ts  betw een colum ns and  slabs m ay  be considered 
rigid and  th is rig id ity  m ay be assum ed to  extend in th e  slabs a dis-
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tance  A  from  the  center of the  columns, and in the column to  the 
in tersection  of the  sides of the column and the 45 degree line de­
fining A . T he change in length  of columns and slabs due to  direct 
stress, and  deflections due to  shear, m ay be neglected. W here m etal 
colum n capitals are used, account m ay be taken  of their contributions 
to  stiffness and resistance to  bending and shear.

4. T he supporting  colum ns m ay be assum ed free from  settle­
m ent or la tera l m ovem ent unless the am ount thereof can be reason­
ably determ ined.

5. T he m om ent of inertia  of slab or column a t  any cross-section 
m ay  be assum ed to  be th a t  of the gross section of the concrete. 
V aria tion  in  th e  m om ents of inertia  of the slabs and columns along 
the ir axes shall be taken  in to  account.

6. W here th e  load to  be supported  is definitely known, the 
s tru c tu re  shall be analyzed for th a t  load. W here the live load is 
variable b u t does no t exceed th ree-quarters of the  dead load, or 
the n a tu re  of the  live load is such th a t all panels will be loaded 
sim ultaneously, th e  m axim um  bending m ay be assum ed to  obtain 
a t  all sections under full live load. Elsewhere, m axim um  positive 
bending near m id-span of a panel m ay be assum ed to  ob tain  under 
full live load in  the  panel and in a lternate  panels; and m aximum 
negative bending a t  a support m ay be assum ed to  ob tain  under full 
live load in  th e  ad jacen t panels only.

7. W here neither beam s nor girders help to  transfer the slab 
load to  th e  supporting column, th e  critical section for negative 
bending m ay  be assum ed as no t more th an  the distance xL  from 
the  colum n center, where

x  =  0.073 +  0.57 j .......................................................................... (17)
Lj

In  slabs supported  by beam s, girders, or walls, the critical section 
for negative bending shall be assumed a t the face of such support.

8. The num erical sum  of the  m axim um  positive and the aver­
age m axim um  negative bending m om ents for which provision is 
m ade in  the  design in the direction of either side of a rectangular 
panel shall be assum ed as no t less than

-  W avL  ( 1  -   (18)
10 V 3 L  /

9. T he bending a t critical sections across the slabs of each ben t 
m ay be apportioned between the column strip  and middle strip , as 
defined in Section 1005, in the ratio  of the specified coefficients 
which affect such apportionm ent in the special cases of flat slabs 
provided for in Section 1003.
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10. T he m axim um  bending in  columns m ay  be assum ed to  o b ta in  
under full live load in  a lte rn a te  panels. Colum ns shall be p ro ­
portioned  to  resist th e  m axim um  bending com bined w ith  th e  m axi­
m um  direct load consistent th erew ith ; and  for m axim um  d irec t load 
com bined w ith  th e  bending under full load, th e  d irec t load subject 
to  allowable reductions, in  the  m anner provided in  C h ap te r 11. 
In  com puting m om ents in  colum ns a t  any  floor, th e  fa r ends of th e  
colum ns m ay be considered fixed. t
(b) T he foregoing provisions outline th e  m ethod  to  be followed 

in  analyzing and  designing flat slabs in  th e  general case. In  all instances 
th e  design m u st conform  to  the  requirem ents for panel s trips and  critical 
design sections, slab th ickness an d  drop panels, capitals an d  brackets, 
a rrangem ent of reinforcem ent and  openings in  flat slabs, as provided 
in  Sections 1005(a) and  (c), 1006, 1008 and  1009.

1003— Design of flat slabs by moment coefficients

(a) In  those cases of flat slab construction  w hich fall w ith in  the 
following lim ita tions as to  con tinu ity  and  dim ensions, th e  bending 
m om ents a t  critical sections m ay  be determ ined b y  th e  use of specified 
coefficients as provided in  Section 1004.

1. T he ra tio  of length  to  w id th  of panel does n o t exceed 1.33.
2. The slab is continuous for a t  least th ree  panels in  each direc­

tion.
3. The successive span  lengths in  each d irection  differ by  no t 

m ore th a n  tw en ty  per cent of th e  sho rter span.
(b) In  such slabs, th e  num erical sum  of th e  positive and  negative 

bending m om ents in  the d irection of e ither side of an  in te rio r rectangu lar 
panel shall be assum ed as n o t less th a n

M 0 = 0.09 W L  ^1  -   (19)

(c) T hree-fourths of th e  w id th  of th e  s trip  shall be ta k e n  as th e  w idth 
of the  section in  com puting com pression due to  bending, except th a t, 
on a section th rough  a  drop panel, th ree-fou rth s of th e  w id th  of the 
drop panel shall be taken . A ccount shall be tak en  of any  recesses which 
reduce th e  com pressive area. Tension reinforcem ent d is trib u ted  over 
the en tire  strip  shall be included in th e  com putations.

(d) T he design of slabs u n d er th e  procedure given in  th is  section  is 
sub jec t to  th e  provisions of all subsequent sections of th is  ch ap ter 
(Sections 1004 to  1009).
1004— Bending moment coefficients

(a) T he bending m om ents a t  th e  critical sections of th e  m iddle 
and  colum n strips of an  in terio r panel shall be assum ed as given in 
Table 1004(a).
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TABLE 1004(a)— BENDING MOMENTS IN INTERIOR FLAT SLAB PANEL

W ith  drop panel
C olum n s t r ip .................. N egative m om ent 0.50M o

M iddle s t r ip ...............
Positive m om ent 0.20M„
N egative m om ent 0.15M„
Positive m om ent 0.15M«

W ithou t drop panel
Colum n s t r ip ................................ N egative m om ent 0.46M„

M iddle s t r ip ..................................................
Positive m om ent 0.22M„
N egative m om ent 0.16M„
Positive m om ent 0.16M«,

TABLE 1004(b)— BENDING MOMENTS IN EXTERIOR FLAT SLAB PANEL

W ith drop panel
Colum n s t r ip ................................................ E x terio r negative 0.45M„

Positive m om ent 0.25M„
In terio r negative 0.55M„

M iddle s t r ip .................................................. E xterior negative 0.10M o
Positive m om ent 0.19M„
In terio r negative 0.165M„

W ithou t drop panel
Colum n s t r ip ................................................ E xterior negative 0.41M„

Positive m om ent 0.28M„
In terio r negative 0.50M .

M iddle s t r ip .................................................. E xterior negative O.lOMo
Positive m om ent 0.20M„
In terio r negative 0.176M o

TABLE 1004(c)— BENDING MOMENTS IN PANELS WITH M A R G IN A L  BEAMS
OR W ALLS

M arginal Beam s w ith 
D ep th  g reater th an  1 
tim es the  Slab Thick­
ness; or Bearing Wall.

M arginal Beams 
w ith  dep th  1 
t im e s  t h e  S la b  
Thickness or less.

(a) L oad  to  be carried by 
M arginal B eam  or Wall

Loads d irectly  superim ­
posed upon it  plus a 
uniform  load equal to 
one-quarter of th e  to ta l 
live and  dead panel load.

L o a d s  d i r e c t ly  
s u p e r i m p o s e d  
upon it  exclusive 
of any  panel load.

(b) M om ent to  be used in the  
design of H alf Column 
S trip  ad jacen t and  parallel 
to  M arginal Beam  or v\ all.

Neg.

Pos.

W ith
Drop

0.125M„

0.05M„

W ithout
D rop

0.115M»

0.055M o

W ith
D rop

0.25M»

0.10M,,

W ithout
D rop

0.23M o

O.llM o

Col N egative  M om ent to  be 
{C) used in  Design of M iddle 

S trip  continuous across a 
Beam  or W all

Neg. 0.195M , 0.208M« O.I5M„ 0.16M o
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(6) The bending m om ents a t  critical sections of strips, in  an  ex terior 
panel, a t  rig h t angles to  th e  d iscontinuous edge, w here the  ex terior 
supports consist of reinforced concrete colum ns or reinforced concrete 
bearing walls in teg ra l w ith  the  slab, the  ra tio  of stiffness of th e  support 
to  th a t  of th e  slab being a t least as g rea t as th e  ra tio  of th e  live load to  
the dead load and  no t less th a n  one, shall be assum ed as given in  Table 
1004(b). W here a flat slab is so supported  b y  a wall providing re s tra in t 
a t  the d iscontinuous edge, the  coefficient for negative bending a t  the 
edge shall be assum ed more nearly  equal in th e  colum n and  m iddle strips, 
the  sum  rem aining as given in T able  1004(b), b u t th a t  for the  column 
strip  shall no t be less th a n  0.30 M 0. B ending in m iddle strips parallel to  a 
d iscontinuous edge, except in  a  corner panel, shall be assum ed th e  same 
as in  an  in te rio r panel. M a shall be determ ined as provided  in  Section 
1003(b) for an in terio r panel.

(c) T he bending m om ents a t  critical sections of strips, in an  exterior 
panel, a t  r ig h t angles to  th e  discontinuous edge, w here the  exterior 
supports are m asonry  bearing walls or o th e r  construction  w hich provide 
only negligible re s tra in t to  th e  slab, shall be assum ed as given in  Table 
1004(b) w ith  the  following m odifications.

1. On critical sections a t  th e  face of the  exterior support, negative 
bending in each strip  shall be assum ed as 0.05 M 0.

2. T he coefficients for positive bending shall be increased by 
fo rty  per cent.

3. T he coefficients for negative bending a t  th e  first in terio r 
colum ns shall be increased th ir ty  per cent.

(id) The bending m om ents in panels w ith  m arg inal beam s or walls, 
in  th e  strips parallel and close there to , and  in  the  beam s, shall be de­
term ined  upon th e  basis of assum ptions presen ted  in  T able  1004(c).

(e) F o r design purposes any  of th e  m om ent coefficients of Tables 
1004(a), 1004(b), and 1004(c) m ay  be varied  by  no t m ore th a n  six 
per cent, b u t the num erical sum  of the  positive and  negative m om ents 
in a panel shall no t be taken  as less th a n  th e  am o u n t specified.

(/) Panels supported  by  m arginal beam s on opposite edges shall be 
designed as solid one or tw o-w ay slabs to  carry  th e  en tire  panel load.

(g) T he ra tio  of reinforcem ent in  any  s trip  shall n o t be less th a n
0.0025.

1005— Panel strips and critical design sections

(a) A flat slab panel shall be considered as consisting of s trip s  in 
each d irection as follows:

A m iddle s trip  one half panel in w idth , sym m etrical ab o u t panel 
cen ter line and extending th rough  th e  panel in th e  d irection  of th e  
span for bending.
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A colum n strip  consisting of the two ad jacent quarter-panels 
e ither side of the colum n center lines.

(b) I h e  critical sections for bending are located as follows:
Sections for negative bending shall be taken  along the edges of

th e  panel, on colum n center lines betw een capitals and around the 
perim eters of colum n capitals.

Sections for positive bending shall be taken  a t m id-span of the 
strips.

(c) Only the  reinforcem ent which crosses a critical section within a 
strip  m ay be considered effective to  resist bending in the strip  a t th a t 
section. R einforcem ent which crosses such section a t an angle with 
th e  center-line of th e  strip  shall be assum ed to  contribute to  the  re­
sistance of bending only its  effective area in  the direction of th e  strip, 
as defined in C h ap te r 1.

1006— Slab thickness and drop panels

(a) T he th ickness of a  flat slab and  the size and thickness of the 
drop panel, w here used, shall be such th a t  the compressive stress due 
to  bending a t th e  critical sections of any  strip  and the shear abou t the 
colum n capita l and  the  drop panel shall no t exceed the un it stresses 
allowed in  concrete of th e  quality  used.

(b) T he shearing stresses in  th e  slab outside the capital or drop panel 
shall be com puted as provided in  Section 807.

(c) Slab th ickness shall no t, however, be less than

— w ith  drop panels 
40

or

— w ithou t drop panels 
36

(d) T he thickness of the drop panel below the slab shall not be more 
th a n  one-fourth  th e  distance from the edge of the column capital to  the 
edge of the  drop panel.
1007— Capitals and brackets

(a) W here a column is w ithout a flaring concrete capital the distance c 
shall be taken  as the  d iam eter of the column. S tructu ra l m etal em bedded 
in th e  slab or drop panel m ay be regarded as contributing to  resistance 
in bending and shear.

(b) W here a reinforced concrete beam fram es into a column w ithout 
cap ita l or b racket on the sam e side w ith the beam, the value of c m ay be 
tak en  as the w idth  of the column plus twice the  projection of the beam 
above or below th e  slab or drop panel for com puting bending in strips 
parallel to  the beam.
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(c) B rackets capable of tran sm ittin g  th e  negative bending and  the 
shear in the colum n strips to  th e  colum ns w ithou t excessive u n it stress 
m ay be su b stitu ted  for colum n capitals a t  exterior columns. T he value 
of c where b rackets are used shall be tak en  as twice the  d istance from  the 
cen ter of the  colum n to a  po in t where th e  b racke t is 1 Yz inches th ick , bu t 
no t more th a n  the thickness of the  colum n plus tw ice th e  dep th  of the 
bracket.

(d) T he average of th e  d iam eters c of the  colum n capitals a t  the 
four corners of a  panel shall be used in determ in ing  the bending in  the 
middle strips of the panel. T he average of th e  d iam eters c of the  two 
colum n capitals a t  th e  ends of a colum n strip  shall be used in  determ ining 
bending in  th e  strip .

1008— Arrangement of reinforcement

(а) Slab reinforcem ent shall be provided to  resist th e  bending and 
bond stresses no t only a t  critical sections, b u t also a t  in term edia te  
sections.

(б) B ars shall be spaced evenly across strips o r bands and  th e  spacing 
shall no t exceed th ree tim es the  slab thickness.

(c) In  exterior panels the  reinforcem ent perpendicu lar to  th e  dis­
continuous edge for positive bending, shall extend  to  th e  edge and  have 
em bedm ent of a t  least six inches in  spandrel beam s, walls or columns. 
All such reinforcem ent for negative bending shall be ben t, hooked or 
otherw ise anchored in  spandrel beam s, walls or columns.
1009— Openings in flat slabs

Openings of any  size m ay be cu t th rough  a flat slab if provision is 
m ade for the  to ta l positive and  negative resisting m om ents, as required 
in  Sections 1002 or 1003, w ithou t exceeding th e  allowable stresses as 
given in Sections 305 and 306.

CHAPTER 11— REINFORCED CONCRETE COLUMNS A N D  WALLS

1100—

A fter f ' c delete “ U ltim ate” ; capitalize “ C ” in  “ com pressive.”
A f te r / ,  change “w orking” to  “allow able” .

1100— Notation

A c = Area of core of a spirally  reinforced colum n m easured to  the 
outside d iam eter of th e  spiral; n e t area of concrete section 
of a  com posite column.

A g — T he overall or gross area of spirally reinforced o r tied  
colum ns; th e  to ta l area  of the  concrete encasem ent of com­
bination columns.

A r =  A rea of th e  steel or cast-iron core of a  com posite colum n; 
the  area of the  steel core in a com bination column.



=  Effective cross-sectional area of reinforcem ent in compres­
sion in columns.

C =  R atio  of allowable concrete stress, f a, in axially loaded col­
um n to  allowable fiber stress for concrete in flexure.

t2
~  W 2 = a *act ° r > usually varying from  3 to  9. (The term  R¿jil

as used here is the  radius of gyration of the entire column 
section.)

d — T he least la teral dim ension of a concrete column. 
e =  E ccen tricity  of the  re su ltan t load on a column, m easured 

from  the g rav ity  axis.

F -  point of pipe
45,000

f a =  Average allowable stress in the  concrete of an  axially loaded 
reinforced concrete column. 

f c =  C om puted concrete fiber stress in an eccentrically loaded 
column.

f ' c — U ltim ate  compressive s treng th  of concrete a t age of 28 days, 
unless otherw ise specified. 

f p — M axim um  allowable concrete fiber stress in  an eccentrically 
loaded column.

f r — Allowable u n it stress in the  m etal core of a composite 
column.

f \  = Allowable u n it stress on unencased steel columns and pipe 
columns.

f s =  N om inal working stress in vertical column reinforcement. 
f 's  = Useful lim it stress of spiral reinforcem ent. 

h =  U nsupported  length  of column.
K  = L east radius of gyration of a m etal pipe section (in pipe 

columns).
30,000

n = --------
f ' c

N  =  Axial load applied to  reinforced concrete column. 
p ' =  R atio  of volume of spiral reinforcem ent to  the volume of the 

concrete core (out to out of spirals) of a  spirally reinforced 
concrete column. 

pg = R atio  of the  effective cross-sectional area of vertical rein­
forcem ent to  the gross area A y. 

p  =  T o ta l allowable axial load on a column whose length does 
no t exceed ten  tim es its  least cross-sectional dimension. 

p '  =  T o ta l allowable axial load on a long column.
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R  =  L east radius of gyra tion  of a  section.
t =  Overall dep th  of colum n section.

1101— Limiting dimensions

(a) T he following sections on reinforced concrete and  com posite 
columns, except Section 1107(a), app ly  to  a sho rt colum n for which 
th e  unsupported  length  is no t g rea ter th a n  ten  tim es th e  least dim en­
sion. W hen the unsupported  length  exceeds th is  value, th e  design 
shall be modified as shown in Section 1107(a). P rincipal colum ns in 
buildings shall have a m inim um  d iam eter of tw elve inches, or in  the 
case of rectangular colum ns, a  m inim um  thickness of ten  inches, and 
a  m inim um  gross area  of 120 sq. in. P osts  th a t  are n o t continuous from 
story  to  sto ry  shall have a m inim um  d iam eter or th ickness of six inches.

1102—
(a) 1. Line 2, a fte r “cap ita l” add, “of th e  drop panel or of th e  slab, which­

ever is  least” .

1102— Unsupported length of columns

(a) F or purposes of determ ining th e  lim iting dim ensions of columns, 
th e  unsupported  length  of reinforced concrete colum ns shall be taken  
as th e  clear distance betw een floor slabs, except th a t

1. In  flat slab construction, i t  shall be th e  clear d istance betw een 
th e  floor and the lower ex trem ity  of th e  capital.

2. In  beam  and  slab construction, i t  shall be th e  clear d istance 
betw een th e  floor and  th e  under side of th e  deeper beam  fram ing 
in to  the colum n in each direction a t  th e  nex t h igher floor level.

3. In  colum ns restrained  la tera lly  by s tru ts , it shall be the 
clear d istance betw een consecutive s tru ts  in  each vertica l plane; 
provided th a t  to  be an adequate  support, tw o such s tru ts  shall 
m eet the  colum n a t  approxim ately  th e  sam e level, and  th e  angle 
betw een vertical planes th rough  the s tru ts  shall n o t v a ry  more 
th a n  15 degrees from  a righ t angle. Such s tru ts  shall be of adequate  
dim ensions and anchorage to  restra in  the colum n against la teral 
deflection.

4. In  colum ns restra ined  la terally  by s tru ts  or beam s, w ith 
brackets used a t  the  junction , i t  shall be th e  clear d istance be­
tw een the  floor and the lower edge of th e  b racket, provided th a t  the 
b racket w id th  equals th a t  of the  beam  or s tru t  and is a t  least h ah  
th a t  of th e  column.

(b) F or rectangu lar columns, th a t  length  shall be considered which 
produces th e  grea test ra tio  of length  to  dep th  of section.

1103—
(a) Line 8, change “w orking” to  “allow able” .
Footnote; line 1, change “w orking” to  “allow able” .
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1103 Spirally reinforced columns

(a) Allowable Load— The m axim um  allowable axial load, P, on 
colum ns w ith  closely spaced spirals enclosing a circular concrete core 
reinforced w ith longitudinal bars shall be th a t given by Form ula (20).

P  = .-1„ (0.225/'„ +  f.p „ ) ........................................................................(20)
W herein

A g = th e  gross area of the column
f ' c =  com pressive stren g th  of th e  concrete
f s = nom inal working stress in vertical column reinforcem ent, 

to  be tak en  a t fo rty  per cent of the  m inim um  specification
value of th e  yield po in t; viz., 16,000 p.s.i. for interm ediate
grade steel and 20,000 p.s.i. for rail or hard  grade steel.* 

pa = ra tio  of the  effective cross-sectional area of vertical reinforce­
m en t to  th e  gross area, A g.

(5) Vertical Reinforcement— The ra tio  p g shall no t be less th an  0.01 
nor m ore th a n  0.08. T he m inim um  num ber of bars shall be six, and 
th e  m inim um  d iam eter shall be h/% in. T he center to  center spacing of 
bars w ith in  th e  periphery  of th e  colum n core shall no t be less th an  2 l/ 2  

tim es th e  d iam eter for round bars or th ree tim es the side dimension for 
square bars. T he clear spacing betw een bars shall no t be less th an  
1 Yi inches or V /i, tim es th e  m axim um  size of th e  coarse aggregate used. 
These spacing rules also apply  to  ad jacen t pairs of bars a t a lapped 
splice; each pa ir of lapped bars form ing a  sphce m ay be in contact, bu t 
the m inim um  clear spacing betw een one splice and the ad jacen t splice 
should be th a t  specified for ad jacen t single bars.

(c) Splices in  Vertical Reinforcement— W here lapped splices in the
colum n verticals are used, the  m inim um  am ount of lap shall be as
follow s:

1103—
(c) 1. Line 5, change “working” to  “allowable” .

1. F o r deform ed bars— w ith concrete having a streng th  of 
3000 p.s.i. or above, tw enty-four diam eters of bar of in term ediate 
grade steel and th ir ty  diam eters of bar of hard  grade steel. For 
bars of higher yield point, the  am ount of lap shall be increased in 
proportion  to  th e  nom inal working stress. W hen the concrete 
strengths are less th a n  3000 p.s.i., the  am ount of lap shall be one- 
th ird  greater th a n  the  values given above.

2. F or plain bars— th e  m inim um  am ount of lap shall be tw enty- 
five per cent g reater th a n  th a t  specified for deformed bars.

»N om inal w orking stresses for rein fo rcem ent of higher yield po in t m ay  be established  a t  fo rty  percen t 
of th e  y ie ld  po in t stress, b u t  n o t m ore th a n  30,000 p si., w hen th e  properties of such  reinforcing steels have 
hpen definitely  specified by  s tan d a rd s  of A .S .T .M . designation. If th is  is done, th e  lengths of splice required  
b y  Section 1103 (c) shall be increased  accordingly.
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3. W elded splices or o ther positive connections m ay  be used 
instead  of lapped splices. W elded splices shall p referab ly  be used 
in  cases w here the b ar d iam eter exceeds l l/ i  in. An approved 
welded splice shall be defined as one in w hich the bars are b u tted  
and  welded and th a t  will develop in tension a t  least th e  yield po in t 
stress of the  reinforcing steel used.

C hange sub-paragraph  4 to :
“ W here longitudinal b ars are offset a t  a splice, th e  slope of th e  inclined portion  

of the  b ar w ith th e  axis of th e  colum n shall n o t exceed 1 in 6, and  th e  portions of 
th e  b a r above and  below th e  offset shall be parallel to  th e  axis of the  colum n. Ade­
q u a te  horizontal support a t  th e  offset bends shall be trea te d  as a  m a tte r  of design, 
a n d  m ay be prov ided  b y  m eta l ties, spirals or p a r ts  of th e  floor construction. 
M etal ties or spirals so designed shall be p laced near (never more th a n  8 bar 
d iam eters from ) th e  po in t of bend. T he horizontal th ru s t to  be resisted  m ay  be 
assum ed as \Y% tim es the  horizontal com ponent of th e  nom inal stress in the  in­
clined portion  of th e  bar.

Offset bars shall be ben t before th ey  are placed in  th e  forms. N o field bending 
of bars p a rtia lly  em bedded in concrete shall be perm itted .”

4. W here changes in  the  cross section of a colum n occur, the 
longitudinal bars shall be offset in a  region w here la te ra l support 
is afforded by  a concrete capital, floor slab or b y  m eta l ties or 
reinforcing spirals. W here bars are offset, the  slope of th e  inclined 
portion  from  the  axis of the  colum n shall n o t exceed 1 in  6 and 
th e  bars above and below the offset shall be parallel to  th e  axis 
of th e  column.

1103—
(d) Lines 11 to  13, change “T he spiral . . . spacer b a rs” to  “ T he spiral

reinforcem ent shall consist of evenly spaced continuous spirals held firm ly in 
place an d  tru e  to  line by  vertical spacers, using a t  least tw o  for spirals 20 in. or 
less in diam eter, th ree  for spirals 20 to  30 in. in d iam eter an d  four for sp irals 
m ore th an  30 in. in  diam eter, or com posed of spiral rods %-in.  or larger in size.”

(d) Spira l Reinforcement— T he ra tio  of spiral reinforcem ent, p',
shall no t be less th a n  th e  value given by  Form ula (21).

=  0 4 5  ( z !  “  O r ; ...................................................................................................................................................................( 2 1 >

W herein
p ’ = ra tio  of volum e of spiral reinforcem ent to  the  volum e of 

th e  concrete core (out to  ou t of spirals). 
f s = useful lim it stress of spiral reinforcem ent, to  be tak en  as

40,000 p.s.i. for ho t rolled rods of in term edia te  grade, 50,000 
p.s.i. for rods of hard  grade, and 60,000 p.s.i. for cold draw n 
wire.

T he spiral reinforcem ent shall consist of evenly spaced con tinuous
spirals held firmly in place and tru e  to  line by a t least th ree v ertica l
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spacer bars. The spirals shall be of such size and so assem bled as to  
p erm it handling  and placing w ithou t being distorted  from the designed 
dim ensions. The m ateria l used in spirals shall have a m inim um  diam eter 
of 14: in- for rolled bars or No. 4 W. & M . gage for draw n wire. Anchor­
age of sp iral reinforcem ent shall be provided by V /i  ex tra  tu rn s  of spiral 
rod or wire a t  each end of the spiral unit. Splices, when necessary shall 
be m ade in  spiral rod or wire by  welding or by a  lap of 1 x/2 turns. The 
cen ter to  cen ter spacing of the spirals shall no t exceed one-sixth of the 
core d iam eter. The clear spacing betw een spirals shall no t exceed 3 in. 
nor be less th a n  in- or 1 ^ 2  tim es the m axim um  size of coarse aggregate 
used. T he reinforcing spiral shall extend from the floor level in any story  
or from  th e  to p  of th e  footing in th e  basem ent, to  the level of the lowest 
horizontal reinforcem ent in the slab, drop panel or beam  above. In  a 
colum n w ith  a capital, it  shall extend to  a plane a t  which the  diam eter 
or w idth  of th e  cap ita l is twice th a t  of the column.

(e) Protection of Reinforcement— The column reinforcem ent shall be 
p ro tected  everyw here by  a covering of concrete cast m onolithically 
w ith  the core, for w hich the th ickness shall no t be less th an  13^2 in- nor 
less th a n  1 x/ i  tim es the m axim um  size of the  coarse aggregate, nor shall 
it  be less th a n  required  by the fire protection and w eathering provisions 
of Section 507.

1103—
(f) Line 3, transpose “of w hich” and  “th e  sides” .

(/) Isolated Column with M ultiple Spirals— In  case tw o or more in te r­
locking spirals are used in a column, the ou ter boundary  of the  column 
shall be tak en  as a rectangle of w hich the sides are outside the extrem e 
lim its of the spiral a t  a d istance equal to  the requirem ents of Section 
1103(e).

(g) L im its  of Section of Column B u ilt Monolithically with W all— 
For a  spiral colum n built m onolithically w ith a concrete wall or pier, 
the  ou te r boundary  of the  colum n section shall be taken  either as a 
circle a t  least 114 in. outside the  column spiral or as a square or rec­
tang le  of w hich the  sides are a t least 1 Yi in. outside the spiral or spirals.

(h) Equivalent Circular Columns— As an exception to  the  general 
procedure of utilizing the  full gross area of the  column section, it  shall 
be perm issible to  design a circular column and to  build i t  w ith  a square, 
octagonal, or o ther shaped section of the same least la teral dimension. 
In  such case, the  allowable load, the  gross area considered, and the 
required percentages of reinforcem ent shall be taken  as those of the 
circular column.
1104— Tied columns

(a) Allowable Load— The m axim um  allowable axial load on columns 
r e i n f o r c e d  w ith  longitudinal bars and separate la teral ties shall be 80
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per cen t of th a t  given by  F o rm ula  (20). T he ra tio , pg, to  be considered 
in tied  colum ns shall no t be less th a n  0.01 nor m ore th a n  0.04. T he 
longitud inal reinforcem ent shall consist of a t  least four bars, of m ini­
m um  diam eter of h/% inch. Splices in  reinforcing bars shall be m ade as 
described in  Section 1103 (c).

(b) Lateral Ties— L atera l ties shall be a t  least }zf in. in  d iam eter and 
shall be spaced a p a rt n o t over 16 b a r diam eters, 48 tie  d iam eters or 
th e  least dim ension of th e  colum n. W hen there  are m ore th a n  four 
vertica l bars, add itional ties  shall be provided  so th a t  every  longitud i­
nal b a r is held firm ly in  its  designed position  and  has la te ra l support 
equ ivalen t to  th a t  provided b y  a 90-degree corner of a  tie.

(c) L im its  of Column Section— In  a tied  colum n w hich for arch itec­
tu ra l reasons has a larger cross section th a n  required  b y  considerations 
of loading, a  reduced effective area, A g, n o t less th a n  one-half of the 
to ta l area  m ay  be used in  apply ing  th e  provisions of Section 1104 (a).

1105—
(b) Line 7, change “a n d ” to  add  “an d  (e)” .

1105— Composite columns

(a) Allowable Load— T he allowable load on a com posite colum n, con­
sisting of a s tru c tu ra l steel or cast-iron colum n tho rough ly  encased 
in  concrete reinforced w ith  b o th  longitud inal and  sp iral reinforcem ent, 
shall n o t exceed th a t  given b y  F o rm ula  (22).

P  = 0.225 Acf'c +  f sA s +  f, A . , ................................................. (22)

W herein A c = n e t area of concrete section 
=  A a -  A s -  A r 

A s =  cross-sectional area of longitud inal b a r reinforcem ent.
A r — cross-sectional area of th e  steel or cast-iron  core. 
f r =  allowable u n it stress in m eta l core, n o t to  exceed 16,000 

p.s.i. for a  steel core; or 10,000 p.s.i. for a  cast-iron  core. 
T he rem aining n o ta tio n  is th a t  of Section 1103.

(b) Details of M etal Core and Reinforcement— T he cross-sectional area 
of th e  m etal core shall n o t exceed 20 per cen t of the  gross area of th e  
column. If a  hollow m etal core is used i t  shall be filled w ith  concrete. 
T he am ounts of longitud inal and  spiral reinforcem ent and  th e  require­
m ents as to  spacing of bars, details of splices and  th ickness of p ro tec tive  
shell outside th e  spiral shall conform  to  th e  lim iting values specified 
in  Section 1103 (b), (c) and  (d). A clearance of a t  least th ree  inches 
shall be m ain ta ined  betw een th e  spiral and  the  m eta l core a t  all po in ts 
except th a t  w hen th e  core consists of a  s tru c tu ra l steel H -colum n, the  
m inim um  clearance m ay  be reduced to  tw o inches.
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(c) Splices and Connections of M etal Cores— M etal cores in composite 
colum ns shall be accurately  milled a t  splices and positive provision shall 
be m ade for alignm ent of one core above another. A t the colum n base, 
provision shall be m ade to  transfe r the load to  the  footing a t  safe un it 
stresses in accordance w ith  Section 305 (a). The base of the  m etal 
section shall be designed to  transfer the  load from  th e  entire composite 
colum n to  the  footing, or i t  m ay be designed to  transfer the  load from 
the m eta l section only, provided it  is so placed in  the pier or pedestal 
as to  leave am ple section of concrete above th e  base for the  transfer 
of load from  th e  reinforced concrete section of th e  column by  m eans of 
bond on the  vertica l reinforcem ent and by direct compression on the 
concrete. T ransfer of loads to  th e  m etal core shall be provided for by 
the use of bearing m em bers such as billets, brackets or o ther positive 
connections; these shall be provided a t the top  of th e  m etal core and at 
in term ediate  floor levels w here required. T he column as a whole shall 
satisfy  the  requirem ents of Form ula (22) a t any poin t; in addition  to 
this, th e  reinforced concrete portion  shall be designed to  carry, in accord­
ance w ith  Form ula (20), all floor loads b rough t onto th e  column a t  levels 
between th e  m etal b rackets or connections. In  applying Form ula (20), 
th e  value of A g shall be in te rp re ted  as th e  area of th e  concrete section 
outside the  m eta l core, and  the allowable load on the  reinforced concrete 
section shall be fu rth e r lim ited  to  0.35 f ' cA g. Ample section of concrete 
and con tinu ity  of reinforcem ent shall be provided a t  the  junction  w ith 
beam s or girders.

(id) Allowable Load on M etal Core Only— The m etal cores of composite 
colum ns shall be designed to  carry  safely any  construction or other 
loads to  be placed upon them  prior to  th e ir encasem ent in concrete.

1106— Combination columns

(a) Steel Columns Encased in  Concrete— The allowable load on a 
s tru c tu ra l steel colum n which is encased in concrete a t  least 2 )^  inches 
th ick  over all m eta l (except rive t heads) reinforced as hereinafter specified, 
shall be com puted by  Form ula (23).

'■ -  +  „ « I ' d ................................................................(23)
W herein A r =  cross-sectional area  of steel column.

f ' T =  allowable stress for unencased steel column.
A g =  to ta l area of concrete section.

T he concrete used shall develop a compressive strength , f c, of a t  least 
2000 p.s.i. a t 28 days. T he concrete shall be reinforced by the  equivalent 
of welded wire m esh having wires of No. 10 W. and M . gage, the wires 
encircling the column being spaced no t more th an  four inches ap a rt and 
those parallel to  the  colum n axis n o t more th an  eight inches apart. This
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m esh shall extend en tire ly  around the colum n a t  a d istance of one inch 
inside the ou te r concrete surface and shall be lap-spliced a t  least fo rty  
wire diam eters and w ired a t  the splice. Special b rackets shall be used 
to  receive th e  en tire  floor load a t each floor level. T he steel colum n shall 
be designed to  carry  safely any  construction  or o ther loads to  be placed 
upon it  prior to  its  encasem ent in concrete.

(b) P ipe Columns— T he allowable load on colum ns consisting of 
steel pipe filled w ith  concrete shall be determ ined  by  F orm ula  (24).

• P  = 0.225 f ' cAc +  f ' rA r ................................................................. (24)
The value of f ' r shall be given by  F orm ula  (25).

/V  =  18,000 -  70 k (25)
K  J

W herein f r = allowable u n it stress in m etal pipe. 
h =  unsupported  length  of colum n 
K  =  least rad ius of gyra tion  of m eta l pipe section. 
p  _  yield point of pipe.

45,000

If  th e  yield po in t of the  pipe is no t know n, th e  fac to r F  shall be taken  
as 0.5.

1107—
(a) L ine 2, change “a ” to  “an  u nsu p p o rted ’’.
Lines 5 and  6, change “Form ulas (20) an d  (22)’’ to  “ sections 1103, 1104 and  

1105” .

1107— Long columns

(a) T he m axim um  allowable load, P ' , on axially loaded reinforced 
concrete or com posite colum ns having  a length , h, g rea te r th a n  ten 
tim es the  least la te ra l dim ension, d, shall be given by F orm ula  (26).

P ' =  P 1.3 -  .0 3 -  
dJ

(26)

where P  is th e  allowable axial load on a sho rt colum n as given by F o r­
m ulas (20) and (22).

T he m axim um  allowable load, P ', on eccentrically  loaded colum ns 
h

in  w hich — exceeds ten  shall also be given by  Form ula (26), in  w hich P  is 
d

th e  allowable eccentrically  applied load on a  short colum n as determ ined  
by  the  provisions of Sections 1109 and  1110. In  long colum ns subjected  
to  definite bending stresses, as determ ined in Section 1108, th e  ra tio

— shall no t exceed tw enty . 
d
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1 1 0 8 -

Change fo u rth  sentence, “ W all colum ns . . . floor level” to  “In  com­
pu ting  m om ents in columns, the  far ends m ay be considered fixed. Columns shall 
be designed to  resist the axial forces from  loads on all floors, plus the  m axim um  
bending due to  loads on a  single ad jacen t span of the floor under consideration” .

1108 Bending moments in columns

stru c tu res  shall be determ ined on the basis of loading conditions and 
restra in t and shall be provided for in the  design. W hen the stiffness and 
stren g th  of the  colum ns are utilized to  reduce m om ents in beams, girders, 
or slabs, as in  the  case of rigid fram es, or in  o ther forms of continuous 
construction  w herein colum n m om ents are unavoidable, they  shall be 
provided for in th e  design. In  building fram es, particu la r a tten tio n  shall 
be given to  the  effect of unbalanced floor loads o n  bo th  exterior and in­
terior colum ns and of eccentric loading due to  o ther causes. W all columns 
shall be designed to  resist m om ents produced by

1. Loads on all floors of the building
2. Loads on a single exterior bay  a t two ad jacen t floor levels, or
3. Loads on a single exterior bay  a t  one floor level 

R esistance to  bending m om ents a t any  floor level shall be provided
by d istribu ting  th e  m om ent betw een th e  columns im m ediately above 
and below th e  given floor in proportion  to  their relative stiffnesses and 
conditions of restra in t.

1109— Determination of combined axial and bending stresses

(a) In  a reinforced concrete column, designed by the m ethods of th is 
C hap ter, w hich is (1) sym m etrical abou t two perpendicular planes
th rough  its  axis and (2) subject to  an axial load, N , combined w ith
bending in one or b o th  of the planes of sym m etry  (bu t w ith the ra tio  of 
eccentricity  to  depth , e/i, no g reater th an  1.0 in either plane), the  com­
bined fiber stress in compression m ay  be com puted on the basis of 
recognized theo ry  applying to  uncracked sections, using Form ula 27.

E q uating  th is calculated stress, /„, to  the allowable stress, f p, in Form ula 
29 i t  follows th a t  the  column can be designed for an equivalent axial 
load, P, as given by Form ula 28.*

(a) The bending m om ents in the colum ns of all reinforced concrete

(27)

(28)

*For app rox im ate  o r t r i a l  c o m p u ta tio n s ,  D  m a y  b e  ta k e n  as  e ig h t  fo r  a  c irc u la r  sp ira l  c o lu m n  a n d  as  
five for a rec tangu la r t ie d  o r  s p ir a l  co lu m n .
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De .
■ W hen bending exists on b o th  axes of sym m etry , th e  q u a n titjT —  is to

De
be com puted as the  num erical sum  of th e  —  q u an tities  in  th e  tw o  direc­

tions.
(b) F o r colum ns in  w hich th e  load, N ,  has an  eccen tricity , e, g rea ter 

th a n  th e  colum n dep th , t, or for beam s sub jec t to  sm all axial loads, 
th e  determ ination  of th e  fiber stress f c shall be m ade b y  use of recog­
nized th eo ry  for cracked sections, based on th e  assum ption  th a t  no te n ­
sion exists in th e  concrete. F o r such cases th e  tensile steel stress shall 
also be investigated .

1110-

Line 8, in  th e  expression for “f a” change “p” in  th e  denom inator to  “pe”.

1110— Allowable combined axial and bending stress

(a) F o r spiral and  tied  columns, eccentrically  loaded or otherwise 
subjected  to  com bined axial com pression and  flexural stress, th e  m axi­
m um  allowable com pressive stress, f p, is given bj* Form ula (29).

D e "

fp  = fa
1 +  ,

i  +  C-R i
t

I" f +  D e l .......................................
Li +  C D ej

W herein th e  no ta tio n  is th a t  of Section 1103 and  1109, and, in  addition  
f a is th e  average allowable stress in  th e  concrete of an  axially loaded
reinforced concrete column, and C is th e  ra tio  of f a to  th e  allowable

fiber stress for m em bers in flexure. T hus f a =  ^-225 /  c +  f sp0 I
1 + (n — 1 )p

spiral colum ns and 0.8 of th is value for tied  colum ns, and  C =  ———  .
0 .4 5 / ' c

1111 — Wind stresses

(a) W hen th e  allowable stress in colum ns is modified to  provide for 
combined axial load and  bending, and  th e  stress due to  w ind loads is 
also added, th e  to ta l shall still come w ith in  th e  allowable values speci­
fied for w ind loads in  Section 603 (c).

111 2 -
fa) Lines 1 an d  7, delete “w orking” .

1112— Reinforced concrete walls

(a) T he allowable w orking stresses in  reinforced concrete bearing  
walls w ith  m inim um  reinforcem ent as required  by Section 1112(i),
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shall be 0.25/',; for walls having a ra tio  of height to  thickness of ten  or 
less, and  shall be reduced proportionally  to  0 .15 f'c for walls having a 
ra tio  of height to  thickness of tw enty-five. W hen the reinforcem ent 
in bearing walls is designed, placed and anchored in  position as for tied 
colum ns, the  allowable working stresses shall be on the basis of Section 
1104, as for columns. In  th e  case of concentrated  loads, the  length of 
the  wall to  be considered as effective for each shall not exceed the  center 
to  cen ter distance betw een loads, nor shall it exceed the w idth  of the 
bearing plus four tim es the  wall thickness. The ratio  pg shall not exceed
0.04.

(6) W alls shall be designed for any  la teral or o ther pressure to  which 
th ey  are  subjected . P roper provision shall be m ade for eccentric loads 
and w ind stresses. In  such designs the  allowable stresses shall be as 
given in  Section 305(a) and  603(c).

(c) Panel and  enclosure walls of reinforced concrete shall have a 
th ickness of no t less th a n  five inches and not less th a n  one th ir tie th  the 
d istance betw een th e  supporting  or enclosing members.

(d) B earing walls of reinforced concrete in  building of fire-resistive 
construction  shall be no t less th a n  six inches in  thickness for the  upper­
m ost fifteen feet of th e ir  heigh t; and for each successive tw enty-five 
feet dow nw ard, or fraction  thereof, the m inim um  thickness shall be 
increased one inch. In  tw o story  dwellings th e  walls m ay be six inches 
in th ickness th roughou t.

(e) In  buildings of non-fire-resistive construction bearing walls of 
reinforced concrete shall no t be less th a n  one and one-third tim es the 
th ickness required  for buildings of fire-resistive construction, except 
th a t  for dwellings of tw o stories or less ip height the thickness of walls 
m ay  be th e  sam e as specified for buildings of fire-resistive construction.

(/) E xterio r basem ent walls, foundation walls, fire walls and party  
walls shall no t be less th an  eight inches th ick  w hether reinforced or not.

(.g) Reinforced concrete bearing walls shall have a thickness of a t 
least one tw enty-fifth  of the  unsupported  height or w idth, whichever 
is th e  sho rter; provided however, th a t  approved buttresses, built-in 
colum ns, or piers designed to  carry  all the  vertical loads, m ay be used in 
lieu of increased thickness.

(h) Reinforced concrete walls shall be anchored to  the  floors, columns, 
pilasters, bu ttresses and in tersecting walls w ith reinforcem ent a t least 
equ ivalen t to  three-eighths inch round bars twelve inches on centers, for 
each layer of wall reinforcem ent.

(i) R einforced concrete walls shall be reinforced w ith an area of steel 
in  each direction, bo th  vertical and horizontal, a t least equal to  0.0025 
tim es th e  cross-sectional area of the  wall, if of bars, and 0.0018 tim es the
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area if of electrically  welded wire fabric.*  T he wire of th e  welded fabric 
shall be of no t less th a n  No. 10 W. & M . gage. W alls m ore th a n  ten  
inches in  th ickness shall have the reinforcem ent for each d irection  placed 
in  tw o layers paralle l w ith  th e  faces of th e  wall. One layer consisting 
of no t less th a n  one-half and  no t more th a n  tw o-th ird s th e  to ta l required 
shall be placed no t less th a n  tw o inches nor m ore th a n  one-th ird  the 
thickness of th e  wall from  the  ex terior surface. T he o th e r layer, com­
prising th e  balance of the required  reinforcem ent, shall be placed not 
less th a n  th ree-fourths inches and no t m ore th a n  one-th ird  th e  thickness 
of th e  wall from  th e  in te rio r surface. B ars, if used, shall n o t be less th an  
the  equ ivalen t of th ree-eigh ths inch round bars, nor shall th ey  be spaced 
m ore th a n  eighteen inches on centers. W elded wire* reinforcem ent for 
walls shall be in  flat sheet form.

(j) In  addition  to  th e  m inim um  as prescribed in 1112(i) there  shall 
be no t less th a n  tw o five-eighths inch d iam eter bars around  all window 
or door openings. Such bars shall ex tend  a t  least tw en ty -fou r inches 
beyond th e  corner of the  openings.

(k ) W here reinforced concrete bearing walls consist of s tu d s or ribs 
tied  toge ther by  reinforced concrete m em bers a t  each floor level, the 
s tuds m ay  be considered as columns, b u t the  restric tions as to  m inim um  
diam eter or thickness of colum ns shall no t apply .

CHAPTER 12— FOOTINGS

1201 — Scope

(a) T he requirem ents prescribed in  Sections 1202 to  1209 app ly  only 
to  isolated footings, f

1202— Loads and reactions

(a) Footings shall be p roportioned  to  susta in  th e  applied loads and 
induced reactions w ithou t exceeding th e  allowable stresses as pre­
scribed in Sections 305 and 306, and as fu rth e r provided in Sections 1205, 
1206 and  1207.

(b) In  cases w here the footing is concentrically  loaded and  the m em ­
ber being supported  does no t tran sm it any  m om ent to  the footing, com­
pu ta tio n s for m om ents and shears shall be based on an  upw ard  reaction 
assum ed to  be uniform ly d is trib u ted  per u n it area or per pile and  a 
dow nw ard applied load assum ed to  be uniform ly d is trib u ted  over the 
area of th e  footing covered by th e  colum n, pedestal, wall, or m etallic 
colum n base.

(c) In  cases w here th e  footing is eccentrically  loaded a n d /o r  th e  
m em ber being supported  tran sm its  a m om ent to  th e  footing, p roper

* E x p a n d e d  m e ta l  h a s  b e e n  o m it te d  u n t i l  a  sp e c if ic a tio n  c a n  b e  f o rm u la te d .
f T h e  c o m m itte e  is n o t  p r e p a r e d  a t  th is  t im e  to  m a k e  r e c o m m e n d a t io n s  fo r  c o m b in e d  fo o tin g s — th o s e  

s u p p o r t i n g  m o re  t h a n  o n e  c o lu m n  o r w all.
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allowance shall be m ade for any  varia tion  th a t m ay  exist in  the in tens­
ities of reaction and  applied load consistent w ith the  m agnitude of the 
applied load and the  am ount of its  ac tua l or v irtu a l eccentricity.

(d) In  the  case of footings on piles, com putations for m om ents and 
shears m ay  be based on the assum ption th a t the reaction from any 
pile is concen tra ted  a t  th e  cen ter of the  pile.

1 203— Sloped or stepped footings

(а) In  sloped or stepped  footings, the angle of slope or dep th  and 
location of steps shall be such th a t  th e  allowable stresses are no t ex­
ceeded a t  an y  section.

(б) In  sloped or stepped footings, the  effective cross-section in com­
pression shall be lim ited  b y  th e  area above the  neu tra l plane.

(c) Sloped or s tepped  footings shall be cast as a unit.

1204— Bending moment

(a) T he ex ternal m om ent on any  section shall be determ ined by 
passing th ro u g h  th e  section a vertical plane which extends com pletely 
across th e  footing, and  com puting the m om ent of th e  forces acting 
over th e  en tire  area  of th e  footing on one side of said plane.

(b) T he g rea test bending m om ent to  be used in the design of an 
isolated footing shall be the  m om ent com puted in the m anner prescribed 
in  Section 1204 (a) a t sections located as follows:

1. A t th e  face of th e  column, pedestal or wall, for footings sup­
porting  a concrete column, pedestal or wall.

2. H alfw ay betw een the  m iddle and the edge of the wall, for 
footings under m asonry  walls.

3. H alfw ay betw een the  face of th e  column or pedestal and the 
edge of the  m etallic base, for footings under m etallic bases.

(c) The w id th  resisting compression at any  section shall be assumed 
as the  en tire  w id th  of the top  of the footing a t  the  section under con­
sideration .

(d) In  one-w ay reinforced footings, the to ta l tensile reinforcem ent a t 
anv  section shall provide a m om ent of resistance a t  least equal to  the  
m om ent com puted in the m anner prescribed in Section 1204(a); and 
th e  reinforcem ent th u s  determ ined shall be d istribu ted  uniform ly across 
th e  full w idth  of the  section.

(e) In  tw o-w ay reinforced footings, the  to ta l tensile reinforcem ent 
a t  anv  section shall provide a m om ent of resistance a t least equal to  
eio-htv-five per cent of the m om ent com puted in the  m anner prescribed 
in Section 1204(a); and the  to ta l reinforcem ent thus determ ined shall 
lie d istribu ted  across the corresponding resisting section in the  m anner
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prescribed for square footings in  Section 1204(f), and  for rec tan g u lar 
footings in Sec. 1204(g).

(/) In  tw o-w ay square footings, th e  reinforcem ent extending in  each 
direction shall be d is trib u ted  u n ifo rm ^  across the  full w id th  of the 
footing.

(g) In  tw o-w ay rec tangu la r footings, th e  reinforcem ent in  th e  long 
direction shall be d is trib u ted  uniform ly  across th e  full w id th  of the 
footing. In  the case of th e  reinforcem ent in  the  sho rt direction, th a t  
portion  determ ined  by  form ula (30) shall be un iform ly  d is tribu ted  
across a  band-w id th  (B ) centered w ith  respect to  th e  cen ter line of th e  
colum n or pedesta l and  having  a w id th  equal to  th e  leng th  of th e  short 
side of th e  footing. T he rem ainder of th e  reinforcem ent shall be un i­
fo rm ly  d is trib u ted  in  th e  o u te r portions of th e  footing.

Reinforcement in  band-width (B ) _  2
Total reinforcement in  short direction (S  +  1)
In  form ula (30), “S ” is the  ra tio  of th e  long side to  the  sho rt side of th e  
footing.

1205— Shear and bond

(a) T he critical section for shear to  be used as a  m easure of diagonal 
tension  shall be assum ed as a vertical section ob ta ined  b y  passing a 
series of vertical planes th rough  th e  footing, each of w hich is parallel 
to  a corresponding face of th e  colum n, pedestal, or w all and  located  a 
d istance therefrom  equal to  th e  d ep th  d for footings on soil, and  one- 
half th e  dep th  d for footings on piles.

(b) E ach  face of th e  critical section as defined in  Section 1205(a) 
shall be considered as resisting an  external shear equal to  th e  load on 
an  area bounded bj" said face of th e  critical section for shear, two 
diagonal lines draw n from  th e  colum n or pedestal corners and  m aking 
45° angles w ith  th e  principal axes of th e  footing, and  th a t  portion  of 
the corresponding edge or edges of th e  footing in tercep ted  betw een the 
tw o diagonals.

(c) C ritical sections for bond shall be assum ed a t  th e  sam e planes 
as those prescribed for bending m om ent in  Section 1204(b); also a t 
all o ther vertical planes w here changes of section or of reinforcem ent 
occur.

(d) C om puta tions for shear to  be used as a m easure of bond shall 
be based on th e  sam e section and  loading as prescribed for bending 
m om ent in  Section 1204(a).

(e) T he to ta l  tensile  reinforcem ent a t  any  section shall p rovide a 
bond resistance a t  least equal to  th e  bond requirem ent as com puted  
from  th e  following percentages of th e  external shear a t  th e  section:
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1. In  one-w ay reinforced footings, 100 per cent.
2. In  tw o-w ay reinforced footings, 85 per cent.

( /)  In  com puting the  external shear on any  section th rough a foot­
ing supported  on piles, th e  entire reaction from  any  pile whose center 
is located six inches or more outside the  section shall be assum ed as 
producing shear on th e  section; the  reaction from  any pile whose 
cen ter is located  six inches or more inside th e  section shall be assumed 
as producing no shear on th e  section. F or in term ediate  positions of 
th e  pile center, th e  portion  of the  pile reaction to  be assum ed as pro­
ducing shear on th e  section shall be based on straight-line in terpolation 
betw een full value a t  six inches outside the  section and zero value a t  
six inches inside th e  section.

(g) F or allowable shearing stresses, see Section 305 and 808.
(h) F o r allowable bond stresses, see Section 305 and 901 to  905.

1206— Transfer of stress at base of column

(a) T he stress in  th e  longitudinal reinforcem ent of a  colum n or 
pedestal shall be transferred  to  its  supporting  pedestal or footing 
e ither b y  extending th e  longitud inal bars in to  the supporting member, 
or by  dowels.

(b) In  case th e  transfer of stress in  the  reinforcem ent is accomplished 
by extension of the  longitudinal bars, they  shall extend in to  the sup­
porting  m em ber th e  d istance required to  transfer to  the  concrete, by 
allowable bond stress, th e ir  full working value.

(c) In  cases where dowels are used, the ir to ta l sectional area shall 
be n o t less th a n  th e  sectional area of the longitudinal reinforcem ent 
in the  m em ber from  which the stress is being transferred . In  no case 
shall th e  num ber of dowels per m em ber be less th an  four and the 
d iam eter of th e  dowels shall no t exceed the d iam eter of the  column 
bars by  m ore th a n  one-eighth inch.

(d) Dowels shall extend up into the column or pedestal a distance 
a t  least equal to  th a t  required for lap of longitudinal column bars 
(see Section 1103) and down into the supporting pedestal or footing 
th e  d istance required  to  transfer to  the  concrete, by  allowable bond 
stress, th e  full working value of the dowel.

(e) T he compressive stress in  the concrete a t  the  base of a column 
or pedestal shall be considered as being transferred  by bearing to  the 
to p  of the supporting pedestal or footing. The un it compressive stress 
on th e  loaded area shall no t exceed the bearing stress allowable for 
th e  q u a li ty  of concrete in  the supporting m em ber as lim ited by the 
r a t io  o f th e  loaded area to  the  supporting  area.

(/) F o r allowable bearing stresses see Table 305(a), Section 305.
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(g) In  sloped or stepped footings, th e  supporting  a rea  for bearing 
m ay  be tak en  as the  top  horizontal surface of the  footing, or assum ed 
as the area of th e  lower base of the  largest fru stum  of a pyram id  or 
cone contained  wholly w ith in  th e  footing and  having for its  u p p er base 
the  area ac tually  loaded, and  having  side slopes of one vertica l to  tw o 
horizontal.

1207— Pedestals and lootings (plain concrete)

(а) T he allowable com pressive u n it stress on th e  gross area of a 
concentrically  loaded pedestal shall no t exceed 0.25f ' c. W here th is 
stress is exceeded, reinforcem ent shall be provided and  the  m em ber 
designed as a reinforced concrete column.

(б) T he dep th  and  w id th  of a pedestal or footing of p lain  concrete 
shall be such th a t  the tension in  th e  concrete shall n o t exceed .03 /'c, 
and th e  average shearing stress shall no t exceed .02 /'c tak en  on sections 
as prescribed in Section 1204 and  1205 for reinforced concrete footings.

1208— Footings supporting round columns

(a) In  com puting th e  stresses in  footings w hich su p p o rt a  round  or 
octagonal concrete colum n or pedestal, th e  “ face” of th e  colum n or 
pedestal shall be tak en  as the side of a square having an  area equal to  
the area enclosed w ith in  the perim eter of th e  colum n or pedestal.

1209— Minimum edge-thickness

(a) In  reinforced concrete footings, the  th ickness above th e  reinforce­
m en t a t  the  edge shall be no t less th a n  six in. for footings on soil, nor 
less th a n  tw elve in. for footings on piles.

(b) In  plain concrete footings, the th ickness a t  th e  edge shall be 
n o t less th a n  eight in. for footings on soil, nor less th a n  fourteen  in. 
above the tops of the  piles for footings on piles.
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T he adsorp tion  iso therm s ob ta ined  from  hardened  cem ent paste  are 
iden tical in  several respects w ith  those ob tained  from  o th e r m aterials 
th a t  are very  different in  chem ical and physical properties. F o r exam ple 
when glass spheres(1)* or oxide-coated cathodes of radio tu b e s(2) are ex­
posed to  nitrogen vapor (a t the  tem p era tu re  of liquid air), or w hen a plane 
m ercury surface is exposed to  CCU vapor (11 C ),(3) the  adsorp tion  curves 
ob tained  are of th e  sam e ty p e  as those for w ater vapor on cem ent paste. 
Also, the  sam e type  of curve is ob tained  w hen crystalline solids such as 
titan ic  oxide, s tannic  oxide, zinc oxide or pulverized q u artz  are exposed 
to  w ater vapor a t  room  tem p era tu re (4). M oreover, curves of th e  same 
type  m ay be ob tained  w ith  different vapors on th e  sam e solid W

T he sim ilarities ju s t m entioned exist n o t only am ong m ateria ls  th a t 
are no t porous, th a t  is, m ateria ls on w hich adsorp tion  is confined to  
th e  visible surfaces, b u t also am ong m any  porous solids having  negligible 
superficial surface areas. W ith  su itab le vapors the  following m aterials, 
some porous, some not, all give th e  sam e ty p e  of iso therm : building 
s to n ew ; cottonf7' 8); asbestos fibre(9); w ood(10); wood p u lp (11); carbon 
b lack i12); tita n ia  gel, ferric oxide gel, rice grains(l3); cellophane(14); bone- 
char(16); cellulose(16); silica gel(17); p ro te in s(18); soils(19); w ool(20h

I t  appears therefore th a t  the  curves found for p o rtland  cem ent paste  
are no t characteristic  of th e  p a rticu la r substances com posing the  paste  
b u t represent some fac to r com m on to  m any  dissim ilar substances. We 
will see in  w hat follows th a t  th is  com m on fac to r is p robab ly  no th ing  o ther 
th an  a solid surface th a t  has an a ttra c tio n  for th e  adsorbed substance.

V arious theories have been advanced  to  explain th e  tak in g  up of 
gases and  vapors b y  solid m ateria ls(6). Among the m ost recent, and  a t 
present the  m ost useful, is th e  theo ry  of B runauer, E m m e tt and  Teller, 
(2i, 22) know n as the  m ultim olecular-adsorption theory , or the B .E .T . 
theory  for b rev ity . I t  is beyond the scope of th is  paper to  discuss the  
B .E .T . theory  in full; reference should be m ade to  B ru n au er’s book(5> 
or to  the  original papers for an adequate  trea tm en t. Howrever, i t  is 
necessary to  review here th e  m ain  features of the  theory .

T he theory  rests on a concept advanced  earlier by  L angm uir. The 
tak ing  up of a gas by a solid is considered to  be th e  resu lt of a physical 
a ttrac tio n  betw een the molecules of the gas and the surface m olecules of 
the  solid, f  T his field of force is believed to  arise from  th ree  different

*See references end  of P a r t  3.
tC hem ieal reac tion  w ith  th e  solid  is n o t excluded by  th e  th e o ry  b u t  i t  will n o t be considered  here.

B.E.T. THEORY
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causes, or to  be m ade up of th ree different forces th a t are know n collec­
tively  as van der W aal’s forces. Hence, the process under discussion is 
called van der TTaaZ’s adsorption. These forces are of a lesser order of 
in ten sity  th a n  those involved in m ost chemical reactions, bu t they  
m ay be effective over greater distances.

A solid surface exposed to  a continuous bom bardm ent of gas molecules 
catches and  holds some of the  gas molecules, a t  least m om entarily. M ore­
over, when the gas is also a vapor such as w ater, the  molecules caught on 
the surface are in  a  condensed s ta te  and m ay be considered as a separate 
phase. Hence, when th ey  are adsorbed, the  molecules m ust give up 
the ir la ten t h ea t of vaporization. Besides this, adsorption  usually is 
accom panied by  a fu rth e r evolution of hea t which m ay be said to  repre­
sent th e  energy of in terac tion  betw een the solid and the condensed sub­
stance; th is  is called th e  net heat of adsorption.

Some of th e  adsorbed molecules acquire enough kinetic energy to 
escape from  the force field of th e  solid surface. The over-all result is a 
continuous in terchange betw een the  surface region and  th e  in terior of 
the vapor phase, b u t th e  average m olecular concentration a t  the  solid 
surface rem ains h igher th a n  th a t  of th e  in terio r of the vapor phase by 
v irtue of th e  surface a ttrac tion .

T h e  derivation  of the  m athem atical s ta tem en t of the theory  s ta rts  
w ith th e  assum ption th a t the  ra te  of condensation is directly  proportional 
to  th e  frequency of im pact betw een the  solid and the vapor molecules, 
which frequency is proportional to  th e  vapor pressure when tem perature 
is constan t. The ra te  of evaporation  is expressed as a function of the 
am ount of energy a condensed molecule m ust acquire to  escape from  a 
particu lar s itua tio n  in  th e  condensed phase. In  the derivation of the 
m athem atica l expressions th a t have found use, only two situations of a 
molecule in  the  condensed phase are recognized: (1) a molecule m ay
be condensed on bare surface; (2) a  molecule m ay be condensed on a 
layer of previously condensed molecules. I t  is assumed th a t a molecule 
in the  second situa tion  can escape when it  acquires energy exactly equal 
to  its  hea t of vaporization ; a molecule in the first situation  m ust acquire 
a different (usually greater) am ount of energy to  escape. In  o ther 
words, the  n e t h ea t of adsorption is assum ed to  be zero for all molecules 
not in th e  first layer. *

The theo ry  requires th a t a t  any given vapor pressure the am ount 
adsorbed is d irectly  proportional to  the  surface area of the solid.

A logical extension of the assum ptions m ade in the  derivation is 
th a t  a t th e  sa tu ra tion  pressure there  is no lim it to  the  num ber of layers 
th a t  m ight be condensed on an open surface.
— » R r i m a u e r  E m m e t t ,  an d  T eller h ave  published  an  equa tion  rep resen ting  th e  assum ption  th a t  th e  net 

n f a d s o r p t i o n  from  th e  second layer also differs from  zero. T his equa tion  includes also th e  assum ption  
t h t  t h e  packing  o f  m olecules is different in  th e  first from  th a t  in  th e  succeeding layers. T his equa tion  does
n o t a p p e a r  t o  h a v e  found use (See Ref. 21. p. 313).
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The m ost -widely used m athem atica l s ta tem en t of th e  th eo ry  is the  
following expression:

=  ________________________C ( P / P . ) _______________________

V m (1 -  p /p ,)  (1 -  p/Ps +  C (p /p ,)  ) 
in  w hich

w =  q u a n tity  of vapor adsorbed a t  vapo r pressure p
V m =  q u a n tity  of adsó rbate  required  for a  com plete condensed

layer on th e  solid, th e  layer being 1 m olecule deep 
p = existing vapor pressure
ps = pressure of sa tu ra te d  vapor

C is a constan t re la ted  to  th e  h ea t of adsorp tion  as fo llow s: •
Q i  —  Q l

C = k e  RT
where

k  is a co nstan t assum ed to  be 1.0 in  com putations.
Q l = norm al h ea t of condensation of th e  vapor per mole of vapor 
Qi = to ta l h ea t of adsorp tion  per mole of vapor 
(Qi — Q l) =  n e t h e a t of adsorp tion  per mole of vapor 
R  =  th e  gas constan t 
T  = absolute tem pera tu re  
e =  base of n a tu ra l logarithm s 

Owing to  th e  assum ptions m ade in th e  derivation , eq. (A) would 
be expected to  hold only for adsorp tion  on exterior surfaces. I t  could 
hard ly  be expected to  hold for surfaces on th e  in te rio r of a  porous solid 
where unlim ited  adsorp tion  would obviously be im possible. B runauer, 
E m m ett, and  Teller recognized th is and  in troduced  an o th er constan t 
n  w hich was in tended  to  be the m axim um  num ber of layers adsorbed. 
T he resu lting  four-constan t equation  does no t fit any  know n d a ta  from  a 
porous adsorbent over the whole pressure range. However, P ic k e tt(23) 
discovered a  w ay to  im prove th e  derivation  of th e  B .E .T . four-constan t 
equation  and  supplied a  b e tte r  expression. T his equation  has the same 
four constan ts as the  original. I t  fits m any  adsorp tion  curves over abou t 
90 percent of pressure range. In  some cases i t  conform s to  th e  extrem es, 
b u t in  the m iddle range the theoretical curve is above the experim ental. 
T here are also m any  curves th a t  th is equation  does no t fit in  the  high- 
pressure range. One reason for th is  will be explained in connection w ith  
the theory  of capillary condensation, discussed below.

In  general, the  four-constan t equations did no t prove to  be very  
useful in th is s tu d y ; hence, th ey  are no t given here. How ever, the three- 
co nstan t eq. (A) can be used to  represen t the  low-pressure p a r t  of the  
curve precisely. Of th e  th ree constan ts, p, is th e  sam e for all curves 
and  C is the  sam e for m ost of them . C onsequently , in  m ost cases ad ­
sorption  characteristics can be represented  by  V m alone.
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THE THEORY OF CAPILLARY CONDENSATION

C ondensation of vapor in a porous cem ent paste seems to  be m ost 
adequate ly  explained by a com bination of a theory  based on the energy 
available a t  the solid surface, such as the  B .E .T . theory  discussed above, 
and a theory  based on energy available a t the surface of a liquid, the 
eapillary-condensation theory .

T he eapillary-condensation  theory  rests on the fact th a t the  surface 
of a liquid is the  sea t of available energy. The molecules a t  the surface 
of a liquid no t being com pletely surrounded by  other molecules of like 
kind are under an  inw ard ly  directed in term olecular force. W hen a given 
body of w ater is changed in shape so as to  increase its  surface area, work 
m ust be done against the forces tending to  draw  the  molecules ou t of the 
surface. C onsequently, when left to  itself, a  small body of liquid tends 
to  become spherical, since th a t  is the  form  giving a m inim um  of surface.

T his phenom enon has an effect on the vapor pressure of the liquid. 
How th is comes ab o u t can be seen by considering the behavior of w ater 
in a small glass cylinder, as shown in Fig. 3-1. T he solid curve a t  the  top

— Fig. 3-1

represents the  meniscus of the w ater surface. Owing to the surface 
tension, w hich strives to  stra igh ten  the meniscus, th a t is, to reduce its 
cu rvatu re  and  thus reduce th e  surface area, the w ater in the vessel is 
under tension. C onsequently, the vapor pressure of the w ater in the 
tube  will be less th an  norm al for the existing tem perature. The greater 
the  curvature  of the  meniscus, the  grea ter the tension in the w ater and 
hence the lower the vapor pressure. The relationship between surface- 
cu rvatu re  and vapor pressure was worked out by Lord Kelvin. I t  m ay 
be w ritten

2 a M
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where
ps = vapor pressure over plane surface a t  tem p era tu re  T, the 

sa tu ra ted  vapo r pressure 
p =  the  existing vapor pressure over a  concave surface 
a = surface tension of liquid 
df  =  density  of liquid 
M  =  m olecular w eight of liquid 
R  — the  gas constan t 
T  — absolute tem pera tu re
r =  radius of cu rvatu re  of th e  circular m eniscus

U nder the  conditions p ictured  in Fig. 3-1 the g rea test cu rva tu re  th a t 
the  liquid can have is lim ited by the  radius of th e  container. W hen 
th e  liquid surface has th is cu rvatu re , th e  liquid can be in  equilibrium  
w ith  only one vapor pressure, p, corresponding to  th e  rad ius of curvatu re  
r, as given in  eq. (1). If  th e  pressure of the vapor is k ep t below p, all 
th e  liquid in  th e  vessel will evaporate . If  th e  pressure is m ain tained  
above p, some vapor will condense, increasing the  am oun t of w ate r in  the 
vessel. B u t under the  conditions p ictured, condensation w ould lessen the 
cu rva tu re  of th e  liquid as ind icated  by  th e  d o tted  line and  there  would be 
a corresponding rise in  th e  equilibrium  vapor pressure. If  th e  vapor 
pressure is k ep t equal to  th e  sa tu ra tio n  pressure, th a t  is, th e  m axim um  
possible over a p lane surface a t  th e  existing tem p era tu re , condensation 
will proceed u n til the  tube  fills and  th e  surface cu rv a tu re  d isappears
(r =  oo).

T he m inim um  relative vapo r pressure a t  w hich the liquid in the 
vessel can reta in  its  m eniscus depends on th e  m axim um  possible curvatu re  
of the  meniscus. T his in tu rn  depends on th e  bore of th e  cylinder. 
T able 3-1 gives an idea of the  cu rva tu re  required  to  produce a given 
effect on vapor pressure.

T he m ain  po in t to  note in  T able  3-1 is th a t  th e  surface m u st have 
a  high degree of cu rva tu re  to  produce an  appreciable effect on th e  vapor 
pressure of th e  liquid. F o r exam ple, if the  rad ius of cu rva tu re  is 0.1 
m icron, the  vapor pressure is 99 percen t of th e  norm al value, ps. A 
radius of cu rv a tu re  of 0.0015 m icron would reduce the pressure to  50 
percen t of p s. T he figures given should n o t be tak en  too lite ra lly ; they  
are undoub ted ly  in  erro r th rough  th e  low -pressure range, for th e  equation  
takes no account of the  fact th a t  th e  physical properties of th e  liquid 
are affected by  capillary  and  adsorp tion  forces. T he tab le  serves only to  
ind icate  w hat the  order of m agnitude of the cu rvatu res m u st be when 
capillary  condensation occurs.

An “adsorp tion  curve” of alm ost any  shape could easily be accounted 
for by  th e  capillary condensation theory . T he sim plest approach  is to 
im agine first th a t  th e  voids in  a porous solid are cylindrical pores of
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TABLE 3-1— RELATIONSHIP BETWEEN AQUEOUS 
RELATIVE V A P O R  PRESSURE A N D  RADIUS OF CURVATURE

Calculated from Kelvin’s Equation—Tem perature = 25 C
Relative vapor 
pressure, p / p .

Radius of curvature of meniscus
cm microns

0.10 4 .6  x 10-8 .00050.20 6 .6  x 10-8 .00070.30 8 .8  x 10-8 .00090.40 11.5 x 10-8 .00120.50 15.2 x 10-8 .00150.60 20.8 x 10-8 .00210.70 29.5 x 10-8 .00300.80 47.2 x 10-8 .00470.90 100.0 x 10-8 01000.95 204.0 x 10-8 .02040.98 532.0 x 10-8 .05320.99 1052 .0 x 10-8 .10521.00 00 OO

various sizes and  th a t  when a cylinder is partly  filled, the radius of 
cu rvatu re  of the  liquid meniscus equals the radius of the cylinder. A t a 
given pressure p, all cylinders sm aller th a n  the corresponding r (see 
eq. 1) would become or rem ain full and all larger th an  r would become 
or rem ain  em pty. T he shape of th e  curve would therefore depend on the 
range of sizes p resen t and  th e  to ta l capacity  of each size.

This simple analogy led Freyssinet and others before him  to con­
sider an adsorp tion  curve to  be a m eans of ascertaining pore-size d istribu­
tion  in  system s of submicroscopic pores. However, a na tu ra lly  formed 
porous solid so constitu ted  is hard ly  conceivable. I t  is m uch more likely 
th a t  the  pore spaces resemble those in an aggregation of particles. The 
shapes of the  particles m ay be spherical, fibrous, or between these ex­
trem es. C apillary  condensation could occur in the  interstices in  the 
m anner illu stra ted  in Fig. 3-2. A t the point of contact between two 
spheres there  is a space of wedge-shaped cross section. Condensation 
in th is space would form a circular lens around the point of contact and 
the  liquid  would presen t a curved surface. Similarly, where two prism atic 
bodies m ake contact, w ater condensed in the region of contact would 
p resen t a curved surface, som ew hat as shown.

In  the circum stances pictured, the w ater surface would have two 
curvatures. Hence, in  th is case K elvin’s equation would take the general 
form

< r i l /  /  1  1  \

In p /p s =  -  7 -777^ ( “ “t I .............................................................. (2)dsR T  \ f i

where
ri and r2 are the principal radii of curvature.



F or the conditions shown in Fig. 3-2 one of the r ’s w ould be negative.
Since th e  s tru c tu re  of paste  is p robab ly  granular, fibrous, or perhaps 

plate-like,- it is ev iden t th a t  K elv in ’s equation  provides no sim ple way 
of com puting th e  size of the  pores; i t  only gives the  effective cu rvatu re  
of the  w ater surface. I t  can, however, explain th e  condensation of vapor 
in a porous solid, and  we will see evidence in the d a ta  ind icating  th a t  a 
p a rt of w hat is here called adsorbed w ater in cem ent pastes is taken  up 
by  capillary condensation.

CO M BIN IN G  THE B.E.T. A N D  CAPILLARY 
CO NDENSATIO N THEORIES

W hen adsorp tion  of a vapor occurs in  a  porous solid of g ranu la r or 
fibrous s truc tu re , the  liquid surfaces are certa in  no t to  be plane. They 
will be concave, a t  least in  some regions. Therefore, th e  free surface 
energy of the  solid and  th e  free surface energy of th e  condensed liquid 
m ust b o th  be causes of condensation. *

B runauer, E m m ett, and  Teller tried  to  tak e  th is  fac to r in to  account 
by  adding a fifth co nstan t representing  th e  release of th e  surface energy of 
th e  liquid  w hen tw o adsorbed layers m erge(26). T his five-constant 
equation  is very  unw ieldy and  it  em bodies the  assum ption  questioned by 
P icketE 23b Also, it  rests on the  oversim plifying assum ption  th a t  ad ­
sorption  is occurring only betw een p lane parallel surfaces.

By the  B .E .T . theory , vapor would be expected to  condense uniform ly 
over all the available surface. B u t in a porous body, the surface tension
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Fig. 3-2

*See Part 4.
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of the liquid m ust influence the  d istribu tion  of the condensed w ater, 
w hether i t  is p rim arily  responsible for the condensation or not. Thus, 
in Fig. 3-2, B .E .T . adsorption could lead only to a uniform  layer of con­
densate around each sphere, b u t surface tension would require the liquid 
to  collect as shown, for the condition pictured is the m ost stable one 
possible under the  circum stances. This follows a t  once from the fact 
th a t  if the  liquid shown in  the lens were spread evenly over the two 
spheres, the to ta l surface area of the liquid would be increased and the 
work done would be equal to  the p roduct of th e  increase in area and the 
surface tension of the liquid.

If, as assum ed in the B .E .T . equation , only the molecules in the 
first layer lose more th an  the ir heat of condensation, then all b u t the 
first layer should tend  to  collect in the lens. However, H arkins and 
J u ra (27) have shown th a t  the adsorption  forces probably affect more than  
the  first layer. Therefore, the  ne t heat of adsorption probably represents 
the  h ea t from  several layers. T his being true  we can expect the adsorbed 
layer to  v a ry  in average th ickness w ith  the  curvature  of the liquid 
meniscus, the g rea ter the  cu rvatu re  the  g reater the tendency for ad­
sorbed molecules to  collect in the lens.

On account of the  effect of liquid surface tension the relationship 
betw een w ater con ten t and vapor pressure depends on the characteristics 
of th e  pore system . Since the  characteristics of the pore system  are not 
predictable from  any adsorption theory, it  follows th a t no general equa­
tion  can be expected to  apply  to  all porous bodies over the whole pressure 
range. Since, however, no appreciable capillary condensation is to  be 
expected below abou t 0.4ps, general theories m ay be expected to  apply 
in  th is low range of vapor pressures.

As will be seen, little  quan tita tiv e  use is made of these theories, except 
th e  B. E. T. eq. (A) applied to  the range p = 0.05 pa to  0.40 ps. How­
ever, m any  features of the in terp re ta tions given rest on the theories 
described above. T h a t is, i t  was possible to  use the theories qualita ­
tively  even where the m athem atical expressions in tended as expressions of 
the theoretical concepts were found to  be inadequate.

Effect of soluble salts on adsorption curves

T he foregoing discussion is based on the assum ption th a t the adsorbed 
liquid is pure w ater. However, in hardened porfland cem ent paste the 
w ater will contain dissolved salts, principally Ca(OH)2, N aO H  and KOH.*  
A t any  given w ater con ten t the  observed reduction in vapor pressure is 
due no t only to  the  capillary and surface effects described above, b u t 
also to  the dissolved salts. The m agnitude of the  effect of the dissolved 
salts can be estim ated  from  th e  vapor-pressure isotherm s of the  salt

«Because of its  low so lubility , Ca(O H ) 2 can be ignored.
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solutions and  the am o u n t of dissolved alkali in the  sam ple of hardened  
paste.

Y apor-pressure d a ta  <28) for aqueous solutions of N aO H  and K O H  are 
given in  Fig. 3-3. T he lowering of v ap o r pressure due to  th e  alkalies can 
be determ ined from  these curves, for any  given concen tra tion  of the  
alkalies.

The am oun t of dissolved alkali in  hardened  paste  p robab ly  varies 
considerably am ong the different sam ples. Sam ple No. 254-11-2 is con­
sidered to  be represen ta tive  of th e  average. T he original m o rta r was 
prepared  from  cem ent 15758 (w0/c  =  0.46) and was cured 28 days in 
w ater. T he cem ent originally contained 0.3 percen t N a 20  and  0.4 per­
cent K 20  which, in g /g  of cem ent, corresponds to  0.0019 and  0.0024 
of N aO H  and  K O H , resp ec tiv e^ . An unknow n portion  of these alkalies 
undoubted ly  rem ained in  th e  u n h y d ra ted  cem ent and  can be considered 
insoluble for th e  presen t purpose. Some of the  soluble alkali was 
leached from  th e  sam ple during  th e  28-day period of w ater curing. T here 
is also reason to  believe th a t  some of i t  was adsorbed b y  th e  solid phase 
and  th u s effectively k ep t from  th e  solution. H ence, the  sam ple as tested  
m u st have contained considerably less th a n  0.004 g of soluble alkali 
(to ta l of N aO H  and  K O H ) per g of cem ent. The adsorp tion  iso therm  
from  th is sam ple is given in  Fig. 3-4, upper curve. T his curve pre­
sum ably  represents the  com bined effect of surface adsorption , capillary 
condensation, and  dissolved alkali. T he lower curve in  Fig. 3-4 shows 
th e  am oun t of w ater th a t  could have been held b y  0.004 g of sodium  
hydroxide a t  any  given relative vapor pressure above abo u t 0.07 ps, 
th e  vapor pressure of a  sa tu ra ted  solution of sodium  hydroxide a t  25 C. 
(See Fig. 3-3.) Since th e  ac tu a l am oun t of alkali m u st have been less 
th a n  0.004 g, the  am oun t of w ater th a t  could have been held by  the 
alkali alone would be represented som ewhere below the  curve as draw n.

I t  thus becomes ap p aren t th a t  a t  pressures below ab o u t 0.8 ps only 
a very  sm all p a r t  of the  to ta l w ate r tak en  up  by  th is  cem ent paste  could 
be accounted for by  the  dissolved alkalies. In  th e  range of higher 
pressures, th e  possible effect of th e  alkali is greater. As p /p s approaches 
1.0, the  am oun t of w ater th a t  could be held by th e  alkali approaches 
infinity. Since, however, the topm ost po in t of th e  curve is established 
by  sa tu ra tin g  the  granu lar sam ple w ith  liquid w ater, its  position is 
determ ined by the  capacity  of th e  sam ple and  the  assum ption  th a t, a t 
sa tu ra tion , p /p s =  1.0. In  th is  case th e  capacity  of th e  sam ple was 0.33 
g of w ater per gram  of original cem ent. W ith  0.004 g of alkali in  0.33 g of 
evaporable w ater th e  relative vapor pressure would be slightly  below 1.0.

Since the  effect of the  alkali is small, no correction for its  effect has 
been a ttem p ted ; the  topm ost po in t is alw ays p lo tted  a t  p /p s =  1.0, and
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all o ther points are trea ted  as if the ir positions were determ ined by 
surface adsorp tion  and capillary condensation only.

Differences in  the  am ount of soluble alkali am ong various samples, 
w ithin th e  range th a t  m ight reasonably be expected, probably have little 
effect on th e  lower p a r t of the curve, the p a rt th a t is used in the analyses 
presented  below. However, such differences probably  produce consider­
able effects on th e  shapes of the upper p arts  of the curves and hence 
con tribu te  to  th e  difficulty of in terpreting  the upper parts.

To m inim ize the effect of dissolved alkali, m ost of the specimens were 
stored  in  w ater for the first 28 days of their curing period to leach some 
of the alkali from  the  specimens. Longer periods of w ater storage were 
avoided because of undesirable leaching of C 'o (0 //)2.

APPLIC ATIO N OF THE B.E.T. EQ UATIO N (A )

Method of evaluating C and V m

T he constan ts C and V m were evaluated  in the m anner recom m ended 
by B ru n a u e r ,  E m m ett, and Teller. Eq. (A), w ritten  in the form

1 x  
w 1 -  x h  +  cv j r * ’

1 X
-Tmws th a t  a plot of experim ental values for -   against x should
5lAU i n  1 — t
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Q __ 1
give a stra ig h t line. The slope of the line will be ---------- and  the  in ter-

V mC
cept on the i/-axis will be 1 / V mC. T he application  of th is  m ethod  to  
d a ta  from  cem ent pastes is illu stra ted  in  Fig. 3-5 and  in T ables 3-2 
and  3-3. Two of the  four diagram s represen t d a ta  ob tained  by  th e  air- 
s tream  m ethod, and  th e  o thers represen t d a ta  ob tained  by  th e  high- 
vacuum  m ethod.

T A B L E  3-2— T Y P I C A L  D A T A  F O R  C O M P U T I N G  Vm A N D  C
D ata  obtained by air-stream  m ethod

p / p »
( =  X)

w  
g /g  of 

d ry  paste
X

1 - x
1 X
w  1 - x

Ref. 254-11-11--C em en t 16213

0 .081 0.0189 0 .088 4 .6 5
0 .161 0.0253 0 .192 7 .6 0
0 .238 0.0298 0 .312 10.45
0 .322 0.0362 0 .475 13.1
0 .360 0.0395 0 .562 14.2
0 .530 0.0503 1.128 2 2 .4

Ref. 254-9-15A-180—  C em ent 15365

0 .0 9 0.0267 0 .099 3 .7 9
0 .2 0 0.0348 0 .250 7 .1 8
0 .3 6 0.0464 0.562 12.1
0 .4 7 0.0539 0 .887 16.5

Ref. 254-9-15A-270A—  C em ent 15365

0.081 0.0187 0.0873 4 .6 8
0.161 0.0264 0.192 7 .2 7
0 .238 0.0310 0.312 10.0
0 .322 0 .0359 0 .475 13.2
0 .360 0.0400 0 .563 14.1
0 .530 0.0500 1.127 22 .6

C and  V m can be com puted conveniently  from  the in te rcep t on the
1 Tz-axis and  from  the  ord inate  a t  x = 0.5. T hus, w h e n ------------- =  0,

w  1 — x
I i  I (J

C =  1 — -; and w hen x = 0.5, V m =   w. In  Fig. 3-5A we see th a t
x  2 C

, 1 xw h e n -----------
w 1 — x

Therefore,

0, x  =  — 0.053 and  when x  = 0.5, l / w  — 19.3.

C = 1 +  =  19.8, and V m = ] +  19'*j X ¿ z  =  0.027
0.053 2 X 19.8 19.3
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p¡g 3.5— Typical plots of the kind used for evaluating C and V m 
Data from Tables 3-2 & 3-3.

T he nom enclature used here is the  same as th a t used by B runauer 
e t ah except th a t  they  used V  for the volume of gas adsorbed, whereas 
here w is u sed  for weight adsorbed, w is expressed either in gram s per 
gram  of d ry  hardened paste (evaporable w ater removed) or as gram s per 
gram  of original cem ent. H aving become accustom ed to  th inking of V m 
as a factor p roportional to  surface area, we have som ewhat illogically 
re ta in e d  th is  symbol, bu t express it in gram s instead of cc.
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T A B L E  3-3— T Y P I C A L  D A T A  F O R  C O M P U T I N G  V ra A N D  C

D ata  obtained by high-vaeuum method

w 1 Xp/p> g /g o f X

(=  z) dry paste 1 -  X w  1 -  X

Ref. 254-18-9-15A-180—Cement 15365
0.055 0.0227 0.0598 2.630.073 0.0249 0.0790 3.170.104 0.0284 0.117 4.130.193 0.0347 0.240 6.910.244 0.0400 0.322 8.060.349 0.0455 0.534 11.70.472 0.0542 0.885 16.3

Ref. 254-K4B-1Q—Cement 13723
0.055 0.0369 0.0598 1.620.073 0.0397 0.0790 1.990.104 0.0435 0.117 2.690.193 0.0540 0.240 4.400.244 0.0587 0.322 5.490.349 0.0686 0.534 7.780.472 0.0819 0.885 10.8

Ref. 254-18—Cement 14675
0.064 0.0552 0.0684 1.240.155 0.0646 0.1835 2.840.193 0.0675 0.2395 3.550.249 0.0720 0.3310 4.600.350 0.0817 0.5380 6.580.446 0.0910 0.8040 8.84

T H E  R E L A T I O N S H I P  B E T W E E N  V m  A N D  N O N - E V A P O R A B L E  W A T E R  ( i v n )  

F O R  S A M P L E S  C U R E D  A T  7 0 - 7 5  F

T he q u a n tity  V m is considered to  be p roportional to  the  in te rn a l surface 
area of the sam ple. Since the specific surface of m icrocrystalline m ateria l 
is negligible com pared w ith  th a t  of colloidal m ateria l, V m is also con­
sidered to  be p roportional to  the am oun t of colloidal m ateria l in  the  
sam ple. T he q u a n tity  w n represents the am oun t of non-evaporable 
w ater in bo th  colloidal and  non-colloidal m ateria l. Therefore, if a given 
cem ent produces the sam e kind of h y d ra tio n  products a t  all stages of its  
hydra tion , the  ra tio  V m/w n should be constan t for any  given cem ent 
under fixed curing conditions. How ever, the  ra tio  of colloidal to  non- 
colloidal h yd ra tion  p roducts  should be expected to  differ am ong cem ents 
of different chem ical com position. Hence, the  ra tio  V m/w n should be 
différent for different cem ents.
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1 m and w n are p lo tted  for several different cem ents and different 
mixes and  ages, in Fig. 3-6 and  3-7. The points in m ost of the diagram s 
show a considerable am ount of sca tter. Some of th is is due to  random  
experim ental vagaries and som e of i t  is apparen tly  due to  variations in 
dry ing  conditions discussed earlier.

In  view of the fac t th a t  the variations show no consistent influence 
of the  original w ater-cem ent ra tio  or of the  age of the sample, the rela­
tionships ind icate  th a t  for any  given cem ent the  ratio  V m/w n is inde­
penden t of age or w ater-cem ent ratio .

If th e  po in ts fell on a s tra ig h t line th rough  the origin, th a t would 
indicate th a t  th e  ra tio  of colloidal to  non-colloidal p roducts is precisely 
the same a t all stages of hydration . T he d a ta  are no t sufficiently con­
co rdan t to  ind icate  definitely w hether th is is so or not. There is some 
reason to  believe th a t  th e  reactions during the first few hours cannot 
produce exactly  th e  sam e products as those th a t  occur later. P artic ­
ularly, th e  gypsum  is usually  depleted w ith in  the first 24 hours and thus 
the reactions involving gypsum  cannot occur a t la te r periods.

If calcium  sulfoalum inate as produced in paste  is non-colloidal, the 
ra tio  of colloidal to  non-colloidal m aterial should be lower during the 
first 24 hours th a n  it  is a t  any la te r tim e. T he effect on the graph would 
be th a t  of causing the p roportionality  line th a t  holds for the la ter ages to 
cu t the w„-axis to  the  righ t of th e  origin. As said before, the p lotted  
d a ta  do no t indicate definitely where the  in tercep t should be. They do 
indicate, however, th a t  if the in tercep t is to  the right of the origin, it 
is nevertheless near the  origin, as indeed it  should be in view of the 
relatively sm all am ount of calcium sulfoalum inate th a t is formed. To 
sim plify the  handling of the da ta , we have assumed th a t the line passes 
through th e  origin and  thus have considered the ratio  of colloidal to  non- 
colloidal m ateria l to  be th e  same a t all ages for a given cement.

Fig. 3-6 represen ts the d a ta  from  Series 254-8 and 254-9. I t  represents 
5 different com m ercial cem ents th a t had been used in experim ental high­
ways. The d a ta  on th is series are the least concordant of all obtained in 
the investigation .

Fig. 3-7 represents cem ents prepared from 5 other commercial clinkers. 
D ifferent p lan t grinds of each clinker were blended to  give each cem ent a 
specific surface of 1800 sq. cm. per g (W agner).

T he ratios determ ined for the cem ents in each of these two groups 
were averaged. The results are shown in Table 3-4.

T he figures in the th ird  column give the m ean values and those in 
the fourth  give the  probable error of the m ean. Those in the  last column 
o-We th e  probable error of a single te s t value and thus reflect the degree
of sca tte r of the  data .
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Fig. 3-6— Relationship between V m and w n For pastes of Series 254-9
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pig 3.7— Relationship between V m and tv„ for pastes of Series 254-11 and 254-1 3



486 JO URNAL OF THE AM ERICAN CONCRETE INSTITUTE December 1946

TABLE 3-4— M E A N  VALU ES O F Vm/<u,n FOR 
TW O GROUPS O F CEMENTS

A STM M ean value P ro bab le  erro r P robab le  erro r
C em ent classifi­ of of m ean of single value

No. cation* Vm/w n

Series 254-9

14930J IV .304 .00392 .0176
15007J II .272 .00216 .0089
15011J II .272 .00242 .0102
15013J I .244 .00259 .0107
15365 I .254 .00239 .0115

Series 254-11

15498 I I I .248 .00131 .003
15623 II .271 .00405 .008
15670 IV .295 .00411 .010
15367 I .258 .00244 .006
15699 I .262 .00203 .004

*A ST M  designa tion  C-150-40T. T h e  classification here  is  b a s e d  o n ly  o n  t h e  co m p u ted  q u a n titie s  o f  th e  
four m a jo r com pounds. T h e  su rface  a rea  req u irem en ts  a re  n o t  m e t in  a l l  ca ses .

To evaluate  th e  effect of com position, th e  assum ption  was m ade th a t  
th e  form  of the  rela tionsh ip  w ould be

—  =  A (%  C3S ) +  B (%  C2S) +  C (%  C:iA ) +  D {%  C .A F )
Wn

T he values of th e  coefficients were determ ined  first from  200 item s of d a ta  
representing  abou t 50 different cem ents. T hen , owing to  th e  fac t th a t  100 
of these item s represen ted  only 5 cem ents (Series 254-9), a  second analysis 
was m ade excluding th e  d a ta  from  Series 254-9. T he resu lts of th e  two
analyses were as follows :*

F or 200 item s of d a ta :

En t tV  lu» =  T -00208(%CsS) +  .00326(% C 2S) +  .00251 (% C 3A )
q ' K } ' Wn L * -00006 ± .00004  ± .00016

+  .00549(% C h4F)_]
±  .00030 J
F o r 100 item s of d a ta :

Eo A )  • —  =  T -00230(%C3(S) +  .00320(% C 2S) +  .00317(% C3A)
q '  ̂ Wn L * -00012 ± .0 0 0 0 6  ± .00016

+  .00368(%C',plF)~
±  .00046

T he two equations give sim ilar coefficients for C2S  and  C3S  b u t con­
siderably  different coefficients for C3A  an d  C^AF. H ow ever, applied  to  
the  sam e cem ents, th e  com puted  resu lts are n o t fa r different, except for

*See foo tno te , P a r t  1, page 121.



certa in  com positions. T his is shown by  the d a ta  given in  Table 3-5. 
H ere th e  observed m ean values of 1 „ u \  for th e  cem ents appearing in 
Fig. 3-6 and  3-< are com pared w ith  values com puted from  composition. 
I t  appears th a t the  value of I m w„ can be com puted from composition 
w ith  fairly  sa tisfac to ry  accuracy by  m eans of e ither equation. However, 
eq. (4) p robab ly  gives th e  m ore correct evaluation  of the  effect of varia­
tions in  com position, since individual cem ents appear in the  analysis 
w ith  approx im ately  equal weights.

T he influence of com position as given bv  eq. (4) is illu stra ted  in Table 
3-6.

T he resu lts given in  th e  last colum n of the  tab le  show th a t the in­
fluence of com position on th is  ra tio  is not very  large. The varia tion  
occurs m ain ly  am ong those cem ents whose com positions differ from  the 
average chiefly in  C3S, CxAF  or both .
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TABLE 3-5— CO M PARISO N OF OBSERVED A N D  
COMPUTED VALUES OF V „ u „

C em ent
Xo.

A STM
type

M ean IV . ir« 
observed

IV /to . com puted from  
com pound composition

E q. (3) E q. (4)

15013J I 0 .2 4 4 = 0 .0 0 3 0 253 0 .256
15365 I 0 .2 5 4 = 0 .0 0 2 0.255 0 .260
15367* I 0 .258  =  0 .002 0 253 0 .258
15699 I 0 .262 = 0  002 0 254 0.255

Average 0 .254 0 .264 0.256

15007J I I 0 .272  = 0 .0 0 2 0 .269 0 .264
15011J I I 0 .272  = 0 .0 0 2 0 263 0 257
15623* I I 0 .2 7 1 = 0 .0 0 4 0 .284 0 272

Average 0 272 0 .272 0 .264

149301 IV 0.304  = 0 .0 0 4 0.298 0 .286
15670* IV 0 .2 9 5 = 0 .0 0 4 0.284 0.281

Average - 0 300 0.291 0 .284

1549S* I l l 0 248 = 0  001 0.243 0.249

*T h i s  i te m  r e p r e s e n ts  a l l  c e m e n ts  m a d e  f ro m  th is  cl in k e r .

The theoretical significance of the  coefficients of eq. (3) or (4) found 
b v  th e  m ethod described is no t certain, m ainly  because of the  lack of 
definite know ledge concerning the chemical composition of the  hydra tion  
products. The d a ta  support argum ents given elsewhere to  the effect 
th a t  the  h v d ra tio n  products of th e  alum ina-bearing compounds are no t 
m icrocrystalline as th ey  are when these com pounds are hyd ra ted  alone 
in an abundance of w ater: instead, th e  coefficients for CV4 and CjA F ,
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TABLE 3-6— INFLUENCE OF CHEM ICAL COMPOSITION O N  V d /u -,

T ype of 
com position

C om puted  com pound com position 
p ercen t b y  wt.

C om puted

£ ■  E i ' < 4>C z S C z S C z A C z A  F

T ype I  N orm al C z A 45 29 9 .7 7 .5 0 .255
High C z A 45 28 14.0 5 .0 0 .256

T ype  I I  H igh iron 41 29 5 .4 14 .8 0 .259
H igh  silica 40 41 6 .4 9 .7 0 .279

T ype I I I  N orm al C z A 59 13 10.4 7 .6 0.238
H igh C z A 59 13 14.0 5 .0 0.240

T y p e  IV  H igh  iron 25 48 6 .2 13 .8 0.282
H igh  silica 33 54 2 .3 5 .8 0 .277

tak en  literally , ind ica te  th a t,  p er g ram  of com pound, these com pounds 
con tribu te  to  th e  to ta l surface area of the  hjffiration p roducts, th a t  is, to  
V m, as m uch as or m ore th a n  do th e  tw o silicates, w hich are know n to 
produce colloidal hydra tes. In  any  event, th e  analysis shows th a t  how­
ever th e  A l20 3 and Fe20 3 en te r in to  com bination in  th e  h y d ra tio n  p rod­
ucts, th ey  m ust appear in solids having a high specific surface.

T he coefficient of C3S  is less th a n  th a t  of C2S. T his resu lt is com­
patib le  w ith  the  d a ta  of Bogue and  LercbJ29) showing th a t  b o th  com pounds 
produce a colloidal hydrous silicate, b u t only  C3S  produces m icro­
crystalline Ca(OH)2. T he indications are th a t  Ca(O H )2 does no t de­
compose under the  drying conditions of these experim ents. H ence, the  
occurrence of Ca(OH)2 con tribu tes to  wn b u t con tribu tes very  little  to

THE SPECIFIC SURFACE OF HARDENED PASTE 

Computation of surface area

From  the derivation  of th e  B .E .T . equation  it follows th a t  the surface 
area of the  adsorben t should be equal to  the p roduct of the  num ber of 
adsorbed molecules in th e  first layer and  th e  area covered by  a single 
molecule. H ence, w hen V m is expressed in  gram s per gram  of adsorbent 
(dry  paste),

V  N
s  = a ' W ......................................................................................... <5>

where
S  =  th e  surface a rea  of the  adsorbent, sq. cm. per g
d\ =  th e  surface a rea  covered by  a single adsorbed molecule
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N  =  6.06 x 1023, the num ber of molecules in a gram -m olecular wt.
(A vagadro’s num ber)*

M  =  m olecular w eight of the  adsorbed gas.
The value of cq has been estim ated  in several ways. L iv in g s to n ^  

found a value for w ater of 10.6 x 1 0 16 sq. cm. per molecule. Gans, 
Brooks, and B oydO  used the  sam e figure. E m m etB 31> gave a form ula for 
com puting ai from  the  m olecular weight and density  of the  condensed 
vapor which gives nearly  the sam e result if the norm al density  of w ater 
is used. As will be shown, values for m olecular area obtained in th is way 
when in troduced  in to  eq. (5) actually  give surface areas S  th a t are in 
close agreem ent w ith  the  results obtained by o ther procedures. Hence, 
for w ate r we m ay  write,

s  =  10.6 X 10-16 X 6.06 X 1023 V m 
18

=  (35.7 X 106) F m sq. cm. per g .................................................... (6)

Verification of surface areas as computed from Vm
G audin and B ow dish(1) used pyrex-glass spheres calibrated by micro­

scope m easurem ents. Low tem peratu re  adsorption of nitrogen gave 
alm ost exactly  th e  same specific surface as th a t  com puted from  the mean 
size of the  spheres. H ark ins and J u ra (32) developed a m ethod of m easuring 
surface area by first covering particles w ith a complete film of adsorbed 
w ater and  th en  m easuring the  h eat evolved when the particles were 
im m ersed in w ater. The results obtained by th is m ethod were com­
pared w ith  those from  the B .E .T . m ethod for 60 different solids. For 
58 of the 60 solids the  areas by the H arkins and Ju ra  m ethod differed 
from those obtained by  the  B .E .T . m ethod by no more than  9 percent. 
E m m e tt(25-31 ■33) presented an extensive array  of d a ta  showing tha tw here- 
ever particle size can be checked directly, as w ith the electron micro­
scope, the  results of the B .E .T . m ethod look reasonable, to  say the least. 
Because of such evidence as this, the B .E .T . m ethod has been pu t to 
use by  m any investigators during the past few years.

T he exam ples cited above were chosen from experim ents made on 
solids th a t are non-porous. I t  is believed th a t V m also gives the in ternal 
surface area of porous solids, provided th a t the molecules of the adsórbate 
are sm all enough to  penetra te  the pores and reach all parts  of the surface. 
T he fact th a t V m is evaluated from d a ta  in the low pressure range only, 
and hence where capillary condensation in the pores is no t a factor, 
supports th is belief. W ith  respect to  cement paste, the pores are con­
sidered to  be the  spaces vacated  by evaporable w ater when the sample is 
dried. The drying m ay be accom panied by irreversible shrinkage so th a t the

* 6  023 x 1023 is now th e  accepted  value  for A vagadro’s num ber. T his did no t com e to  our a tten tio n  un til 
all th e  com putations were com pleted. Since o ther factors are uncertain , i t  d id  n o t seem  w orth  while to  
m ake the  slight corrections indicated.
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dried sam ple m ay no t fa ith fu lly  represen t the  original paste. T he ex ten t 
of th e  irreversible a lte ra tio n  is n o t know n b u t i t  is considered to  be small. 
Evidence of th is is found in the  fac t th a t  th e  to ta l pore space, as m easured 
by th e  to ta l evaporable w ater, is no t g rea tly  a ltered  by  th e  drying; 
in  fact the  d a ta  ind icate  th a t  i t  is increased. (See T able  9, P a r t  2.) 
H ence, V m is considered to  give the  in te rna l surface area of th e  solid 
phase in the  dried sam ples. If drying affects th e  m easured surface area, 
i t  w ould probab ly  be in  th e  direction of m aking i t  sm aller.

In  the  rem ainder of th is  discussion it  is assum ed th a t  V m as determ ined 
in th is investigation  is p roportional to  the  surface area of th e  solid phase. 
I t  will be seen th a t  th is  assum ption leads to  highly significant results. 
T hus th e  assum ption  seems justifiable.

Results From hardened paste

The m agnitudes of th e  surface areas and  th e  ra tes a t  w hich surface 
develops during  h y d ra tio n  as com puted from  eq. (6) are ind icated  by 
Table 3-7.

T he figures p erta in  to  th e  whole solid phase; th a t  is, th ey  are based 
on the  com bined w eights of th e  hyd ra tio n  p roducts and  residue of 
original clinker. Therefore, th e  specific surface of the  h y d ra tio n  products 
is higher th a n  the h ighest figure given except any  th a t  m igh t represent 
com pletely h y d ra ted  cem ent.

Specific surface in terms of tvn

Since V m = kw n, the  specific surface of a  paste  can be com puted if wn 
is known, and  if k for the particu la r cem ent is known. T h a t is,

-  =  35.7 x 106 fc - .................................................................................... (7)
c c

—  =  35.7 x 106 k ............................................................................................(8)
W n

Also
S  _  35.7 x 106 k w n _  35.7 x 106 k w n/c

C +  W n  C +  W n 1 +  W n / c

Eq. (7) gives the surface area per u n it of original cem ent, and  eq. (9)
gives i t  per u n it of d ry  paste.

F o r the types of cem ent given in  T able 3-6 the surface area per un it 
w eight of non-evaporable w ater is as given in Table 3-8.

T he non-evaporable w ater con ten t m ay lie anyw here betw een zero 
and ab o u t 0.25 g per g of cem ent. Hence, according to  these equations 
the specific surface m ay lie betw een zero and abou t 2.1 to  2.5 m illion 
sq. cm. per g of original cem ent.
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TABLE 3-7— TYPICAL FIGURES FOR SPECIFIC 
SURFACE OF HARDENED PASTE

Specific surface of paste  for cem ents 
indicated; w 0/ c  =  0.45 (approx.)

Period 14930J 15761 15365 15013J
of CVS 23% CVS 45% CVS 45% CVS 40%

hydra- C A 6% C A  10% CV4 13% CV4 14%

days M illions of sq. cm. per g of:

cem ent dry cem ent d ry cem ent dry cem ent dry
paste paste paste paste

7 0 .7 6 0 .71 — _ 1.21 1.06 1.32 1.13
14 1.02 0 .9 2 — — 1.55 1.32 1.50 1.28
28 1.33 1.19 1.75 1.48 1.94 1.64 1.71 1.46
56 1.75 1.54 — — 1.96 1.62 1.89 1.57
90 1.89 1.62 1.96 1.62 2 .02 1.66 2 .0 4 1.67

180 2 .10 1.78 . — — 2.1 4 1.75 2 .0 7 1.69
365 2 .10 1.76 — — —

TABLE 3-8— SPECIFIC SURFACE OF 
HARDENED PASTE IN TERMS OF N O N -EVAPO R ABLE WATER CONTENT

T ype of
cem ent Vm/w n ( =  k) S/w„

T ype I  N orm al C A 0.261 9 .3  X 10«
H igh C A 0.256 9 .2  X 10«

T ype I I  H igh iron 0.259 9 .3  X 106
H igh silica 0.279 10.0 X 106

T ype I I I  N orm al CV4 0.238 8  . 6  X 1 0 «

T ype IV  H igh iron 0.282 1 0 . 1 x 1 0 «
H igh silica 0.277 9 .9  X 10«

Of course i t  cannot be literally  true th a t =  0 when wn =  0, since 
the in itia l surface area is th a t  of the original cement. As measured 
by adsorption, the specific surface of unhydrated  cem ent is m uch higher 
th a n  th a t  m easured by m ethods previously used. Using a cem ent having 
a specific surface of 1890 sq. cm. p e rg  (W agner), E m m ett and D eW itU 34) 
found a surface area of 10,800 sq. cm. per g by the nitrogen-adsorption 
m ethod. B y the a ir-perm eability  m ethod, th is cem ent would show 
abo u t 3500 sq. cm. per g, which is probably close to  the  true  macroscopic 
surface area. The difference betw een the macroscopic surface area and 
th a t  as m easured by adsorption m ight be due to  microscopic, or sub- 
microscopic, cracks in the clinker grains. Surfaces of such cracks would 
be m e a s u re d  by the adsorption m ethod, b u t no t by  the other. Since such
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cracks have no t been com m only reported , i t  seems m ore likely th a t  the  
difference is due to  a slight coating of h y d ra tio n  p roducts on th e  grain 
surfaces. As shown above, an  average cem ent shows ab o u t 9.3 x 106 sq. 
cm. per g of non-evaporable w ater. H ence, to  account for the  7400 
sq. cm. difference betw een th e  tw o results, i t  is only necessary to  assume 
th a t  th e  cem ent had  h y d ra ted  to  the  ex ten t of

—— —— =  800 x 10'6 g of non-evaporable w ater per g of cem ent, 
9.3 x 106

or 0.08 percent of the  w eight of the  cem ent. Such a  sm all am oun t of 
hyd ra tio n  could easily occur during  th e  norm al handling of a  sample 
during hum id w eather.

W hether th e  tru e  surface area of the  cem ent is of th e  order of 3000 
or 10,000, i t  is clear th a t  the  in itia l surface area is negligible com pared 
w ith  th a t  w hich finally develops.

THE SPECIFIC SURFACE OF STEAM-CURED PASTE

T he effects of h igh-tem peratu re  steam -curing on the  adsorp tion  char­
acteristics of cem ent paste  were shown in  P a r t  2, p. 300. In  term s of the 
B .E .T . theory , th e  effects are as follows:

Ref. 14-4 
N orm al 
curing

Ref. 14-6 
S team  
curing

c 15.4 20

Vm, g /g  of cem ent 0 .037 0.0020

Vn, g /g  d ry  paste 0 .032 0 .0018

Sp. surface, sq. cm. per g of cem ent, 
millions 1.32 0.071

Sp. surface, sq. cm. per g of d ry  paste, 
m illions 1.15 0 .062

Vm/Wn 0.241 0 .012

wn, g /g  of cem ent 0.1537 0.1615

The figures lo r V m and specific surface of the  steam -cured specimen 
are probably  no t very  accurate  because of the  extrem e sm allness of the 
am ounts of w ater tak en  up in the  low-pressure range. T he o rder of 
m agnitude relative to  the norm ally  cured m ateria l is p robab ly  correct, 
however. T he resu lt ind icates th a t  all b u t abo u t 5 percen t of th e  colloidal 
m ateria l was converted to  the m icrocrystalline s ta te  by  h igh -tem pera tu re  
steam  curing.
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w /V m CURVES

The sam ples of hardened paste used in these studies contained unde­
term ined quan tities of u nhydra ted  m aterial. C onsequently, the  weight 
of the  adsorben t m ateria l could no t be ascertained directly, a circum stance 
th a t increases the difficulty of in terp reting  the adsorption  data . The 
problem  was simplified by expressing the am ount of adsorption, w, in 
term s of the  surface area of the solid phase. Since the surface area is 
proportional to  V m, the  ra tio  w /V m could be used w ithou t com puting the 
surface area.

T ypical w /V m curves are shown in Fig. 3-8. The upperm ost curve 
represents the paste in a m orta r specimen having w /c = 0.587, cured six 
m onths; the m iddle curve represents the  paste from a richer m ortar 
specimen of the same age, w /c = 0.439. The lowest curve represents 
the  d a ta  given in the first group of Table 3-9. These d a ta  include water- 
cem ent ratios ranging from  0.12* to  0.32 by weight. The table shows 
th a t a fter long periods of curing and for w /c  w ithin this range, w /V m 
is v irtually  the  sam e for all samples a t all vapor pressures. (In the 
lower range of pressures, w /V m is always the same for all samples except 
lo r the effect of differences in C. f) The triangu lar points p lo tted  in 
Fig. 3-8 represen t the  average values from  this group.

p / p s

g. 3-8 (above)— Effect of original w/c
i w /V m curves

g. 3-9 (right)— Effect of wet-curing
i w /V m curves
This verv  d ry  paste  was m olded by  m eans of a  press.
See d i s c u s s i o n  i n  P a r t  4: “ Significance of C of th e  B .E .T . E q u a tio n .’

7 --------1---------1---------1-------- 1---------,-------- 1--------

° R e f.  9 - / 4 ,  w/c  -  . 5 6 7  b y  w f.

6  -x „ 9 - / S ,  w/c  • .4 3 9
a  S e e  T a b le  29  a n d  t e x t

\ I
Cured W et /SO d a ys

w/c -- 0. 439 
Ref. 9 - / 4  
C em e n t !5365

Age 7 days

26 days
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In  Fig. 3-9 the  effect of prolonging the  period of wet-curing on a given 
paste  is shown together w ith the lowest curve of Fig. 3-8 for comparison.

Minimum porosity and the cement-gel isotherm

Considering Fig. 3-8 and 3-9 together we m ay conclude th a t the 
densest paste  possible contains a pore-volum e equal to  the volume of the 
q u an tity  of adsorbed w ater represented  by about 4 V m.

The shape of the  lowest curve in Fig. 3-8 also seems to  represent a 
lim it th a t  is approached as th e  pastes are m ade denser. Hence, for 
brevity  we will call th e  lower curve of Fig. 3-8 the cement-gel isotherm  
or ju s t gel-curve, w hen the m eaning is clear. The p a rt of the to ta l 
evaporable w ater equal to  4 V m will be called gel-water.

W hen a paste  is such th a t  a t  sa tu ra tion  i t  contains a qu an tity  of 
evaporable w ater equal to 4 V m, we m ay infer th a t all the  originally 
water-filled space has become filled w ith  porous hydration  products. 
Thus, in  such a paste  th e  space outside the u nhydra ted  clinker residue 
has only the porosity  of the  cem ent-gel itself.

W hen a paste is such th a t  a t sa tu ra tio n  it contains a q u an tity  of w ater 
exceeding 4 V m, the  excess over 4 V m is believed to  occupy residual space 
outside the cement-gel. W ater occupying th is space is called capillary 
water in th is discussion. I t  should be understood th a t  th is distinction 
betw een capillary w ater and  gel-w ater is arb itrary , for some of the gel- 
w ater m ay  be tak en  up by  capillary condensation and is thus no t different 
from  the  rest of th e  capillary w ater so far as the m echanism  of adsorption 
is concerned. T he distinction is justified by the fact th a t, in a saturated  
paste, th e  q u a n tity  of gel-w ater always bears the same ratio  to the 
am oun t of gel, w hereas the  w ater called capillary w ater can be present 
in any am oun t according to  the porosity of the paste as a whole.

Fig. 3-8 and  3-9, which are typical of all o ther w /V m curves obtained, 
show th a t  am ong various samples any increase in pressure up to  about
0.45 ps is alw ays accom panied by approxim ately the same increm ent of 
adsorption, regardless of differences in porosity.* From  this we m ay 
infer th a t  the  capillaries (the spaces outside the gel) do no t begin to 
f i l l  a t pressures below about 0.45 ps. A t higher pressures, however, 
a given increm ent in pressure will be accom panied by an increm ent of 
adsorp tion  th a t  is larger the greater the porosity of the sample. This 
m ay  be tak en  as d irect evidence of capillary condensation. The am ount 
of w ater held by  capillary condensation a t  any given pressure is repre­
sented  by  th e  vertical distance of the po in t in  question above the gel- 
curve.

These ideas can be represented by a model such as is illustrated  in 
Fig. 3-10. In  A the shaded areas represent cross sections of spherical

*Such differences as th e re  m ay  be are  due to  differences in C of eq. (A ), as is explained in  P a r t  4.



496 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE December 1946

Fig. 3-10

bodies of cem ent gel w ith  non-colloidal partic les (m icrocrystalline hy­
dra tes and  u n reacted  cem ent) em bedded in  them . B etw een th e  bodies 
is in te rs titia l space contain ing capillary-condensed w ater, here p ictured  
as lenses around th e  sphere-to-sphere contacts. T he w ater con ten t of the 
system  is assum ed to  be below sa tu ra tio n , as ind ica ted  by  th e  curvatu re  
of the  lenses. A t sa tu ra tio n , th e  in te rs titia l space would be filled w ith 
capillary  w ater, m aking th e  to ta l w ater con ten t equal to  4 V m plus the 
volum e of capillary  w ater.

T hus, if we consider the  system  p ic tu red  in  Fig. 3-10A to  be th e  sam ple 
represen ted  b y  the upper curve of Fig. 3-8, a t  equilibrium  w ith  the 
pressure p = 0.8 p 3, th e  w ater con ten t of the  spheres (the gel-w ater) 
would be 2.44 V m, the  capillary w ater would be 0.56 V m, m aking  a to ta l 
of 3.00 V m. A t sa tu ra tio n  the  gel-w ater w ould be 4 Vm and th e  capillary 
w ater 2.83 V m, m aking a to ta l of 6.83 V m.

Fig. 3-10B represen ts a  paste  a t  th e  sam e stage of h y d ra tio n  as th a t 
represented  in 3-10A b u t w ith  a lower original w/c. H ere the  spheres of 
gel have m erged in to  one body, e lim inating  all capillary  w ater. The 
lowest w /Vm  curve in  Fig. 3-8, th e  cem ent-gel isotherm , would correspond 
to  th is  case.

Estimation of pore- and particle-size

W ith  d a ta  ob tained  from  specim ens contain ing no capillary  space (as 
defined above) we can estim ate  the order of size of the  elem ents of the 
solid phase and of its  characteristic  pores. Pore-size can be estim ated  
from  th e  hydrau lic  rad ius

TT , volum e of poresH ydraulic radius =  m  =  ----------------~--------
a rea  of pore-walls

Pore volum e is th e  space occupied by  evaporable w a te r and, in a 
paste  w ithou t capillary  space, th is  is equal to  th e  volum e of th e  gel 
w ater, i.e., th e  volum e of 4 V m. The area of the  pore-w alls is given by 
eq. (6).
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Hence,

4 V mv„m —
35.7 x 106F m 

where
vg =  specific volum e of the gel-water.

I t  will be shown la te r  th a n  the  specific volum e of the gel-w ater is about
0.90. Hence,

4 x 0 . 9 0m  = ----------------=  10.01 x 10-8 cm
35.7 x 106

or approxim ately  10A.*

The average size of a pore in the gel having a given hydraulic radius
can be estim ated  by assum ing th a t  the cross section of the pore resembles
a rectangular slit. L et b, h, and L  be the  w idth, thickness, and length, 
respectively, of the  slit. Then

hbL  '  hb
to =  ------------------  =-------------

(2h +  2 b)L 2{h +  b)

Solutions of th is equation for various values of h and b are given below :
h =  b ; m  =  1 /4  b
h = 2b ; m  =  1/3 b
h =  45 ; to =  4 /10  b
h = 10b ; m =  10/22 b
h =  1005 ; to =  100/202 b

T hus, as h/b  is m ade larger, m  approaches y ^ b  as a lim it. This means 
th a t  the  w id th  of the pores is a t least twice and a t m ost four tim es the 
hydraulic  radius. Since m  was given as about 10A, i t  follows th a t the 
average pore is from  20 to  40A across, probably closer to  40A th an  to  
20A if the particles are o ther th an  spherical.

T he order of size of the  colloidal particles cannot be com puted directly
because there  is no w ay to  correct for the  volume of non-colloidal m aterial,
1.e., m icrocrystalline hydrates and unhydrated  clinker. However, it  is 
of in te rest to  estim ate the size w ithout such correction since the  volume 
of non-colloidal hydra tes is relatively  small and d a ta  are available for 
sam ples containing very little  unhydrated  clinker. The estim ate is made 
by finding the size of spheres in an aggregation of spheres th a t would 
have th e  sam e to ta l volum e and surface area as dry  hardened paste. The 
size of sphere is given by the relationship

=  3 ^

S '

*A =  A ngstrom  u n it =  10-8 cm
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where
r =  rad ius of sphere in  cm
S ' =  surface area in  sq. cm per cu. cm 

S ' = dpS
where

dv — density  of d ry  paste, g per cu. cm 
and S  — surface area of d ry  paste, sq. cm per g.

F o r a typ ical paste  cured a t  least 6 mo., 
dp = 2.44 g per cu. cm.
5  =  1.8 x 106 sq. cm. per g

r =  ----------    =  68 x 10'8 cm,
2.44 x 1.8 x 106

say 70A.

This indicates th a t  if th e  solid phase were an  assem blage of equal 
spheres, each sphere w ould have a  d iam eter of ab o u t 140A. T he un its  
of colloid m ateria l are p robably  sm aller th a n  th is, b u t n o t very  m uch 
sm aller since m ost of the hyd ra tion  p roduct is colloidal and  since there 
was probab ly  little  u n h y d ra ted  m ateria l in  th e  specim en on w hich th is 
estim ate  is based.

These figures give a p ic ture  of a m ateria l m ade up of solid un its  averag­
ing abo u t 140A in d iam eter, w ith  in terstices averaging say  20 to  40A 
across. T his should, of course, be tak en  only as an  ind ica tion  of the 
order of size of the elem ents of th e  fine s truc tu re . I t  ind icates, for 
exam ple, the necessary resolving power of a m icroscope capable of dif­
feren tia ting  these features of hardened paste.

^

I t  is hard ly  necessary to  add th a t  the au tho rs hold no belief th a t  the 
gel develops as spheres or th a t  the  pores are rec tangu la r slits of uniform  
cross section. Those assum ptions were m ade only for convenience of 
illustration  and  com putation . T he bodies of hardened  gel could be in 
th e  form  of subm icroscopic p lates, filam ents, prism s, o r of no regular 
form  a t  all. However, as developed above, th e  evidence po in ts to  the  
conclusion th a t  th e  gel is a  solid having a  characteristic  porosity .

Data on relative amounts of gel-water and capillary water

T he rela tive  am ounts of gel-w ater and capillary  w ater in  sa tu ra ted  
sam ples a t  various stages of h y d ra tio n  are shown in Fig. 3-11 and  3-12, 
for th e  m ateria ls of Series 254-9. T he shaded portion  of each colum n 
represen ts gel-w ater and  the open portion  capillary w ater. These charts  
bring o u t again the fact th a t  for specimens of sufficiently low w ater- 
cem ent ratio , prolonged curing elim inates all capillary  w ater.
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In  several instances there  is an indication  th a t the  ratio  of capillary 
to  gel-w ater increases after a m inim um  is reached. W hether th is is 
real or th e  resu lt of experim ental vagaries cannot be told w ithou t fu rther 
experim ent. If i t  is real, i t  m ight be due to  the leaching of soluble m a­
teria l from  th e  paste  during the curing period. Such leaching would be 
expected to  increase the porosity  of the paste. I t  m ight also be due to  a 
coarsening of th e  gel-texture by  the form ation of m icrocrystals a t  the  
expense of colloids. If so, the change is of considerable significance. 
P resen t d a ta  w arran t no conclusions on th is point.

There is a  ra th e r  definite indication  th a t the gel is able to  fill bu t a 
lim ited am oun t of space, regardless of the  length of the curing period. 
This is b rough t ou t in  Fig. 3-13, where we/ V m (we =  evaporable water) 
a t sa tu ra tio n  is p lo tted  against w /c  for all specimens cured 180 days or 
longer. This shows again th a t  the  m inim um  possible evaporable w ater 
content is abou t 4 V m and fu rther th a t all samples having original w ater- 
cem ent ra tios g rea ter th a n  about 0.32 by w eight will contain some 
capillary w ater. T he em pirical relationship illustra ted  can be repre­
sented approxim ately  by  the equation

— =  12.2 (w /c  -  0.32) w /c  ^  0.32
I  m  —

where
wc is th e  capillary-w ater content of specimens cured 6 m onths or more.

SUM M ARY OF PART 3

A dsorption isotherm s for w ater on hardened portland  cem ent pastes 
show th e  same characteristics as those for vapors on m any different 
organic and inorganic m aterials.

T he process of adsorption and the  conditions for equilibrium  are ex­
plained in term s of the  B runauer-E m m ett-T eller (B .E .T .) theory  and 
the capillary condensation theory.

T he B .E .T . eq. (A) is used for representing d a ta  over the  range p =  
0.05 p s to  0.45 ps. The equation  is

V m (1  ~  X )  ( 1  ~  X  ~  C X)

where
w _  Weight of evaporable w ater held a t equilibrium  w ith pressure p, 
y m =  q u an tity  of w ater required for a  complete condensed layer on 

the solid, the  layer being 1 molecule deep on the  average,
C =  a constan t re la ted  to  the  hea t of adsorption, 
x  =  p /p s where ps = sa tu ra tion  pressure and p the existing pressure.
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c e m e n t  I 4 9 3 0  J, -  C ,S  22.7, C2S 55.8, C,A 6.I, C.AF 9.8, Sp. S u rf 2040 cm '/g

"V c'O . 3 0 9 0.424 *% -0 .5 7 3  (bywt)

I

14 20 56 90 ISO 447 7 |4 20 56 90 ISO 362 7 14 28 56 90

Age in  D a ys
Ref. No. 9 - 1 R e f No. 9 -2  Ref. N o .9 -3

C e m e n t  I5 0 I3  J. -  C3S 39.4, C;S 29.6, CjA, I3.9. C4AF7.2, Sp.SUIt. I800 cm^g

0.324

___________

w°/c- 0 .4 4 3 w<>/̂ =o.6ir

7 14 28 56 90 180 7 14 28  56 90

Age in  D ays
R e f No.9-10 Ref. No. 9-11

7 14 20 56 90 100

Ref. No. 9-12

Fig. 3-11— Effect of hydration on tv/V,„
Note.- Figures over columns are compressive strengths of 2-in. cubes, psi.
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Age in Days
Ref. No 9-7 (?cf  No 9-8 P . f  No. 9-9

C e m e n t  I5 3 6 5 . -  C3S 45.0, C;S 28.0, C3A I3.S. C«AF 6.7, Sp. 5 u r f  I640  c m # )

Age in Days
Ref. N0.9-I5A Ref. No. 9-13 Ref No 9-14

Fig. 3-12— Effect of hydration on u)/Vm 
Note.- Figures over columns are compressive strengths of 2-in. cubes, psi.



502 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE December 1946

I I

I0

E
>  9
\
5 8
I

o 7 ■+- (D
5: 6
OJ

^  5D

m>
LU 3

H
I

°0 0.I 0.2 0.3 0.4 0.5 0.6
v y c  ( b y  w e i g h t )

Fig. 3-1 3— Empirical relationship between total evaporable water per 
unit Vm and original water-cement ratio for samples cured 180 days

or longer

V m and C can be readily  evaluated  from  experim ental d a ta  and p s 
is a  constan t depending on tem pera tu re . C is ab o u t the  sam e for all 
pastes. Hence differences in adsorp tion  characteristics are ind icated  by 
differences in  V m.

T he non-evaporable w ater conten t, wn, is regarded as proportional 
to  th e  to ta l am oun t of hyd ra tio n  products. Since V m is porportional to  
surface area and since p ractically  all the  surface is th a t  of th e  colloids, 
V m is considered to  be proportional to  the  colloidal m ateria l (gel) only.

T he ra tio  V m/w n is considered to  be a co nstan t for any  given cem ent. 
I t  is influenced by  com pound com position abou t as follows:

—  =  0.00230 (% C sS ) +  0.00320 (% C 2S) +  0.00317 (% C 3A ) +
wn

0.00368 {% C aA F )
Among the  different typ es of cem ent V m/w n varies from  ab o u t 0.24 to  

0.28.
T he above equation  im plies th a t  th e  h y d ra te  of each com pound is 

colloidal or a t  least th a t  all com pounds occur as constituen ts of a  com­
plex colloidal hydrate .

The specific surface of hardened paste  can be com puted from  the 
relationship S  = 35.7 x 106 V m. I t  increases w ith the period of curing 
and  reaches ab o u t 2 m illion sq. cm per g of original cem ent.
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T he specific surface of the hardened paste is related to  wn as follows:

-  =  35.7 x 106 k,
W n

where k is a co nstan t for a given cem ent. Among the different types 
of cem ents, S /w n ranges from abou t 8.6 x 106 to  10 x 106.

None of the  relationships given above apply  to  paste cured a t high 
tem perature. U nder steam  pressure a sample cured 6 hours a t  420 F 
showed only 0.07 x 106 sq. cm. of surface per g of cement, as compared 
w ith 1.3 x 106 for a paste  cured 28 days, or abou t 2.0 x 106 for long curing, 
a t room tem peratu re .

W hen adsorp tion  d a ta  are expressed in term s of w /V m and p /p s, the 
result is an isotherm  based on the relative am ount of gel. Such curves 
are v irtua lly  iden tical for all cem ent pastes over the pressure range p = 
0.05 ps to  0.45 ps.

F or pastes in  which the to ta l evaporable w ater content is about 4 V m, 
the  curves are iden tical for the whole pressure range.

F or pastes having capacity  for evaporable w ater exceeding 4 F m, the 
excess is taken  up  over the  pressure range p  =  0.45 ps to  p =  ps.

T he evaporable-w ater capacity  is sm aller the  lower the original water- 
cem ent ra tio  and the  longer the  period of curing, b u t i t  cannot be re­
duced below abou t 4 V m.

E vaporable w ater in  excess of 4 V m is believed to  occupy in terstitia l 
space no t filled by  gel or o ther hydra tion  products. The w ater in this 
space is called capillary water. The rest of the evaporable w ater is held 
w ithin the characteristic  voids of the  gel and is called gel-water even 
though some of i t  m ight have been taken up by capillary condensation.

W hen th e  to ta l evaporable-w ater capacity  =  4 V m, the specimen con­
ta ins no space for capillary w ater.

F rom  the  surface area of the solid phase, and its characteristic porosity, 
the average pore in the  densest possible hardened paste is estim ated to 
be from  20 to  40Á across.

F rom  the  volume of the solid phase and its surface area, the order 
of particle size, expressed as sphere diam eter, is estim ated a t 140Á.

D a ta  on th e  relative am ounts of gel-water and capillary w ater in 
various samples are given graphically.
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43rd  A n n u a l C onvention, February 2 4 -2 6 , 1947

T he C incinnati convention program  under developm ent by  th e  P ub li­
cations C om m ittee approaches crystallization in an a rray  of tim ely  and 
im p o rtan t papers and  reports. Some item s are em erging; o thers are in 
the m aking; some still to  be selected. An excellent program  seems assured.

An im p o rtan t fac to r of “ team  riv a lry ” is again being used tow ard  a 
to p  notch  final program  w ithin  tim e lim itations. F ive sessions are to  
be bu ilt from  th e  resu lts of the  p resen t exploration of a  num ber of highly 
discussable subjects. The final choice of convention offerings will be 
m ade by th e  com m ittee from  th e  con tribu tions in  hand before m id- 
Jan u ary . F o r th e  very  earliest (the lim it, early December), pre-convention 
publication m ay be im p o rtan t for th e  developm ent of th a t  discussion 
which adds so m uch to  m eeting-room  in terest. O ther m ateria l too late 
for preview  before final program  decisions will of course be considered 
prom ptly  for subsequent J o u r n a l  publication.

Thus, as this, goes to  th e  p rin te r (N ovem ber 22) for the  D ecem ber 
J o u r n a l , i t  seems possible to  announce th a t  th e  In s t i tu te ’s publication 
program  for th e  next half year (including th e  convention program  and 
o ther papers and  reports too late for th e  convention) will include the 
follow ing:

Building code
The report of C om m ittee 318, S tan d ard  B uilding Code, (p. 401 this 

J o u r n a l ) presenting proposed revision of “ B uilding R egulations for 
Reinforced Concrete (A CI 318-41)” , alw ays of w idespread in terest 
because th e  “A C I Code” sets th e  p a tte rn  for so m any  building laws in 
th is coun try  and abroad, will have a p rom inent spot on th e  program . 
As announced by  C hairm an Boase and  Secretary  Z ipprodt for Com ­
m ittee  318, th e  present proposed revisions are chiefly m a tte rs  of simplifi­
cation and clarification. In  th e  cu rren t publication of th e  report, con­
vention consideration is assured.

Houses

Technological advances in th e  application  of concrete to  the  solution 
of the  pressing nation-w ide housing problem  have spurred  th e  present 
effort to  bring the  record to  da te  in short, tim ely  papers on th is sub­
ject. Several are prom ised. I t  is hoped some will be available in  tim e 
to  be scheduled for the  C incinnati m eeting. In  any  even t th ey  seem 
certa in  to  find a  place in J o u r n a l s  of early  1947 and  in  tu rn  inspire dis­
cussion w ith  revelation  of fu rth e r facts of large public im portance.

Grouting
Several aspects and  applications of the  techniques of g routing  have the 

cu rren t a tten tio n  of considerable ta len t in w riting papers on foundation
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grouting, contraction grouting  in large concrete dams, oil well grouting, 
tunnel grouting, and possibly, railroad track  grouting.

Bond
Two papers seem to be assured on bond of reinforcing steel, with 

another one or tw o in prospect.

Destructive agents
Several prospective papers are to cover such aspects of durab ility  of 

concrete as: durab ility  of concrete as influenced by  cem ent, aggregates 
as a destructive agent, destructive agents as contained in  sewers and 
water supplies, sulfate re sistan t cem ent, and possibly, the effect of sea 
w ater on portland  cem ent concrete.

Concrete surfaces
A session is proposed on concrete surfaces w ith papers on cracks, erosion 

studies and the ir corrective m easures, abrasion, painting, precast orna­
m ental concrete, finishing air-entrain ing concrete, and floors for hard  
wear.

Precast concrete
F or a proposed session 011 p recast concrete, papers are expected on 

p recast concrete un its, p recast concrete in  building construction and air 
en tra inm ent in  concrete m asonry units, and possibly a paper on a  con­
crete block designed to  be used like sheet piling.

Research
Based on its popularity  in recent years, the Research Session organized 

by Prof. S. J . C ham berlin, secretary, Com m ittee 115, is considered a 
“ M u st.”

jf: 4: sfc

A lthough C incinnati hotel facilities are believed to be ample, and the 
headquarters  hotel, the  N etherland  Plaza, promises full cooperation 
tow ard individual accom m odations, M em bers and others planning to 
a tten d  th e  convention should do the ir p a r t  w ith early  requests for 
reservations. This is the  first m eeting in C incinnati since 1923 and it  is 
expected th a t  m any will tak e  advantage of its  central location to  a ttend  
the m eetings; become acquainted w ith th e  In s titu te  and its  long-time 
regulars. M em bers from  the m id-south especially are urged to  a ttend , 
those who have no t always had  as convenient an opportun ity  to  a ttend  
an  A C I convention w ithout a  long trip .

M ore positive announcem ents of the  convention program  in the 
J a n u a r y  A CI News Letter.
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ACI Awards Announced

A cting on th e  repo rt of its  M edals A w ard C om m ittee, th e  B oard  of 
D irection  announces:

T o M orton  O. W ithey , D ean of th e  College of Engineering, U niversity  
of W isconsin:* th e  H enry  C. T u rn er M edal (founded in  1927 by  P ast 
P residen t T urner) “ to  be aw arded  annually  b u t no t m ore often, for 
notab le  achievem ent in  o r service to ” th e  field of concrete, f T he M edal 
is of gold and  is accom panied by  a  certificate of aw ard  which, in  the  
p resen t instance will bear th is  c ita tio n :

“in  recognition of forty  years of outstanding contributions 
to our knowledge and understanding of concrete and reinforced 
concrete.”

To G erald P ick e tt, Professor of A pplied M echanics, K ansas S ta te  Col­
lege*, the  Leonard  C. W ason M edal for th e  y e a r’s “m ost m eritorious 
p ap e r” on th e  basis of his

“Shrinkage Stresses in  Concrete” 
published in  th e  A C I J o u r n a l  Ja n u a ry  and  F eb ru ary  1946. T he bronze 
m edal, su itab le  inscribed, is accom panied in  its  p resen ta tion  b y  a  certifi­
cate of th e  aw ard.

T o Charles E. W uerpel, Chief of th e  C oncrete R esearch D ivision, U. S. 
W aterw ays E xperim en t S tation , C linton, M iss.*, th e  L eonard  C. W ason 
M edal for no tew orthy  research as reported  in  his paper

“Laboratory Studies o f Concrete Containing A ir-E n tra in ing  
A dm ixtures”

published A C I J o u r n a l , F eb ru ary  1946. T he bronze m edal, su itab ly  
inscribed, is accom panied in  its  p resen ta tion  b y  a  certificate of th e  aw ard.

The W ason M edals were founded by  P a s t P residen t W ason (the In ­
s ti tu te ’s second P residen t 1915-16) in  1917.

To J. W. K elly* and  B. D . K eatts* , associate professor of civil engi­
neering, U niversity  of C alifornia and  engineer, In tru sio n -P rep ack t, Inc., 
respectively, th e  second A m erican C oncrete In s titu te  C onstruction  
P ractice A w ard, founded in  1944 “ for a  paper of ou tstan d in g  m erit on 
concrete construction  p rac tice .” T he aw ard is based on th e  paper en­
titled

“Two Special Methods o f Restoring and Strengthening 
M asonry Structures”

A C I J o u r n a l , F eb ru ary , 1946. M essrs. K elly  and  K ea tts  will each receive 
a certificate of aw ard  and  will share equally  in  U. S. Series E  bonds of a 
m a tu r ity  value of ¡$300.00.

*See b rie f b iograph ical ske tch  in  pages w hich follow.
t  P rev ious  T u rn e r M edalis ts : A rth u r  N . T a lb o t 1928; W illiam  K . H a t t  1929; F rederick  E . T u rn e au re ,

1930; D uff A. A dam s 1932; Jo h n  J . E a r ly  1934; P h ao n  H . B ates 1939; B en M oreell 1943; Jo h n  L. S avage 
1946.
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The p resen ta tion  of these aw ards will be from  the hands of President 
G onnerm an a t  th e  In s ti tu te ’s 43rd A nnual C onvention a t  C incinnati, 
F eb ruary  24 to  26, 1947.

The Medalists

Morton O . Withey— Turner Medal
M orton  0 . W ithey was born  in M eridian, Conn. O ctober 25, 1882. In 

1904 he received his B.S. degree from  D artm o u th  College and in 1905 
his civil engineering degree from  T hayer School of Civil Engineering 
(connected w ith  D artm o u th  College).

D uring his senior and  post-graduate  years a t  D artm ou th , he was 
an assistan t in  graphics and in surveying and for four m onths in the  
sum m er of 1904 an apprentice a t  the. N orth  W orks of the  Illinois Steel 
Co., Chicago.

D ean W ithey has been associated continuously w ith the U niversity  of 
W isconsin since Septem ber 1905, beginning as an instructo r and holding 
successively positions of assistan t professor, associate professor, professor, 
chairm an of th e  departm en t of m echanics and since June  29, 1946, D ean 
of th e  College of Engineering.

Aside from  his teaching D ean W ithey has been active in research in 
the fields of m asonry m aterials, cem ent, concrete, reinforced brickwork, 
m asonry and  m ortar. F rom  1924 to  1931 he was in charge of th e  research 
program  on s tru c tu ra l steel colum ns for th e  steel column research com­
m ittee  of th e  A m erican Society of Civil Engineers. D uring the years 
1926 to  1937 he served as chairm an of th e  com m ittee on yield points and 
stru c tu ra l steel of th e  A .S .T .M . and from  1932 to  1940 he conducted 
research on properties of reinforced brick m asonry and m asonry m ortar 
suitable for such m asonry.

M ore recently  he has been chairm an of the  com m ittee on durability  
of concrete of th e  H ighw ay Research B oard which has been engaged 
in an experim ental program  to  standardize freezing and thaw ing pro­
cedures to  be used in  testing  concrete.

D ean W ithey  has been a m em ber of the  In s titu te  since 1921, has been 
a  m em ber of the  A dvisory C om m ittee since 1938, m em ber of the  Board 
of D irection since 1937 as D irector, 1937-38, D irector-at-Large, 1939-40, 
V ice-President 1941-42, and P resident in 1943, serving as a past president 
m em ber of the B oard since 1944.

D ean W ithey holds m em bership in several technical organizations in 
addition to  th e  A C I, including W isconsin Society of Professional E n ­
gineers (past president), A m erican Society for Testing M aterials, So- 
ciet}r for th e  Prom otion of Engineering Education, and the  N ational 
Society of Professional Engineers.
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Gerald Pickett— Wason Medalist
G erald P ick e tt was b o m  A ugust 29, 

1901; was g raduated  as a n  electrical en­
gineer from  O klahom a A. & M . in  1927, 
aw arded a  P h D  in M echanics by  the  
U niversity  of M ichigan in  1938. E xcept 
for tw o  years in  th e  tes tin g  lab ora to ry  of 
th e  Brooklyn N avy  Yard, he ta u g h t in  the  
D ep artm en t of M echanics, K ansas S ta te  
College, u n til 1940. In  th a t  period he 
ta u g h t advance courses in  m echanics to  
g raduate  s tu d en ts  in  add ition  to  th e  
regular courses to  th e  undergraduates.

In  M arch  1940 he joined th e  Basic 
Research B ureau of th e  P o rtlan d  C em ent 
Association’s R esearch L ab o ra to ry  in 
Chicago as a  research physicist. In  th is  
capacity  his studies centered a round  the  
m echanics of p o rtlan d  cem ent concrete, 
particu larly  its  behavior u n d er sustained 
stress. On th is  subject he was th e  au th o r 
of a  paper appearing  in th e  F eb ru ary  
1942 A C I J o u r n a l  “T he Effect of Change 
in  M oisture C on ten t on th e  Creep of 
Concrete under a  Sustained L oad.”

H e appeared  in  th e  A C I J o u r n a l  April 
1945, w ith  his “D ynam ic T esting  of Con­
crete.” T he paper which won him  the  
W ason M edal for th e  “m ost m eritorious 
pap er” in Vol. 42 of th e  A C I Proceedings 
appeared  in tw o parts, Ja n u a ry  and  Feb­
ru a ry  1946 A C I J o u r n a l  an d  was en titled  
“Shrinkage Stresses in  C oncrete.”

In  Septem ber 1945 D octor P ick e tt re­
tu rn ed  to  th e  facu lty  of K ansas S ta te  
College, M an h a ttan , K ansas, where he is 
Professor of Applied M echanics.

Charles E. Wuerpel— Wason 
Medalist
Charles E . W uerpel was born  in  Louisiana, 
Ju ly  26, 1906. H e began his specializa­
tion in concrete when given responsible 
charge of th e  construction  of th e  concrete 
section of B onnet C arre Spillway in  1929. 
Following its  com pletion he h ad  charge of 
concrete and  concrete testing  on th e  New 
H arv ey  Lock of th e  In tracoastaT  C anal a t  
N ew  Orleans. T h is was followed by  a 
residen t engineership a t  th e  Vermilion 
Lock P ro jec t on th e  In traco as ta l C anal in 
southw estern  Louisiana.

W hile in charge of concrete during  th e  
construction  of Lock 26 a t  A lton, 111., 
he conducted  a  research program  dealing 
w ith  the  effect of fineness of cem ent upon 
the tem p era tu re  rise in  sem i-m ass con­
crete. H e was la te r  p laced in  charge of 
th e  Concrete R esearch  L abora to ry  in  con­
nection w ith  th e  proposed Passam aquoddy  
T idal Pow er P ro jec t during  th e  com pre­
hensive research on resistance of concrete 
to  sea w ater an d  severe frost action.

Subsequently  he was in  charge of the 
C entra l Concrete L abora to ry  of th e  N orth  
A tlan tic  D ivision of th e  U. S. Engineer 
D epartm ent, U. S. M ilita ry  Academy, 
W est Po in t, N . IT where in  add ition  to  
testing  th e  concrete p laced by  the  IT. S. 
E ngineer D epartm en t in  northeastern  
U nited S tates, M r. W uerpel assisted in the  
in struction  of th e  g rad u atin g  class in  con­
crete tes tin g  an d  lab o ra to ry  design. ,

H e w as th e  au th o r of an  A C I paper 
en titled  “T ests of th e  P o ten tia l D urab ility  
of H orizon tal C onstruction  Jo in ts” which 
appeared in  th e  Ja n u a ry  1939 J o u r n a l . 

In  recen t years he has done considerable 
research w ork w ith  a ir en tra inm en t and  is 
th e  a u th o r of “ Field Use of C em ent Con­
taining Vinsol R esin” (Sept. J l.  1945) as 
well as th e  p ap er which earned  him  the 
W ason M edal.

T he C en tra l Concrete L abora to ry  was 
recently  m oved to  th e  U. S. W aterw ays 
E xperim ent S ta tion  in  C linton, Aliss. and  
is now  know n as th e  Concrete R esearch 
Division, U. S. W aterw ays E xperim ent 
S tation . Air. AAruerpel is chief of th e  new 
Division.

J. W. Kelly and B. D. Keatts— ACI 
Construction Practice Award

T his is n o t the  first tim e J. W. Kelly has 
received an  A C I aw ard . In  1934 he re­
ceived th e  W ason Aledal as co-author w ith 
R . E. Davis, R . W. C arlson and  G. E. 
Troxell for th e  pap er “ C em ent Investiga­
tions for B oulder D am  W ith  R esu lts U p to  
th e  Age of One Y ear.”

H e was g rad u ated  from  P u rd u e  Uni­
versity  in 1921 following th ree  years of 
sub-professional w ork in  construction



AC I NEWS LETTER 7

an d  tw o  years as a first lieu tenan t of in­
fa n try  in  W orld W ar I. F o r tw o years 
he was engaged in  w aterw orks engineering, 
m aking valuations and  superintending 
construction. A fter a brief te rm  as 
assistan t in  th e  testing  m ateria ls labora­
to ry  of P urdue  U niversity , he joined the 
staff of the  P o rtlan d  Cem ent Association, 
where he rem ained for seven years. H is 
w ork w ith  th e  Association consisted 
largely in  popularizing th e  intelligent 
design and  field control of concrete mix­
tu res  by  conducting "short courses” for 
engineers, architects, and  contractors 
th roughout th e  U nited  S ta tes an d  Canada. 
Following a  sum m er of field research and  
inspection for th e  N ational Sand and  
G ravel Association, he re tu rn ed  to  Purdue 
U niversity  where as concrete specialist of 
the  engineering extension departm en t he 
p repared  a  practical booklet on concrete 
m aking for th e  sm all user of cem ent. In  
M ay 1931 he joined th e  staff of th e  U ni­
v ersity  of California.

W ith  Prof. R . E . D avis an d  o ther m em ­
bers of th e  staff, he is co-author of several 
papers on concrete, including th e  subject 
of volume changes, heat of cem ent hydra­
tion, cem ent investigations for Boulder 
D am . an d  high-silica cem ents. As chair­
m an of A C I C om m ittee 611, he had  m ajor 
responsibility for th e  report published as 
“A C I M anual of C oncrete Inspection .” 
He is a  m em ber of th e  In s titu te  and  an  
associate m em ber of th e  Am erican So­
ciety of Civil Engineers.

B. D . K ea tts  was g raduated  from  the  
U niversity  of Illinois in 1924 w ith th e  de­
gree of BS in  General Civil Engineering. 
H is first w ork was in  th e  planning and  
specification’s office of th e  Illinois S ta te  
H ighw ay D epartm ent a t Springfield for 
one year, and  th en  w ith  th e  bridge de­
p a rtm en t of the  M issouri Pacific R ailroad 
a t  St. Louis where a  small p a rt of his tim e 
was spent in  p reparing  plans for concrete 
struc tu res; most of it was spent as resident 
engineer on bridge construction under
co n trac t.

He also had charge of m aintaining the
iroad's tw o river ferries for freight tra in

service a t  St. Louis, M o. and  a t  N atchez, 
Miss. A fter four and  a  half years w ith 
th e  M issouri Pacific he w ent to  Stone & 
W ebster Engineering Corp. a t  Chicago 
for four years on the  construction of equip­
m ent which was m anufactured  in  th e  
Chicago te rrito ry  for insta lla tion  in  dam s 
an d  industria l plants.

In  the  depression, he found haven w ith 
o ther engineers a t th e  C entury  of Prog­
ress w orld’s fair a t  Chicago, three years 
during th e  construction period, tw o years 
of operation, an d  p a rt of th e  dem olition 
period.

N ext he was w ith th e  P o rtland  Cem ent 
Associaton in  th e  S ta tes of Illinois and  
W isconsin m aking contacts w ith  and  in­
struc ting  engineers, technicians, and build­
ers in  th e  construction field.

H e has been w ith  In trusion-Prepakt, 
Inc. for six years in  th e  field, locating 
proper sources of m aterials and getting 
them  to  th e  various jobs, establishing new 
field, laboratory-developed m ethods, an d  
working w ith  custom ers’ engineers on 
special reconstruction problems. On 
Jan u a ry  1, 1946 he was given charge of 
th e  com pany’s activities in th e  E astern  
States.

M r. K eatts  has been an  A C I m em ber 
since 1942.

M ark your Calendar—

A C I ’ s

43rd

A n n u a l Convention 

a t Cincinnati 

February 24-26, 

1947
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New Members

T he B oard  of D irection  approved  86 
applications for M em bership (62 In d iv id ­
ual, 4 C orporation, 5 Jun ior, 15 S tuden t) 
received in  October.

T h e  M em bership to ta l on N ovem ber 1, 
1946, a fte r a d ju s tm en t for a  few losses by  
death , resignation  an d  for non-paym ent 
of dues, is 2927.

Individual Members

Allen, M . H ., S tru c tu ra l C lay P ro d u c ts In ­
stitu te , 1 2 0 ^  W elch Ave., Ames, la .  

B asta, R u d  F., 1 Q ueen Ave., Swanwyck, 
N ew  Castle, Del.

Bellows, K . C., 10 S. L inden Ave., Sheri­
dan, W yo.

B erry  N . K ., c /o  U. S. B ureau  of R ecla­
m ation, C ustom s Bldg., D enver 2, Colo. 

B ierm an, Sidney, 7244 Shaftesbury , U ni­
versity  C ity  5, Mo.

Bonilla, P e tru s M anzano, Calle Seybo No.
21, C. T rujillo , D om inican R epublic  

Booth, Jam es J ., 1600-15th St., D enver, 
Colo.

Boyce, V incent M., 619 W . 26 th  St., 
W ilm ington 276, Del.

Braunbock, E rn st, P e te r  Jo rd an str., 17/1, 
V ienna 19, A ustria  

Brewer, A. H ., c /o  H olabird  & Root, 
A rchts., 333 N . M ichigan Ave., Chicago 
1, HI.

Brooks, B oyd S., 4827 W illett Pkw y., 
C hevy Chase 15, M d.

Castillo, R ene M ., Calle H ostos No. 16, 
C iudad, T rujillo , D om inican R epublic, 
W . I.

C oornvelt, H arlan , 4648 N . M ervine St., 
Ph iladelph ia  40, Pa.

D i B erto, E dw ard  T ., 132 Sharon St., W.
M edford, Mass.

D ow ney, P au l W ., 17 G a lla tin  St., N . W., 
W ashington 11, D . C.

D uke, C. M artin , Pacific Islands E ngi­
neers, C o n trac t NOj-13626, P . O. Box 
33, c /o  F . P . O., San Francisco, Calif.

Estelle, C., Jr., A m erican Viscose Corp., 
35 S. N in th  St., P h iladelph ia  7, Pa.

Estevez, C arlos Santos, C errado 356, R p to  
B a tista , H av an a , C uba

Field, W illiam  T ., 20 Flow er Bldg., W ater­
town, N . Y.

Foss, R ay  J., C ivil Engineering  D ept., 
U niversity  of N ew  Mexico, A lbuquerque 
N . M .

G eym ayr, Guido, c /o  Sika L td a ., Casilla 
1467, Santiago de Chile

G elotte, E rn es t N ., 70 A lton  R d ., Quincy 
69, M ass.

G iardina, A n thony  J ., 206 De M o tt Ave., 
Baldwin, L. I., N . Y.

Gomien, R andall L ., 5401 H etzel Ave., 
C incinnati 27, Ohio

Gross, M orris H ., C oncrete C uring  Corp., 
8725 P u ritan , D e tro it 21, M ich.

G rout, N a th a n  M ., Leo E llio tt & Asso­
ciates, Penthouse-C itizens Bldg., T am ­
pa, F la.

H ands, S tan ley  M ., 501-5th Ave., O akland 
6, Calif.

H anlon, J . R . G., c /o  Reinforcing & 
S tru c tu ra l Steel Co. L td ., D unedin, 
N ew  Zealand

H arpold , A llan E ., 925 F ric k  Bldg., P it ts ­
b u rgh  19, Pa.

Heres, H arold, 630 Louisiana Ave., B aton 
R ouge 10, La.

H ertz, A. L., U. S. Engineers, 2301 G ran t 
S t., M obile, Ala.

Holley, M yle J., Jr ., R oom  1-251, M. I. T ., 
C am bridge, Mass.

Holmes, W . H ., P. O. Box 1079, Sacra­
m en to  5, Calif.

H orn, George P ., C em entos G uadalajara , 
S. A., A p artad o  1404, G uadala jara , 
Ja l., Mexico

K osm an, V ictor, c /o  U. S. B ureau  of R e­
clam ation, R edding, Calif.

Lain, J . S., L ain  Surfacing Co., 5057 
C h a th am  St., V ancouver, B. C., C anada
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M assey, M aurice Longfield, 85 E ddy  R d., 
C hatswood, N . S. W., A ustra lia

M clver, A. W., P . O. Box 1945, G reat 
Falls, M ont.

M edema, M elvin R ., 301 Keller Bldg., 
G rand  R apids, M ich.

Mellor, D onald  M ., W. Va. Pulp  & P aper 
Co., P iedm ont, W. Va.

M errill, B. S., 284 Shrine Bldg., M emphis, 
Tenn.

M oore, W illiam, 110 F o rsy th  St., Boston, 
Mass.

M orris, L loyd M ., Physical L aboratory , 
Penn. R . R . T est D ept., A ltoona, Pa.

N app, Samuel, 110 W . 40 th  St., New York 
18, N . Y.

N ew hard, E. P ., Pennsylvania-D ixie Ce­
m ent Corp., N azare th , Pa.

Porter, O. Jam es, O. J . P o rte r & Co., 516 
N in th  St., Sacram ento  14, Calif.

R unyan, D am on O., R u n y an  & Slee, 
Longm ont, Colo.

Sanders, A. L. R ., 53 W . Jackson  Blvd., 
Chicago 4, 111.

Sen, B. R ., D ept, of Civil Engineering, 
Iow a S ta te  College, Ames, la .

Sergeant, Jo h n  E., H enger C onstruction  
Co., 1600 D allas N a t’]. B ank Bldg., 
Dallas 1, Texas

Sperry, W illiam  C., 407 E . S t., Copeland 
Park , N ew port News, Va.

S tarkm ann, A., N esher C em ent Works, 
H aifa, Palestine

Steinbrugge, K arl V., 1304 Josephine St., 
B erkeley 3, Calif.

Sturlesi, B enjam in, c /o  N eum ann Bros., 
P . O. B. 1367, Jerusalem , Palestine

Sum m er, W . B., 534 Bridgeboro St., 
R iverside, N . J .

Thom as, T . W ., D ept, of Highways L ab­
orato ry , Experim ental Engr. Bldg., 
U niversity  of M innesota, M inneapolis 
14, M inn.

Torres, R icardo G., 12 C. O. No. 3, G uate­
m ala, C. A.

Towne, A rth u r W. H., 222 B edford P ark  
B lvd., New Y ork 58, N . Y.

Troeger, M aurice L., 1928—3rd  St., N . E. 
W ashington 2, D . C.

Weikel, S. F ., Sandlass, W iem an & As­
sociates, 107 S. Saratoga St., B altim ore 
1, M d.

W einberger, M. X. C., 701 Seventh Ave., 
New Y ork 19, N . Y.

Williams, A. W., P. O. Box 314, Mobile, 
Ala.

Corporation Members

C ast Stone & Concrete Federation, Vic­
to ry  House, Leicester Square, London, 
W. C. 2, E ngland (A. E. Bond)

Perk ins-E aton  M achinery Co., 376 D or­
chester Ave., S. Boston, Mass. (Parker 
Eddy)

Rule L td ., A. E ., 1109 Millwood Rd., 
Toronto, Ont., C anada (A lbert E. Rule)

U tah  S ta te  A gricultural College, School of 
Engineering, Industries & Trades, Lo­
gan, U tah  (D ean E. Christiansen)

Junior Members

Finifter, N a tan  R apoport, Villegas No. 
503, H avana, C uba

Harwood, F rank lin  I., 666 W. E nd  Ave., 
New Y ork 25, N . Y.

Long, Forrest L. Jr., U. S. Engineer D ept., 
1209 E igh th  St., Sacram ento, Calif.

M endoza, Francisco, Villada 44, Toluca, 
Mexico, Mexico

N ettrou r, B. F ., 125 Ridge Ave., P itts ­
burgh 2, Pa.

Student Members

Arnold, M ack A., Jr., Syme Hall, Box 
3579, N . C. S ta te  College, Raleigh, N .C.

Belgin, Adil, c /o  301 W. Engineering 
Bldg., Ann Arbor, Mich.

B randley, R einard  W., H arvard  Univer­
sity , G raduate  School of Engr., Pierce 
Hall, Cam bridge 38, Mass.

B ustam ante, Guillermo Lara, P . O. Box 
1644, San Jose, C osta Rica

C artier, M organ E. Jr., 254 Alumni Hall, 
N otre Dam e, Ind.
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Coyle. R obert W ., 102 Sorin H all, U niver­
sity  of N o tre  D am e, N o tre  D am e, Ind .

Figuls, Jorge, Box No. 407, San Jose, 
C osta  R ica

Fitzgerald , J . E dm und, 23 Prospect Ave., 
Revere, Mass.

Grippi, V incent, 201 S. 9 th  Ave., M t. 
Vernon, N . Y.

M cC arthy , F rancis F inney, 6154 W ash­
ing ton  Ave., S t. Louis, Mo.

M akzaum i, M . H ., 621 S. D ivision, Ann 
Arbor, Mich.

M eltzer S., A braham , A p artad o  1770, San 
Jose, C osta R ica 

M ueller, E dw ard  A., 119 M orrissey Hall.
N o tre  D am e, In d .

Schoen, Jam es M ., 102 Sorin H all, N otre  
D am e, Ind .

W illiam s, D am eron  II . Jr ., T he Citadel. 
C harleston, N . C.

W H O ’S W H O  in this JO U R N A L

Frank E. Richart
A C I p a st president who is th e  au th o r of a 
p ap er in  th e  J o u r n a l , “T he S truc tu ra l 
Efficiency of P ro tection  Shells on R ein­
forcem ent C oncrete C olum ns” (p. 353) 
has been active in  A C I since 1917 an d  
needs no  in troduction  here.

A . Amirikian
au th o r of th e  paper, “Precast Concrete 
S truc tu res,” which appears on p. 365 of 
th is  J o u r n a l  has been an  A C I m em ber 
since 1945 an d  is chairm an of th e  new A C I 
com m ittee 324, P recast Reinforced Con­
crete S tructures. M r. A m irikian was 
g rad u ated  from  Cornell U niversity  in 
1923. A fter five years experience w ith  
various fabricating  shops, he entered  
governm ent service in  th e  B ureau of 
Y ards an d  Docks, N av y  D epartm en t. 
P resen tly  he is H ead  Designing Engineer, 
and  for th e  p a st ten  years he has been in  
charge of th e  special design section on 
buildings, welding, bom bproofing, and  
floating structu res. In  th is  capacity  he 
has been responsible for th e  design of 
som e of th e  B u reau ’s m ost o u tstand ing  
s truc tu res ashore an d  afloat. He is 
a u th o r of th e  design trea tise  “Analysis 
of R igid F ram es.”

Arthur P. Clark
an  A C I M em ber since 1924 an d  a  m em ber 
of A C I C om m ittee 208, B ond Stress, is 
th e  au th o r of th e  p ap er “C om parative

B ond Efficiency of D eform ed C oncrete 
Reinforcing B ars” which appears on p. 381 
of th is  J o u r n a l .

M r. C lark  was g rad u ated  from  the 
U niversity  of M ichigan in  1903 w ith  the 
degree B S in  CE. Following graduation  
he spent th ree  an d  one-half years in  the 
Bridge D ep artm en t of th e  Pere M arquette  
R ailroad  a t  D etro it an d  since th a t  tim e 
has been continuously identified w ith  the 
engineering problem s of reinforced con­
crete an d  th e  d istrib u tio n  of concrete re­
inforcing bars. H e joined th e  organiza­
tio n  of th e  C orrugated  B ar Co. a t  St. 
Louis in 1906 an d  has continued th is 
association, th rough  th e  consolidation of 
C orrugated  B ar Co. w ith  K alm an  Steel 
Co. an d  th e  purchase of K alm an b y  B eth­
lehem  Steel in  1931, u n til 1944. Since 
th en  he has been R esearch  Associate for 
th e  A m erican Iro n  an d  Steel In s ti tu te  at 
th e  N a tio n a l B ureau  of S tandards.

In  add ition  to  th e  A CI, M r. C lark  holds 
m em bership in th e  A .S.C .E . and  A .S .T .M ., 
is an  associate of th e  H ighw ay Research 
B oard  an d  is serving on several industry  
com m ittees.

T. C. Powers and T. L. Brownyard
are th e  au th o rs of “Studies of th e  Physical 
P roperties of H ardened  P o rtlan d  Cem ent 
P as te ,” P a r t 3 of w hich appears on  p. 469 
of th is  J o u r n a l . See p. 8  of th e  O cto­
ber News L ette r for biographical sketches 
of these authors.
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REINFORCED CONCRETE COLUM NS 
UNDER COMBINED COMPRESSION 
A N D  BENDING......................................  43-1
HARO LD E. W E S S M A N — Sept. 1946, pp . 1-8 (V .  43) 
A lg e b ra ic  methods a va ila b le  heretofore fo r the analysis 
of the  reinforced concrete column subject to  combined 
compression and bending have usually involved the solu­
tion o f a complex cubic equation and have taken con­
siderable time when a p p lie d  to particu lar problems. A  
new  method o f successive approximations converging 
rapid ly to an exact answ er and avoid ing the use o f the 
cubic equation is presented in this paper. The key to the 
method is the reciprocal relationship existing between 
the load axis and the neutral axis of the transformed sec­
tion. The method may be a p p lie d  to  any shape o f cross 
section and any arrangem ent o f reinforcing steel, prov id­
ing there is one axis of symmetry and the plane o f bending 
coincides w ith  this axis. The theory behind the method is 
presented and illustrated w ith  three typ ical problems.

EFFECT OF MOISTURE O N  THERM AL 
CONDUCTIVITY OF LIMEROCK 
CONCRETE................................................  43-2
M A C K  TYNER— S^pt. 1946, pp. 9-20  (V . 43)
The coeffic ient o f thermal conductivity, U, o f limerock con­
crete is a function o f temperature, composition and density 
or moisture content. N o  attem pt has been made to 
measure the effect o f temperature on k.  H o ld ing  the 
temperature reasonably constant, the effect o f composi­
tion on k  has been measured fo r tw o  limerock concrete 
mixes (1:5 and 1:7 by volume). The 1:5 mix has a k  that 
is 10 per cent la rg e r than the k  fo r the 1:7 mix.
W ith  the temperature and composition held constant, 
the effect o f moisture on k  fo r the 1:5 and 1:7 mixes has 
been measured. The moisture content has a very profound 
effect on k ,  e .g . increases o f moisture from zero to 5 per 
cent increases the k  o f 1:5 mix by 23 per cent and from 
zero to 10 per cent increases the k  by 46 per cent. Con­
cretes should be kept d ry  if th e ir  maximum heat insulation 
effect is desired.

★C E M E N T  INVESTIGATIONS FOR 
BOULDER D A M — RESULTS OF 
TESTS O N  MORTARS UP TO AG E 
OF 10 YEARS.........................................  43-3
R A Y M O N D  E. D A V IS , W IL S O N  C . H A N N A  and 
E L W O O D  H . 8R O W N — Sept. 1946, pp. 21-48 (V .  43) 
The effects o f composition and fineness o f the laboratory 
cements employed in cement investigations for Boulder 
Dam upon strength, volume changes, and sulfate resistance 
o f mortars, a re  reported for ages up to  10 years. For both 
w e t and dry  storage conditions, factors for each of sev­
eral ages a re  given which indicate the contribution of 
each o f the  four major compounds present in Portland 
cement to tensile and compressive strengths and volume 
changes.

★A N A L Y S IS  A N D  DESIGN OF ELE­
M ENTARY PRESTRESSED CONCRETE 
MEMBERS.................................................. 43-4
H E R M A N  SCHORER— Sept. 1946, pp. 49-88 (V o l.  43) 
The purpose o f this paper is to  outline  the analysis and 
design o f elementary prestressed concrete members, such

as beams, columns, ties, etc., subjected to internal and 
external ax ia l forces and bending moments. The internal 
stresses, caused by the action o f the prestress forces, are 
combined w ith  the stresses due to  external loads in three 
typ ical load ing stages. The first stage considers the stress 
cond ition resulting from the simultaneous app lica tion  o f a ll 
sustained loads. The second stage determines the stress 
changes due to normal live loads, based on a tru ly  mono­
lith ic  partic ipa tion  o f the entire concrete area. The third 
stage assumes a cracked tension zone, which condition 
introduces the derivation o f ultimate stresses and clarifies 
the influence o f the presfress action on the type o f fa ilure. 
The ana lytica l expressions a re  simplified by means of 
convenient ratios, which essentially define the sectional 
shape, the effective steel prestress, and the concrete fiber 
stresses. Numerical examples serve to illustrate the various 
steps.

★ S T U D I E S  O F  THE P H Y S I C A L  
PROPERTIES OF HARDENED PORT­
L A N D  CEMENT PASTE
(Part 1) Price 50 cents..............................43-5a
(Parts and appendix) Price 75 cents. .  .43-5b 
(Part 3) Price 50 cents..............................43-5c
T. C . POWERS and T. L. BR O W N YARD— O c t. 1946, pa. 
101-132, Nov. 1946, pp. 249-336, Dec. 1946, pp. 469- 
504 (V .  43)

IN  N IN E  PARTS 
Part 1. A  Review o f Methods That Have Been Used for

Studying the Physical Properties of Hardened
Portland Cement Paste 

Part 2. Studies of W ater Fixation 
A p p e n d ix  to  Part 2 

Part 3. Theoretical Interpretation o f Adsorp tion Data 
Part 4. The Thermodynamics of Adsorp tion 

A p p e n d ix  to Parts 3 and 4 
Part 5. Studies of the Hardened Paste by M eans of 

Specific-Volum e Measurements 
Part 6. Relation o f Physical Characteristics of the Paste 

to Compressive Strength 
Part 7. Perm eability and A b sorp tiv ity  
Part 8. The Freezing of W ater in Hardened Portland 

Cement Paste
Part 9. General Summary of Findings on the Properties of 

Hardened Portland Cement Paste
This paper deals mainly w ith  data on w a te r fixation in 

hardened Portland cement paste, the properties o f evapor­
a b le  w a te r, the density o f the solid substance, and the 
porosity o f the paste as a w h o le . The studies of the 
evaporable w a fe r include water-vapor-adsorptioncharac­
teristics and the thermodynamics o f adsorption. The dis­
cussions include the fo llo w in g  topics:

1. Theoretical in terpre tation o f adsorption data
2 . The sp ecific  su rface  o f h a rd e n e d  P o rtla n d  cem ent 

paste
3. Minimum porosity o f hardened paste
4 . Relative amounts o f g e l-w a te r and cap illa ry  w a te r
5. The thermodynamics o f adsorption
6. The energy o f binding of w a te r in hardened paste
7. S w elling  pressure
8 . Mechanism of shrinking and swelling
9. C a p illa ry -flo w  and moisture diffusion

10. Estimation o f absolute volume o f solid phase in 
hardened paste

11. Specific volumes o f evaporable and non-evaporable 
w a te r

12. Computation o f volume o f solid phase in hardened 
paste

13. L im it o f h y d ra tio n  o f P o r tla n d  cem ent
14. Relation o f physical characteristics o f paste to 

compressive strength
15. Perm eability and absorptivity
16. F re e zin g  o f w a te r  in  h a rd e n e d  P o rtla n d  cem ent 

paste
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★M IN IM U M  STANDARD REQUIRE­
MENTS FOR PRECAST CONCRETE 
FLOOR U N IT S ........................................ 43-6
REPORTED BY A C I C O M M ITTEE 711— O c t.  1946, pp. 
133 -14 8 (V .  43 ) In special covers 
Supersedes 4 0-17 , 42-11.
These minimum standard requirements a re  to be used as 
supplements to the A C I “ Bu ilding Regulations fo r Rein­
forced C oncre te ”  (A C I 3 1 8 -41 ). W ith  respect to design 
fo r strength, i. e., fo r bending moment, bond and shear 
stresses, a ll types snail be designed in accord w ith  standard 
re inforced design theory and A C I 318-41. W ith  respect 
to  cover, there  is in some cases d ep artu re  therefrom 
justified by the g re a te r refinement in the finished product 
w hen made by factory methods w ith  factory contro l. Pre­
cast floor systems w ith  I-beam type and h o llo w  core type 
joists a re  covered. A p p e n d ix  contains a p p lic a b le  sec­
tions o f the  A C I code (A C I 3 18 -41 ). This report, o r ig i­
na lly  published in Feb. 1944 Journal, has been revised by 
the  committee and adopted by the  Institute as an A C I 
S tandard, A u g . 1946. The committee consists o f F. N . 
M e ne fee , Chairman, W arren A .  C o o lid g e , R. E. Copeland , 
C liffo rd  G . Dunnells, H . B. Hemb, H arve  Kilmer, G lenn 
M urphy, G ay le  B. Price, John Strandberg, J. W . W arren , 
Roy R. Z ip p ro d t.

★R E C O M M E N D E D  PRACTICE FOR 
THE CONSTRUCTION OF CONCRETE 
FARM  S IL O S ................    43-7
REPORTED BY A C I C O M M ITTEE 714— O c t.  1946, pp. 
149 -16 4 (V .  43 ) In special covers 
Supersedes 4 0-10 , 42-12.
These recommendations describe practice fo r use in the 
design and construction of concrete silos— stave, block 
and monolithic, for the storage o f grass o r corn silage. 
The report is the w o rk  o f the  committee consisting o f 
W illiam  W . Gurney, Chairman, J. W . Bartle tt, W a lte r 
Brassert, C laude Douthett, H a rry  B. Emerson, W illia m  G . 
Kaiser, R. A .  Law rence, G . L. Lindsay, J. W . M cCalm ont, 
Dalton G . M ille r ,  C . C . M itc h e ll, K. W . Paxton, B. M . 
Radcliffe, Charles F. Rogers, Stanley W itz e l. It was 
adopted by the Institute as an A C I Standard A u g . 1946.

THE DURABILITY OF CONCRETE IN 
SERVICE .................................................. 43-8
F. H . J A C K S O N — O c t. 1946, pp. 165-180 (V .  43)

This paper discusses the problem of concrete d u ra b ility  
w ith  reference prim arily to h ighw ay b ridge structures 
located in regions subject to severe frost action . Four 
major types of d e te rio ra tio n  are defined and illustrated 
and several specific matters which have bearing .on the 
problem, including the effect o f construction variables, 
modern vs. o ld  fashioned cements, a ir  entrainment ana 
the  so-called “ cem ent-a lka li”  agg reg a te  reaction, are 
discussed. The report concludes w ith  a series o f 
recommendations ind ica ting  certa in corrective  measures 
which should be taken.

WEAR RESISTANCE TESTS O N  C O N ­
CRETE FLOORS A N D  METHODS 
OF DUST PREVENTION .....................  43-9
G EORG W A S TLU N D  and ANDERS ERIKSSON— O c t. 
1946, pp. 181-200 (V .  43)

This paper presents a description o f tests made on con. 
crete floor specimens o f various types in o rd e r to  determ ine 
th e ir  resistance to w e a r and to investigate the character 
of de te rio ra tio n  o f concrete floor surfaces due to traffic. 
The results o f these tests show that concrete floors p ro ­
v ided w ith  finish courses conta in ing coarse a gg reg a te  up 
to about ^  inch in size and an excess o f pea gravel a re  
defin ite ly superior to  concrete floors w ith  a finish course 
containing fine sand only wh ich are common in Sweden 
a t the  present time. M ore over, this investigation has 
helped to  e luc idate  the  causes o f the often very severe 
and detrim ental dusting o f concrete floors. The surface 
skin o f concrete floors is o f poo r q u a lity  and is easily 
a b rade d . Dusting can be considerably reduced if the 
poor surface skin is removed by machine grind ing  provided 
th a t the concrete b e lo w  the  surface skin is of first-rate

qu a lity . The pa p e r concludes by proposing a de ta iled  
ten ta tive  specification fo r concrete floor finish which 
d iffe rs  in essentials from current Swedish practice.

★L IN IN G  OF THE A L V A  B.
A D A M S  TUNNEL................................... 43-10
RICHARD J. W IL L S O N — N o v. 1946, pp. 209-240 (V . 
43)

The 13.03 mile A lva  B. Adams Tunnel, excavated under 
the C ontinenta l D ivide, as a part o f the transmountain 
w a te r  diversion plan o f the Colorado-B ig  Thompson Pro­
ject, United States Department o f the Interior, Bureau of 
Reclamation, is now  lined w ith  concrete. Lining equip­
ment and methods and agg reg a te  processing are de­
scribed.

REPAIRS TO SPRUCE STREET 
BRIDGE, SCRANTON, P E N N A  43-11
A  BURTON C O H E N — N ov. 1946, pp. 241-248 (V . 43) 
Repairs and reinforcements o f the  Spruce Street Bridge 
built in 1893 over the Lackawanna Railroad and Roaring 
Brook in Scranton, Pa. are described. The effective 
app lica tion  o f the "A lp h a  System-Composite Floor De­
sign”  reinforced the floor system a t the  same time a new 
concrete floor slab was la id . Concre te prices are in­
cluded and eleven illustrations supplement the text of the 
paper.

THE STRUCTURAL EFFECTIVENESS 
OF PROTECTIVE SHELLS O N  REIN­
FORCED CONCRETE C O L U M N S ... .43-12
F. E. RICH ART— Dec. 1946, pp. 353-364 (V . 43)

This paper presents a study of 108 pla in, tied  or spirally 
reinforced concrete columns. The columns w e re  7, 8 and 
9  in. round o r square, 45 in. ong, and the ties and spirals 
w e re  6  in. in diameter.
The columns w e re  loaded ax ia lly , w ith  “ fla t”  ends. 
Strains w e re  measured and close observations w e re  made 
of the in itia l fa ilu re  o f the protective Shell.
Analyses o f the test results w e re  made to see if the column 
shells w e re  fully effective. This was the case w ith  the 
shells o f spirally reinforced columns, but the  tied  columns 
showed a slight deficiency in the strength expected on 
the basis o f previous tests o f the  1930 A C I column 
investigation.
The test results lend support to  the design methods pre­
scribed in the current A C I Building Regulations for 
Reinforced Concrete.

PRECAST CONCRETE STRUCTURES. .43-13
A . A M IR IK IA N — Dec. 1946, pp. 365-380 (V .  43) 
Precasting is becoming a major factor in the choice of 
reinforced concrete as a construction material because of 
ever-rising cost of labo r and materials. The advantages 
o f precasting a re  not how ever confined to savings in cost 
and materials. Since it is a planned method o f construction, 
com parable to factory production, its use also assures a 
b e tte r control o f qu a lity  and speedier completion of the 
p ro ject. This a rtic le  is an attempt to show how  precasfing 
can be u tilized  to provide the framing of a great variety 
o f structures. The first part deals w ith  bent type of framing 
as used in buildings, the second describes a novel type of 
framing consisting of precast cells, p a r tic u 'a ry  suitable for 
floating structures.

C O M PAR ATIVE  BOND EFFICIENCY 
OF DEFORMED CONCRETE REIN- 
FORCING BARS....................................... 43-14
ARTHUR P. CLARK— Dec. 1946, pp. 381-400 (V . 43)
The purpose o f the tests described was to  determine the 
resistance to slip in concrete of 17 d iffe ren t designs of 
deformed reinforcing bars.
The tests w e re  of the pull-ou t type in which the bars w ere  
cast in a horizontal position; the dep th  o f concrete under 
the bars and the length o f embedment w e re  varied. The 
slip of the bar was measured a t the loaded and free end. 
Three tests w e re  made o f each va ria b le  for each design 
o f deformation.
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It was established that a certa in group o f the bars was 
defin ite ly superior to the others, in the sense that the ir 
average rating was significantly higher than the average 
o f the others. Bars cast in the top  position w e re  much 
less effective than those cast in the bottom position.

★PRO PO SED REVISION OF BUILD­
ING REGULATIONS FOR REIN­
FORCED CONCRETE (AC I 318-41). .43-15
REPORTED BY A C I CO M M ITTEE 318— Dec. 1946, pp. 
401-468 (V .  43)
The report w ith  its proposed changes has been released 
by the Standard Committee for convention action.
The contents are fu lly  expla ined in the t it le . The current 
"c o d e ”  appears in full in la rger type; the proposed 
changes in smaller type. Published for information and 
study p r io r  to convention consideration.

H onor Roll
F eb ru ary  1 to  O ct. 31, 1946

T he H onor R oll for th e  period F eb ru ary  
1, to  Oct. 31, 1946 finds T . E . S tan to n  
still in  th e  lead w ith  24J^ m em bers an d  
J. L. Savage second wdth 21.
T. E. S ta n to n ........................................ 24
J. L. Savage............................................21
Henry L. K enn ed y............................. 10
Walter H. P rice....................................10
E. W. T h orson ....................................10
R. D. B radbury...................................... 9
Jam es A. M cC arthy.............................9
C. C. O leson...........................................8
A nton R ydland ......................................
J. A. C rofts.............................................6
M iguel Herrero..................................... 6
Newlin D. M organ...............................6
Charles E. W uerpel.............................5J^
Jacob F ru ch tb au m .............................5
Ray C. G id d in gs...................................5
Karl W. L em cke...................................4}^
A. A m irik ian ......................................... 4
Hernán Gutierrez 4
M artin K antorer..................................4
Lewis H. T u th ill.................................. 4
K. E. W h itm an .....................................4
D. R. C ervin............................................
H. B. E m erson ................................... 33^
Grayson G ill ..........................................3J^
E. F. Harder...........................................V/¿
F. E. R ich art..........................................
Birger A rneberg....................................3
A. J. B oase ..............................................3
R aym ond E. D avis...............................3
D enis O. H eboid ................................... 3
John T. H ow ell.....................................3

C. A. H u gh es................
0 .  G. J u lia n ....................
R ene Pulido y Morales
Jam es J. Pollard___
J. A ntonio T hom en  
Stanton  W alker. . . .
C. S. W h itn ey ........
W. A. C arlson...........
Em il W. C olli............
T. F. C ollier..............
H. M. H adley............
Alberto Dovali Jaim e
F. N. M en efee ........
Dean Peabody........
E. M. R aw ls............
A. L. S tr o n g ..........
H. F. T h o m so n .. . . 
John Tucker, J r .. . 
Wm. R. W au gh .. . .  
Paul W. Abeles. . . .
H ugh B arnes..........
R ene L. B ertin . . . .
J. F. B arton ............
A loysius E. Cooke.
R. W. C rum ............
H. J. G ilkey ............
Issac H ausm an. . . . 
Wm. R. K a h l ........
F. R. M cM illan. . . . 
Robert L. M auchel
J. J. M u llen ............
Paul W. Norton . . . 
Henry Pfisterer. . . .  
Raym ond C. Reese 
Richard A. Roberts
R. D. R ogers............
S im eon R oss...........
M oe A. R ubinsky. . 
John A. R u h lin g . .
R. H. Sherlock . . . .
H. C. S h ie ld s..........
LeRoy A. S tap les . .
H. D. Su llivan ........
Flory J. T am anin i.
J. W. T ink ler..........
1. L. T yler..................
W. W. W a rzy n ........
Piers M. W illiam s
Paul L. B a ttey .........
R. H. B ogue..............
S. D. B u r k s ..............
H. F. F au lkner.........
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E. J .  G l e n n a n ............
Axel H . J o h n s o n . . . . 
T h o m a s  M . K e l ly . . . 
T . R . S . K y n n e rs le y
R a u l  L u c c h e t t i .........
J o h n  J .  M u r r a y ........
Y . G . P a t e l ..................
J .  C . P e a r s o n ..............
R . D. R a d e r .................
N . L . S h a m r o y ..........
T h o m a s  C . S h e d d .. 
L eR o y  A. T h o r s s e n .
Ju lius A d le r...................
K asim  A tla s ..................
Joseph A v a n t................
A. F . B a rab a s ................
J . F . B arb ee ..................
H . J . B a te m an ..............
F . J . B eardm ore ..........
K . B illig .........................
R . F . B lan k s .................
Joseph W. B o d y ..........
E. K . B o rch ard .............
H . C. B o y d ....................
H . A. B r a d t ...............
R aym ond L. B ran d es.
J . M . B re en ...................
A. S. B rock ....................
M . E . C ap o u ch ............
A ntonio J. C arbonell.
R . W. C a rlso n ..............
T . J . C av an a g h ............
F ran k  W . C h appell. .  . 
A nthony  D . C ire s i.. . .
M iles N . C la ir ..............
C has. A. C la rk .............
A. R . C ollins.................
Jo h n  C onzelm an..........
H olly A. C ornell..........
W. S. C o ttin g h a m .. . .
G. H . C. C ra m p to n ... 
C harles A. D a y m u d e .
F . K . D einbo ll..............
Louis H . D o a n e ...........
C. T . D ouglass.............
Clifford D u n n e lls .........
D . W . F a iso n ................
Jess F e llab au m .............
A. G. F lem in g ...........
A lexander E . F o r re s t .
A lexander F o s te r .........
H erm an F rau en fe ld er.

Yi M eyer F rid s te in .............
Yi J .  K . G a n n e tt .................
Yz Jam es F . G ill..................
y 2 D . E . G ondolfi................
Yi E . Gonzales R u b io . . . .
Yi F red  A. G o rh a m ............
Yi L . E . G r in te r ...................
Yi E rn s t G ru enw ald ...........
Yi E llio tt A. H a lle r ............
Yi M . J . H aw k in s................Yi E lm o H igginson.............
Yi F ra n k  R . H in d s ..............

G. H . H odgson ...............
W. M. H o n o u r................
L ym an G. H o r to n .........
O. W . I rw in .....................
M . E . Ja m es ....................
R . O. Jam eso n ................
R . R . K a u fm a n ..............
J . W. K e lly ......................
E dgar R . K e n d a ll ..........
E dw ard  F . K en isto n ..  .
Orville K o fo id .................
G uy H . L arso n ...............
H . W alter L e a v it t .........
B. L eo n .............................
L. S. L eT ellie r................
A rth u r A. L ev ison .........
E lb e rt F . L ew is..............
B a rtle tt  G. L o n g ............
F . A. L u b e r ..................
Jam es E . M cC lelland . .
M. J. M cM illan .............
E dw ard  P . M cM ullin . .
I a n  M a c a lla n ..................
A rnold A. M a c k ........
F . R . M acL eay ...........
D . G. M a rle r ...............
Charles M ille r .................
E ugene M ira b e lli ..........
H ugh  M o ntgom ery . . . .  
R o b ert B. B. M oorm an 
B en M oree ll.....................
I. N a rro w .........................
W m. T . N eelan d s..........
B en E . N u t t e r ................
Philip  P ao le lla ................
D . E . P a rso n s ..............
A. F. P e n n y .....................
R ichard  L. P in n e ll........
H a rry  W. P ip e r ..............
C. J . P o sey .......................
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E . O. P r i tc h a rd ...........................................1
H erm an G. P ro tze  J r ..................................1
C. C. P u g h ....................................................1
E rik  R e tt ig ..................................................... 1
George P . R ice .............................................. 1
E . O. R o sb erg ..............................................1
M aurice G. R o u x .........................................1
A rthu r R u e ttg e rs ......................................... 1
Emil S ch m id ..................................................1
G. R . Schneider.......................................... 1
H erm an Schorer............................................1
John  C. Seelig ............................................... 1
George G. S m ith .......................................... 1
J . H . Sp ilk in ...................................................1
H ugh F . T o lley .............................................1
Bailey T rem p er.............................................1
H arold  C. T re s te r ........................................ 1
Saul I h r ..........................................................1
Oscar J . V ago ................................................ 1
Joseph J . W addell........................................1
D avid  W ats te in ............................................ 1
J. C. W a t t .......................................................1
B enjam in W ilk ............................................. 1
George C. W ilsnack .................................... 1
R alph  E . W inslow ........................................1
Douglas W ood ...............................................1
R ay  A. Y o u n g ............................................... 1
R . R . Z ip p ro d t.............................................. 1

T he following credits are, in  / each 
instance, “50-50” w ith  an o th er M em ber.
E a rl P . A llabach
B. G . A nderson 
A. A rnste in  

, J .  B . B aird  
M ichel B akhoum  
S a b a h a ttin  B asm an  
E . B en-Z vi 
E . O. B ergm an  
H u g h  B igler 
C arlos B lasch itz
G . C . B r it to n  
E rn e s t L . B rodbeck  
Carlos D . B ullock  
F red  B u rg g ra f 
F re d  C aio la  
R o b e rt A . C aughey
H . F . C lem m er 
A. B. C ohen  
S am  Com ess 
W . A . Coolidge 
R . A. C rysle r 
A ta h u a lp a  D om inguez
G . J . D u ra n t
E . E . E d w ard s  
A. C . E ich en lau b  
A xel E rikeson  
H a rry  R . E rp s  
C ev d e t E rzen
E . E . E v an s  
K . P . F erre ll 
L . R . F o rb rich  
H a rry  E . F reeh
G . V. G ezelius 
V. L . G laze 
H o w ard  A. G ray

P e r  O. H a lls tro m  
H u n te r  H an ly  
S h o rtrid g e  H ard es ty  
G eorge N . H ard in g  
H . L. H enson  
A. W . H icks 
R . B . H in d m an  
M eyer H irsch th a l 
Wm. A. H ohlw eg 
R a lp h  B. H orner 
F red  H u b b a rd  
M anue l C as tro  H u e rta  
H . D . H um phries 
W . C . H u n tin g to n  
F ra n k  H . Jackson  
V. P . Jensen  
B ruce  M . Johnson  
P a u l A. Jones 
G eorge L. K alousek  
T . C. K avanaugh  
F ra n k  K erekes 
W . D . K im m el 
L ane K n ig h t 
H e n ry  M . Lees 
W m . Lerch 
Leslie L. Low ey 
J . A. M cC rory  
D ouglas M cH enry  
J . B. M acphail 
S idney  M . M ajo r J r . 
C harles M annel 
G eorge W . M eyer 
C . C . M ore 
A. B. L. M oser 
F e rn an d o  M unilla

T . D . M y lrea
D . Lee N arv e r
H . T . N elson 
N . M . N ew m ark  
S yberen  F ra n k  N ydam  
G eorge L. O tte rso n  
W m . D . P a in te r  
G eorge P . P alo  
Cecil E . Pearce 
R . S. P hillips 
Jam es D . P iper 
D av id  P irtz  
H arry  C. P lum m er 
R . F . Pow ell 
R o b e rt B. P rov ine  
F ra n k  A. R an d a ll 
Jerom e M . R aphael 
C larence R aw houser
F . V. R eagel 
F rederick A. R eickert 
Rolf. T . R etz 
M elv in  S. R ich  
R . E . Roscoe 
F ra n k  T . Sheets

T . E . S helburne
C. E . Shevling 
C harles A. Shirk 
H aro ld  O liver S joberg  
M arv in  S pindler 
C harles M . Spofford
D . J .  S teele
H enson K . S tephenson 
H ale  S u therland  
M . O. Sylliaasen 
R . W . U llm an  
Z a ldua  U ria rte  
Jo se  V ila
D . S. W a lte r  
R ay  V. W arren  
A. C arl W eber 
W. H . W eiskopf
E . C. W enger
H. E . W essm an 
H e rb e r t J . W h itten  
E ugene P. H . W ille tt
E . T . W iskocil 
E rn e s t B. W ood
R . B. Y oung

December JO U RN AL in two parts

T he annual “ J o u r n a l  Supplem ent” , as 
i t  has been known for m any years, is issued 
this m onth  as P a r t  2 of the  December 
J o u r n a l .  T his is t o  comply w ith  a  ruling 
of the  T h ird  A ssistant Postm aster General 
w ith  regard to  m ailing in  accordance w ith  
postal laws and  regulations.

As th e  Supplem ent did in  th e  past, 
P a r t  2 does n o w —completes th e  Proceed­
ings volum e year w ith  its  contents of title  
page, tab le of contents, closing discussion 
and  indexes for Yol. 12, enabling the  
m em ber or subscriber who so desires to  
assemble his own bound volume.

^ * 4  S f l V \ ^ S
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Sources of Equipment, Materials, and Services

I A  reference list of advertisers who participated in the Fifth 
\  Annual Technical Progress Issue of the ACI JOURNAL—
/ the pages indicated w ill be found in the February 1946 issue 

and (when it is completed) in V . 42, ACI Proceedings. Watch 
for the 6th Annual Technical Progress Section in the February 
1947 JO URNAL.

Concrete Products Plant Equipment page

Besser Manufacturing Co., 902 46th St., Alpena, M ich.................................................. 436
— Concrete products plant equipment, production

Stearns Manufacturing Co., Inc., Adrian, M ich.................................................................409
— Vibration and tamp type block machines, mixers and skip loaders

Construction Equipment and Accessories

Atlas Steel Construction Co., 83 James St., Irvington, N. Y........................................... 425
— Forms for concrete

Blaw-Knox Division of Blaw-Knox Co., Farmers Bank Bldg., Pittsburgh, Pa 410-11
— Truck mixer loading and bulk cement plants, road building equipment, buckets, 

batching plants, steel forms

Butler Bin Co., Waukesha, Wis.............................................................................................452
— Central mix, ready-mix, bulk cement and batching plants, cement handling 

equipment

Chain Belt Co. of Milwaukee, M ilwaukee, Wis............................................................430-1
— Mixers, pavers, pumps

Electric Tamper & Equipment Co., Ludington, M ich....................................................416-17
— Concrete vibrators

Flexible Road Joint Machine Co., Warren, O h io ........................................................... 432
— Pavement joint and joint installers

Fuller Co., Catasauqua, Pa....................................................................................................434
— Unloading and conveying pulverized materials

Heltzel Steel Form & Iron Co., Warren, O h io ...............................................................454-5
— Pavement expansion joint beams

Jaeger Machine Co., The, Columbus, O h io .................................................................418-19
— Concrete paving equipment '

C. S. Johnson Co., The, Champaign, III............................................................................448
— Mixing plant equipment

Koehring Co., M ilwaukee, Wis..........................   424
— Tilting and non-tilting construction mixers

M all Tool Co., 7703 So. Chicago Ave., Chicago 19, III............................................... 431
— Concrete vibrators

Master V ibrator Co., Dayton 1, O h io .............................................................................466-7
— Concrete vibrators
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Ransome Machinery Co., Dunellen, N. J..........................................................................435
Paving Mixers

Richmond Screw Anchor Co., Inc., 816 Liberty Ave., Brooklyn 8, N. Y.................... 456
— Planned form work

Viber Co., 726 So. Flower St., Burbank, C alif............................................................. 422-3
— Concrete vibrators

Whiteman Manufacturing Company, 3249 Casitas Ave., Los Angeles C a lif 444-5
— Vibrating and finishing equipment

Contractors, Engineers and Special Services
American Concrete Institute, N ew  Center BIdg., Detroit 2, M ich................................ 465

— Publications about concrete

Kalman Floor Co., Inc., 110 E. 42nd St., N ew  York 17, N. Y................................ 420-21
— Floor finishing methods

Prepakt Concrete Co., The, and Intrusion-Prepakt, Inc., Union Commerce BIdg.,
Cleveland 14, O h io .................................................................................................437-440
— Pressure filled concrete

Raymond Concrete Pile Co., 140 Cedar St., N ew  York 6 , N. Y................................. 414
— Pile foundations

Roberts and Schaefer Co., 307 No. Michigan Ave., Chicago 1, III.............................427
— Thin shell concrete roofs

Scientific Concrete Service Corp., McLachlen BIdg., Washington, D. C ....................... 426
— M ix controls and records

Vacuum Concrete, Inc., 4210 Sansom St., Philadelphia 4, Pa....................................442-3
— Forms and lifters with suction controlled concrete

Materials
Anti-Hydro Waterproofing Company, 265 Badger Ave., Newark N. J................ 468-9

— Waterproofing

Calcium Chloride Assn., The, 4145 Penobscot BIdg., Detroit 26, M ich.......................420
-— Calcium chloride

Concrete Masonry Products Co., 140 W. 65th St., Chicago, III.................................... 415
— Non-shrink metallic aggregate

Dewey and A lm y Chemical Co., Cambridge 40, Mass.............................................. 450-1
— Air-entraining and plasticising agents

Horn Co., A . C., Long Island City 1, N. Y...................................................................... 412
— Waterproofing

Hunt Process Co., 7012 Stanford Ave., Los Angeles 1, Calif.......................................449
— Curing compound

Inland Steel Co., The, 38 So. Dearborn St., Chicago 3, III.........................................446-7
— Reinforcing bars

Lone Star Cement Corp., 342 Madison Ave., N. Y.....................................................428-9
— Cement performance data

Master Builders Co., The, Cleveland, Ohio, Toronto, O nt.....................................457-464
— Cement dispersing and air-entraining agents

Sika Chemical Corp., 37 Gregory Ave., Passaic, N. J................................................470-1
— Waterproofings, plasticizer, and densifier

United States Rubber Co., Rockefeller Center, N ew  York 20, N. Y............................ 433
— Form lining

Testing Equipment
Baldwin Locomotive Works, Philadelphia 42, Pa............................................................ 413

— Testing equipment
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A C  I publications in large current demand
Proposed M anua l o f Standard Practice for D eta iling  Reinforced 
Concrete Structures (1946)

Reported by ACI Committee 315, Detailing Reinforced Concrete Structures, Arthur J. Boase, 
Chairman, this book reached the top of the ACI “ best seller”  list within one month of its distri­
bution to all AC I members in good standing in July 1946. It is a large format, bound to lie flat 
and presents typical engineering and placing drawings with discussion calling attention to 
important considerations in designing practice. It was prepared to simplify, speed, and effect 
standardization in detailing. It is believed to be the only publication of its kind in English. It 
is meeting w ide acclaim among designers, draftsmen and in engineering schools. Price— $2.50; 
to ACI Members— $1.50.

A C I Standards— 1946
180 pages, 6x9 reprinting ACI current standards: Building Regulations for Reinforced Con­

crete (AC I 318-41); Minimum Standard Requirements for Precast Concrete Floor Units 
(AC I 711-46); four recommended practices: Use of M etal Supports for Reinforcement (ACI- 
319-42); Measuring, Mixing and Placing Concrete (ACI 614-42); Design of Concrete Mixes 
(AC I 613-44); Construction of Concrete Farm Silos (A C I 714-46); and two specifications: Con­
crete Pavements and Bases (ACI 617-44) and Cast Stone (AC I 704-44)— all between two 
covers, $1.50 per copy— to ACI Members, $1.00.

A ir  Entrainment in Concrete (1944)
92 pages of reports of laboratory data and field experience including a 31-page paper by

H. F. Gonnerman, "Tests of Concretes Containing Air-entraining Portland Cements or Air- 
entraining Materials Added to Batch at M ixer,”  and 61 pages of the con’ribufions of 15 parti­
cipants in a 1944 AC I Convention Symposium, “ Concretes Containing Air-entraining Agents,”  
reprinted (in special covers) from the ACI JO URNAL for June, 1944. $1.25 per copy; 75 
cents to Members.

A C I M anual of Concrete Inspection (July 1941)
This 140-page book (pocket size) is the work of A C I Committee 611, Inspection of Con­

crete. It sets up what good practice requires of concrete inspectors and a background of 
information on the “ why”  of such good practice. Price $1.00— to ACI members 75 cents.

"The Joint Committee Report" (June 1940)
The Report of the Joint Committee on Standard Specifications for Concrete and Reinforced 

Concrete submitting “ Recommended Practice and Standard Specifications for Concrete and 
Reinforced Concrete," represents the ten-year work of the third Joint Committee, consisting 
of affiliated committees of the American Concrete Institute, American Institute of Architects, 
American Railway Engineering Association, American Society of Civil Engineers, American 
Society for Testing Materials, Portland Cement Association. Published June 15, 1940; 140 
pages. Price $1.50— to AC I members $1.00.

Reinforced Concrete Design H andbook (Dec. 1939)
This report of ACI Committee 317 is in increasing demand. From the Committee’s Fore­

word: One of the important objectives of the committee has been tov prepare tables covering
as large a range of unit stresses as may be met in general practice. A  second and equally 
important aim has been to reduce the design of members under combined bending and axial 
load to the same simple form as is used in the solution of common flexural problems."— 132 
pages, price $2.00— $1.00 to ACI members.

For further information about A C I Membership and Publications (including pamphlets 
presenting Synopsis of recent ACI papers and reports) address:

A M E R IC A N  CONCRETE INSTITUTE New Center Building Detroit 2, Michigan



Recent A C I Standards

Minimum Standard Requirements for Precast Concrete Floor 
Units (A C I 711-46)

16 pages in covers: 50 cents per copy (40 cents to ACI Members)

Recommended Practice for the Construction of Concrete Farm 
Silos (A C I 714-46)

16 pages in covers: 50 cents per copy (40 cents to ACI Members)

Recommended Practice for the Design of Concrete M ixes 
(A C I 613-44)

24 pages in covers: 50 cents per copy (40 cents to ACI Members)

Specifications for Cast Stone (A C ! 704-44)
4 pages: 25 cents per copy

Specifications for Concrete Pavements and Bases (A C I 617-44)
30 pages in covers: 50 cents per copy (40 cents to ACI Members)

Recommended Practice for Measuring, M ix ing  and 
Placing Concrete (A C I 614-42)

30 pages in covers: 50 cents per copy (40 cents to ACI Members)

Recommended Practice for the Use of M e ta l Supports for 
Reinforcement (A C I 319-42)

4 pages: 25 cents per copy

Building Regulations for Reinforced Concrete (A C I 318-41)
63 pages in covers: 50 cents per copy. (40 cents to ACI Members)

Proposed Standards

Proposed Manual of Standard Practice for Detailing Reinforced Concrete 
Structures

Reported by ACI Committee 315. It is a separate publication of large format, 
bound to lie flat and presents typical engineering and placing drawings with 
discussion calling attention to important considerations in designing practice. 
55 pages; $2.50 per copy. $1.50 to ACI Members. (Distributed to ACI 
Members in July 1946)

The Nature of Portland Cement Paints and Proposed Recommended Practice 
for Their Application to Concrete Surfaces

Reported by Committee 616 as information and for discussion only. 20 pages, 
25 cents per copy (Reprint from ACI JO U R N A L, June 1942)

Proposed Recommended Stresses for Unreinforced Concrete
Reported by Committee 322 as information and for discussion only. 4 pages, 
25 cents per copy. (Reprint from ACI JO U R N AL, Nov. 1942)
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The A M E R IC A N  CONCRETE INSTITUTE

is a non-profit, non-partisan organization of engineers, scientists, 
builders, manufacturers and representatives of industries associated 
in their technical interest with the field of concrete. The Institute 
is dedicated to the public service. Its primary objective is to assist 
its members and the engineering profession generally, by gathering 
and disseminating information about the properties and applications 
of concrete and reinforced concrete and their constituent materials.

For four decades that primary objective has been achieved by 
the combined membership effort. Individually and through com­
mittees, and with the cooperation of many public and private 
agencies, members have correlated the results of research, from both 
field and laboratory, and of practices in design, construction and 
manufacture.

The work of the Institute has become available to the engineering 
profession in annual volumes of ACI Proceedings since 1905. Be­
ginning 1929 the Proceedings have first appeared periodically in 
the Journal of the American Concrete Institute and in many separate 
publications.

Pamphlets presenting brief synopses of Journal papers and 
reports of recent years, most of them available at nominal prices in 
separate prints, and information about ACI membership and special 
publications in considerable demand are available for the asking.

New Center Building, Detroit 2, Michigan



M a n y  papers and discussions are 

submitted for consideration of the 

Publications Committee in a single 

copy of the manuscript. Three 

copies are required.

Prospective c o n t r i b u t o r s  should 

have a copy of ^A m erican Con­

crete Institute Publications Policy77 

(an 8-page reprint from the Sep­

tember 1941 Journal). It w ill be 

sent w ithout charge, on request.



NEPH EW NIECE SON DAUGHTER

'i hat one gift would please them all ?

N o m atte r w hat the ir tastes . . . 
th e ir hobbies . . . the ir likes or dis­
likes . . . there’s one gift th a t  will 
please them  a t C hristm as tim e, each 
and every one.

T h a t  g if t  is a U n ite d  S ta te s  
Savings Bond.

This C hristm as, pu t a t least one 
Savings Bond under the tree for 
someone you love.

Contributed by this magazine in co-operation 
with the M agazine Publishers o f Am erica as a public service.


