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WEATIIER IN RIIATION TO WINTER CONCRITING

by

E .  G .  S w e n s o n

S U M M A R Y

Thls  repor t  a lea ls  w i th  the  var ious  fac to rs  wh i .ch
ln f luence the  coo l ing  o f  concre te  exposed to  w in te r  weather
ancl with the quanti tat i ,ve roethocls by which weather data may
be app l ied  in  p rac t ica l  cases .  The overa f l  s i tua t ion  is
examined on  the  bas is  o f  the  two genera l  p rob le rns :  the
prec l i c t lon  o f  the  env i ronrnenta l  cond i t ions  to  wh ich  a
c o n c r e t e  m a s s  w i l l  b e  s u b j e c t e d ,  a n d  t h e  p r e d i c t i o n  o f  t h e
resu l t ing  cond i t lons  th roughout  tha t  mass .

Cases  are  c j_ ted  anc l  the  conponents  o f  the  bas ic  heat
exchange between the concrete mass ancl i ts environnent are
ident l f lec l .  The e lements  and fac to rs  o f  c l imate  are
cons idered on  the  bas is  o f  the i r  ro le  in  coc l ing ,  and w in te r
w e a t h e r  d a t a  a r e  a s s e s s e d .  T h e  e f f e c t s  o f  v a r i o u s  l o c a l
fac to rs  on  the  per t inent  weather  e lements  a re  cons idered in
r e l a t i o n  t o  t h e  c o o l i n g  o f  c o n c r e t e .  T h e  u s e  t h a t  c a n  b e
mac le  o f  s ta t l s t i ca l  weather -da ta ,  o f  fo recas t  in fo rmat ion ,
anc l  o f  a  knowledge o f  the  in f luence o f  n ic roc l imat ic  fac to rs
1s  d iscussed in  te rms o f  the  s ize  and.  dura t lon  o f  a  job .

The prob len  o f  p red lc t ing  tenpera tures  w i th in  the
concre te  l s  recogn ised bas ica l l y  as  a  heat  exchange
s l tua t ion .  Heat  t ransrn iss ion  phenomena are  rev iewed
br le f l y ,  and i t  i s  no ted  tha t  convec t lon  and rad ia t ion  can
be dea l t  w i th  by  mod i f l ca t ions  to  s ixqp le  conduct ion  theory ,
thus  grea t ly  s inp l i f y ing  the  equat ions  and ca lcu la t ions .  A
rev lew is  g iven  o f  quant l ta t i ve  ne thods  a l ready  deve loped
for  purposes  o f  p red ic t ion  o f  concre te  tenpera tures .

I t  1s  suggested  tha t  labora tory  inves t lga t ions  are
useful prinari ly 1n the determination of quanti t ies anal
coef f i c len ts  requ l red  in  ca lcu la t lons ,  to  the  s tudy  o f
phenonena, and to assessing the approximations that nay be
enployetl  .



R d S U M d

le  rappor t  p rdpard  par  l rau teur  p rdc i td  a  t ra i t  aux

d ivers  fac teurs  qu i  in f luencent  1e  re f ro id issenent  du  bd ton

expose i  aux  in tempdr ies  de  1 'h iver ,  a ins i  quraux  mdthodes

quant i ta t i vo  servant  A  app l iquer  d  des  cas  pra t iques  les

t lonndes sur  Ia  tempdra ture .  L rau teur  axamine 1 'ensemble  de

la sltuation en se basant sur 1es t leux problEmes gdndraux

su ivants :  a )  1a  prdd ic t ion  des  cond i t i -ons  du  mi l ieu

au-.cque11es une masse t le bdton sera soumise et b) 1a

prdd lc t ion  des  cond i t lons  qu i  en  rdsu l te ron t  dans  tou te  la

n a s s e .

Mons ieur  Swenson c i te  cer ta ins  cas  e t  iden t i f ie  des

d ld roents  c le  1 'dchange ca io r i f ique  de  base qu i  se  produ i t

en t re  la  rnasse de  bd ton  e t  son  anb iance.  11  cond iddre  1es

6 ldnents  e t  1es  fac teurs  du  c l lna t  en  se  basant  sur  leur

ro le  fo rs  c lu  re f ro id issement ;  11  dva lue  auss i  1es  donndes

sur  la  teurpdra ture  d 'h iver .  L 'e f fe t  exercd  par  d i -vers

fac teurs  locaux  sur  les  d ldments  per t inents  de  tempdra ture

sont  auss i  1 'ob je t  d 'une d tude par  rappor t  au

re f ro id lssement  d r . r  bd ton .  I 'au teur  d j -scu te ,  en  ou t re ,  en

t e r m e s  d e  I ' d t e n d u e  e t  d e  1 a  d u r d e  d r u n  p r o j e t r  l r e m p l o i

qu 'on  peut  fa i re  des  s ta t i s t iques  sur  Ia  te rnpdra ture ,  c les

prdd ic t ions  e t  de  la  conna issance c le  l - r in f fuence c les

fac teurs  mic roc l ima bdr i -ques  .

I ,e  p rob lbme de la  p rdd ic t ion  des  tenpdra tures  d

l r in td r ieur  du  be i ton  es t  recorunu fon t lamenta lement  comme un

cas  c l 'dchange ca lo r i f ique .  I 'au teur  examine rap idement  1es

phdnonbnes c le  t ransrn iss ion  ca lo r i f lque  e t  no te  qu 'on  peut

cons id r i re r  la  convec t ion  e t  l -a  rad ia t ion  conme des

moc l i f i ca t ions  de  Ia  thdor ie  de  conduct ion  s imp ler  ce  qu i

s i -mp l i f ie  g randement  1es  e iquat ions  e t  les  ca1cu1s.  l rau teur

fa i t  une revue des  mdthodes quant i ta t i ves  qu i  on t  dd ; l  d td

mi -ses  au  po in t  pour  p r ,Jd i re  1es  tenpdra tures  du  bd ton .

I1  ind ique que 1es  recherches  le  labora to i re  servent

sur tou t  d  la  dd ter rn ina t ion  des  quant i t6s  e t  des  coef f i c ien ts

r e q u i s  p o u r  l e  c a f c u l ,  a i - n s i  q u ' ) .  l r d t u d e  d e s  p h d n o m d n e s  e t

d  1 'e iva lua t ion  des  approx ina t ions  qu 'on  peut  u t i l i se r .

a.



WEATHER IN RNT,ATION TO W]NTER CONCRXT]NG

In  order  to  ach ieve  the  proper  cur ing  env l ronxcent  fo r
f resh  concre te  i t  i s  necessary  to  enp loy  t reans  o f  mod i fy ing
o r  c o n t r o l l i n g  t h e  e f f e c t s  o f  w e a t h e r ,  r e g a r d l e s s  o f  s e a s o n .
V/ in te r  concre t ing  poses  the  spec ia l_  p rob len  o f  p ro tec t ing

the  concre te  f rom the  e f fec ts  o f  be low- f reez i - r rg  tempera tures
unt i f  i t  has  a t ta ined the  necessary  r t f reez ing  res is tancer ' .

Desp i te  the  d l f f i cu l t ies  lnvo lved j .n  w in te r
cons t ruc t j .on  due to  1ow te rnpera turee ,  snow,  shor t  day l igh t
per iods  and genera l  inconven ience and d iscoro for t ,  bu i ld ing
techro l -ogy  makes year -arounc l  cons t ruc t ion  prac t ica l  and
modern  needs rnake i t  necessary .  The added cos ts  a re  o f ten
ba l -anced by  such advantages  as  the  grea ter  ava i lab i l i t y  o f
na ter ia ls  and labour  and the  ease o f  t ranspor ta t ion  over
f r o z e n  g r o u n d  ( 1 ) .  p r o p e r  p r o t e c t i o n  o f  c o n c r e t e  i n  c o l d .
weather  can a lso  prov lde  rnore  un i fom cur ing  cond i t ions  than
a r e  o f t e n  o b t a i n e d  l n  s u m m e r  w o r k  ( 2 ) .

The pro tec t ion  requ i red  dur ing  w in te r  concre t ing  has
thus  fa r  been se lec ted  a l -most  en t i re ly  on  the  bas is  o f  ru le -
o f - thunb methods  der ived  f rom f le ld  exper ience.  Weather
in f luence has  been cons ldered pr inar i l y  in  te rms o f
a tmospher ic  tempera ture  w i th  l i t t le  o r  no  regard  fo r  o ther
env i ronmenta l  fac to rs .  I t  has  or r l y  recent ly  been recogn ized
tha t  concre te  can harden sa t is fac to r l l y  a t  re l_a t ive ly  1ow
t e m p e r a t u r e s .  I t  i s  n o w  r e a f i z e c l  t h a t  p r o t e c t i o n  h a s  o f t e n
been excess ive .  The min imun cond l t ions  under  wh ich
acceptab le  cur ing  is  ach j -eved are  now be ing  de f ined,  and i t
i s  possJ .b i -e  to  deve lop  quant i ta t i ve  ne thods  fo r  the  ra t i .ona l
d e s i g n  o f  p r o t e c t i o n  f o r  f r e s h  c o n c r e t e  p l a c e d  u n d e r  w i n t e r
c o n d i - t i - o n s .

I t  i s  the  purpose o f  th j_s  paper  to  examj -ne  w in te r
weather  cond i t ions  and the  re la t ionsh lps  be tween thern  and
the  therma]  and rno is tu re  env i ronment  o f  f resh  concre te .



II TIIE BASIC PROBI,EM

An excel lent exanple of concretlng under extremely

severe winter condlt lons was the oonstrubtlon of a concrete

brldge at Saskatoon, Canadar twenty-four years ago.

Continuous temperature records ln thle case l lLustrate the

remarkable retention of heat in nass concrete wlth

relat ively 11tt le protection, and the posit lve moaleratlng

lnf luence of a water bcdy ( l) .  lhe concrete in thls bridge

1s in excel lent cond.l t lon todaY.

Thle brldge, shown 1n f igure 1, was bu1lt uncler

condlt ione whlch cal let l  for the provlslon of a naximum of

wlnter enploynent. fhe use of naoblnery was restrlctecl a:ccl

the concrete hatl  to be wheeled by labourers from the mlxerg

to the plers as far as 10OO feet away' regart l less of weather

condt l t ions .

tr'igure 2 shows the tenperature recordlnge in one of the

plers, the concrete for whlch was placecl ln an excavation

when the dal ly nininum alr temperature was as low as - looF'

0n1y the formwork served as protection up to the ice Ievel

o f  the  r i ver .  The 25- foo t  sec t ion  above lce  leve l  was

houseat  and heate t l  .  Deep l te  w ln t l  speeds o f  up  to  20  n .p 'h . t

the thernorneters against the forne never reatl  below 50oF.

The roatlway ancl sitlewalk slabs were placed untler

sinl lar extreme condit lons. The stalewalk concrete was

protected by hot sand, sawclust, and tarpaper. the roa'Iway

concrete was kept above freezing for more than three ctays

by runnlng hot water over it contlnuously ilay ancl night '

Flgure J shows the teroperatures recortled in another

pler, in the sprlnging arch sectlon attached to 1tr and in

tbe roatlway slab. The r iver water, at 52oF, hatl  a

reroarkable moderating effect on the temperatures 1n the

pier. Thie effect extendetl  through the arch r ing ancl even

tto the crown' a hunclrecl feet from the pler anal at an

elevation of ?5 feet above the water 1lne. Ihe ternperatures

in the roatl-deck fol lowed the a1r tenperature qulte closelyt

but the rt thernel ly attacheclrt  arch r ing showeal a much lower

5



response to  anb len t  tempera tures .  A  s in l la r  bu t  oppos i te
effect was recorded during the hot sunmer. Although the
tlata shown 1n f igure I were obtained in hardeneil  concrete,
they  serve  as  a  good l l lus t ra t ion  o f  the  in f luence wh ich
contac t  w l th  la rge  masses  can have,  in  the  case o f  newly
p laced concre te ,  in  p rov id ing  fo r  a  f low o f  heat  wh ieh  may
of fse t  in  la rge  measure  the  coo l ing  pro i luced by  1ow a i r
t e m p e r a t u r e s .

In  the  case o f  sna l - l  concre te  s t ruc tu res  or  e lements ,
the  heat  s to red  and the  heat  genera ted  per  cub ic  foo t  a re
the sane as in the larger structures. Ihe saroe phenomena
are  invo lved bu t  the  reduc t ion  in  s lze  inc reases  the
sur face to-vo l -une ra t io ,  thus  grea t ly  j_ncreas ing  the  ra te  a t
wh ich  tempera ture  changes can take  p Iace .  fnc reased
p r o t e c t i o n  1 s  r e q u i r e d  t o  p r o v i d e  t h e  s a r : e  c u r i n g
c o n d i t i o n s .  T h e  i n f l u e n c e  o f  s i z e  i s  i l f u s t r a t e d  b y  f i g u r e
4 ,  T w o  c o n c r e t e  c u b e s ,  p r o t e c t e d  o n l y  b y  2 - i n c h  l u n b e r
f o r m s ,  w e r e  e x p o s e d  t o  f r e e z i n g  c o n d l t i o n s ,  w i t h  a
thermometer  p laced a t  the  cent re  o f  the  face  nex t  to  the
for rn  (4 ) .  The face  tenpera ture  o f  the  l - foo t  cube dropped
be l -ow f reez ing  in  5 t  hours ,  whereas  the  face  tempera ture  o f
the  J - foo t  cube remained above 50oF a f te r  l5  hours .

The cases  jus t  c i ted  show tha t  the  tempera ture
cond i t ions  w i th in  a  concre te  mass  are  no t  a lone de termined
by the  ex terna l  weather  cond i t ions ,  bu t  can  be  grea t ly
ln f luenced by  the  e f fec ts  o f  sca le  and o f  heat  exchange w l th
connect ing  masses .  Other  impor tan t  fac to rs  a re  the  degree
of  insu la t ion  in te rposed be tween the  concre te  and the
weather ,  and the  ra te  and anount  o f  heat  genera t j_on w i th in
the  concre te  mass .  The pred ic t ion  o f  te rnpera tures  in  the
concre te  i -nvo fves  recogn j_ t lon  o f  a  bas ic  heat  exchange
s i tua t ion  j -n  wh ich  tempera tures  can change on ly  th rough
changes in  the  s to re  o f  heat  energy  w l th in  the  xoass .

r , l .ea ther  e lements  can i_n f  luence the  tempera ture  o f
concre te  on ly  inso far  as  they  change the  s to re  o f  in te rna l
heat .  The i r  impor tance and in f luence are  de termined by  the
ex ten t  to  wh ich  they  a f fec t  the  var ious  components  o f  the



over-al- l  heat exchange between the concrete naas and l ts

surrouncl ings.

The conponents of the basic heat exchange between the

concrete mags ancl i ts environment are shown dlagramnatical ly

ln f lgure 5. The store of heat wlthln the concrete ls nade

up of sensible heat ln an amoult which le ref lectet l  dlrect ly

by the tenperature. To this store is attaleal the heat of

hydration the rate of release of whlch is a functlon of t ine

and temperature for a glven mix. The heat exchange with

connect ing  bod iee  may be  e i ther  a  ga ln  o r  a  loss  bu t r  as  ie

the case with al l  heat f lows, can take place only 1n the

c l i rec t ion  o f  decreas ing  tempera tures .

Conduct j -on-convec t ion  excha4ge,  wh ich  is  f requent ly  the

most  i rnpor tan t  one,  takes  p lace  be tween the  concre te  mass

ancl the air,  antl  is affected by air tenperature anal air

speed.  fn  w ln te r  th is  w i l l  normal ly  be  a  heat  loss .  A

further component of heat exchange fron the surface of the

concre te  o r  i t s  enc l -osure  occurs  as  a  ne t  rad ia t ion  exchange

with the sun and sky. When the sun is shining there nay be

a heat gain regart l less of the temperature of the concrete, a

heat gain or loss on cloudy days, ancl a loss on clear nlghts

to the sky. During the daytine there can be dif fuse rat l iat ion

produeed by the scattering antl  ref lect ion of some of the

tl i rect radiat ion coming from the sun by natter in the

atmosphere ,  by  the  ground,  and by  sur round ing  ob iec ts '  In

acldit ion there can be a radiat ion exchange between the

concrete anat 1ts surrounalings, the al irect ion of whj-ch is

de tern ined by  the  respec t ive  tempera tures .

The component of heat exchange due to change of state

of water is the only one shown that t loes not result in the

cl irect transfer of heat energy. Evaporation occurring on or

within the concrete takes up the latent heat of vaporization

whlch is then carr ied off by the escaping vapour.

Conversely, during a contlensation process, thJ.s latent heat

is carr iet l  in the vapour and ie glven up at the condensing

surface as heat energy. This conponent of the heat exchange

wil l  be affected by the vapour pressure dif ferences between



the  concre te  and the  a tmosphere ,  and by  a i r  movement .  The
evaporation-cond.ensation exchange enters not only into the

ther rna l  p ic tu re  as  Jus t  c l i scussed. ,  bu t  a f fec ts  a lso  the
no l .s tu re  s to re  lead. ing  to  a l ry ing ,  o r ,  in  spec i -a I  cases ,  to
wet t j .ng ,  depend ing  on  the  d l rec t ion  o f  the  dr iv ing
p o t e n t i a l .

A t ten t lon  has  been d i rec ted  thus  fa r  ma in ly  to  the

exchange of heat between the concrete and 1ts sumoundlngs.

There wil l  also be a f low of heat from one part of the

concre te  to  another ,  accord ing  to  a  pa t te rn  de ter rn inec l  by

the temperatures produced throughout the mass, and by the

therna l  p roper t les  o f  the  concre te  i t se l f .

The aspec t  o f  w in te r  concre t ing  w l th  wh ich  th is  sess ion

is  concernec l  i s  essent ia l l y  tha t  o f  p red ic t ing  the
cond i t ions  wh lch  the  concre te  w111 exper ience dur ing  i t s

cur ing  per iod . ,  and may be  cons iderec l  in  two d ls t inc t  par ts :

(a )  p red ic t ion  o f  the  env i ronmenta l  cond i t ions  to

wh lch  the  concre te  nass  w i l l  be  sub jec te t l ,  and
(b)  p re t t i -c t lon  o f  cond i t ions  th roughout  the  concre te

result ing from a given set of environrnental

c o n d i t i o n s .

Ref j -nement  in  the  se lec t j -on  o f  p ro tec t ion  depenc ls  upon

the  accuracy  w i th  wh ich  the  cond i t ions ,  wh ich  the  concre te

ie  I1ke1y  to  exper ience,  can be  pred lc tec l  i -n  ac lvance o f  the

cur ing  per iod .  Th ls  w i l l  invo l r re  an  a t tempt  to  p red lc t

weather  conc l l t ions  s ince  o ther  Qnv i ronmenta l  fac to rs  w i l l  be

known or can be determined.

]I I  GENEzuI CHARACTERISTICS OF W]NTER WEATI]ER

1. The Nature of V{eather

' lVeather and cl lmate are determlnecl prlnarl ly by the

heat balance between the atmosphere and the surface of the

ear th ,  and a l l  changes tha t  occur  in  weather  can be  t racec i

t o  t h e  s l n g l e  p h y s i c a l  f a c t o r :  h e a t  ( 5 ) .  T h e  e a r t h  a c t s  a s

a heat reservoir and i ts surface is an j-ntermediary in al1



heat transactlons between i t  and the atnosphere.

Radiat lon is the priroary process governing the warming

and the cool ing of the earthrs surface. In sunmer the

surface gains heat from solar racl lat lon by day and loses

heat by outgoing racl iat ion at nlght, the amount varying with

the type of surface. In winter, the lnconing racl lat ion ls

realuced by day owing to the recluced angle of inciclentle of

the sunrs raysr, their longer path through atnospherer and

the shorter perlod of sunl ight. The amount of inconlng

racl lat lon reachlng the earth nay be realucecl to a snal l

quantl ty through ref lect ion by clouds. The actual- amount

absorbed nay be reclucetl  Bubstantlal ly by snow cover. 0n a

winter nlght the outgoing rat l lat lon ls also small  due to the

reduceal temperature of the earthrs surface fron whlch the

heat nust be drawn. Under condit lons l-eading to a net loss

outward the grouncl surface temperature may be reducecl below

that  o f  the  ad jacent  a i r  and the  eo1 l  layers .

The nost irnportant observ'et l  and neasured physlcal

p roper t les  o f  weather  a re  a i r  tenpera ture ,  w indr  Yapour

conten t ,  a1r  p ressure ,  s ta te  o f  skyr  a ld  p rec ip l ta t ion .

These are the f luctuating components of weather antl  cl inate.

The relat ively stat ic inf luencee on large-sca1e weather are

the geographical factors auch as lat l tude, alt l tut ler lancl

anat water distr lbutionr vegetati .on, antl  nature of the soi1.

The characterist ics of weather ancl cl inate rnay be

clef inect by the indivlt lual elementa ae they vary wlth t irne

of  t lay ,  seas in ,  and p lace .  Cer ta ln  p roper t ies  a re  more

useful ly t lescribecl by calculatet l  values lnvolving

conbinations of one or nore of the simple elernents. These

are  re fe r rea l  to  as  conb lned e lements ,  examples  be ing :

relat ive hurnlcl i ty, equivalent temperature, cool ing power ancl

t l ry lng  power .  Spec la l  charac ter lg t l cs  such as  var iab i f i t y ,

frequency and probabll i ty are calfecl derivecl elements antl

a re  ob ta inec l  f rom s ta t i s t i ca l  ana lyses  o f  weather  da ta .

The recort l ing of weather clata is usually carr iecl out

uncler truntl isturbecl contl l t ionsrr, w611 above the surface of

the ground, in ort ler to t lescribe condit ions over a large

1 o



reg lon .  Loca l  in f luences  are ,  there fore ,  la rge ly
e l in ina ted .  The phys ica l  cond i t ign  o f  the  a tmosphere ,
descr ibed by  these da ta ,  a t  a  g iven  t ime and p1ace,
cons t i tu tes  the  weather .  The average s ta te  o f  the
atnosphere  in  a  g iven reg ion ,  as  re f lec ted  by  the  average o f
c la ta  ex tend lng  over  nany  years ,  cons t i tu tes  the  c l imate  o f
tha t  reg ion .

2 .  Win ter  Weather  Charac ter is t i cs  and Data
(a)  Tempera tures .  -  The roos t  inpor tan t  weather  e lemenr

in  w in te r  concre t ing  is  tempera ture .  The da i l y
and annual temperature variat ions fol low closely
the  changes on  the  ear th 's  sur face  wh j_ch  are ,  in
tu rn ,  de termined by  the  heat  exchange processes

a l ready  nent ioned.  Desp i te  the  lower  degree o f
racl lat ion heat exchange in winter, i ts inf luence
is  s t i1 l  marked.  Th is  i s  l f lus t ra ted  in  f igure  6
in which the temperature ampli tude is shown to
i lec rease cons iderab ly  w i th  the  occur rence o f
c louds  wh ich  re f l -ec t  and absorb  bo th  incoming and
outgo j .ng  rad ia t lon  (5 ) .  Tempera ture  ampl i tude ls
a lso  a f fec ted  by  la t i tude ,  a l t i tode ,  anc l  nearness
to  la rge  bod ies  o f  water .

0 f  par t i cu la r  concern  in  w j -n te r  concre te  work
are minimun temperatures. The monthly averages of
dai ly minimun temperatures indj_cate only general ly
the  sever i ty  o f  w ln te r  con i l l t ions .

Such da ta  may be  inadequate  s ince  the
var ia t ion  f rom mean va lues  may be  very  g rea t .
Examples  o f  such var ia t ions  are  g iven in  Tab le  I .

l lhe lowest tenperature on recorcl for the
th i r ty -year  per ioa l  fo r  the  nonth  o f  December ,  fo r
exarnple, dif fers ty 48ol '  fron the trean dai ly
nini-num, and by 21oF from the mean nonthly
min lmum.  Such la rge  dev ia t ions  are  no t  unusua l ,
par t i cu la r ly  1n  cont inenta l - type  c l imates .

Another  inpor tan t  charac ter is t l c  o f  w in te r



tenperatures is the rate Efnd degree of tenperature

change. The anpll tudee shown by clai ly marches of

tenperature are baseal on average values and again

cleviat ions nay be very great. Cases of very rapicl

temperature changes occut iust eaet of the Rocky

Mountains in Weatern Canada where the severe

contlnental winter weather ls frequently nodlf ied

by warm Chlnook (ufoehnn) wlncls descending

eastward over the mountalns to the plains.

Temperature r lses of 4OoF ln 15 nlnutes are not

unusual, antl  1n extreme cases the thernometer has

been loxown to r lse JooF ln three ninutee (5).

Temperature clrops, although less raplt lr  can be

aluoet as uarketl .  Such weather phenomena are

often assoclatecl wlth hlgh alt i tudes antl  certaln

inlantt regions. 0n the other hancl, sutl t len changes

froro trcolt l  spel lsrr to trwarn spel lstt  are nore often

aesoclateal wlth the t lme of year ln certai-n areas.

Duratlon and frequency of below-freezlng

ternperatures, antl  I t threghold[ datea showlng the

probab le  f i rs t  occur rence o f  f ros t ,  a re  o f  spec ia l

lnterest in wlnter concretlng. Figure 7 shows the

march of minlmum tenperatures for the nonth of

October 1n ldontreal basetl  on recorcls fron 1874 to

L954 (71. The average mlnlmurn ternperature remains

above 52oF for the whole month, but the low

mlninum fal ls below the freezing polnt for most of

thlo perloct. Ihe probabll l ty when frost nlght

f lrst be expected ls October Jrd' ancl a clrop in

temperature below 25oF la not to be expectett unt11

October 17th. Weather records also proviale alata

fron whlch the frequency of | t frost-t laystt ancl the

duration of froet-free perlode can be calculated.

(b) Wlncl.  -  The irnportant charaoterlst ics of wlncl are

speecl and cl lrect lon, both of whlch roay show great

vartabi l l ty, ancl both of whlch are dlrect ly

connected wlth changee 1n weather. Moet weather
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stat j_on alata show a falr ly regular ala1ly varlat ion
ln  d l rec t ion .  A t  h lgh  a l t i tuc les ,  o r  near  la rge
bod les  o f  water ,  th ls  nay  occur  as  one preva l l lng
wind during the day and an opposlte one at night.
In mountaj-nous regions a regular cycle of two
opposlng winds, one downhll I  and one uphl11, can
reeu l t  f ro ra  e f fec ts  o f  so la r  rac l ia t lon .  The
direction of a preval l j_ng wind nay vary
consialerably through the inf luence of such factors
as  loca l  topography .

Variat ions from mean wind speeds may be very
great ,  as  i l l us t ra tec l  in  Tab le  I I .

The variat lon from Eonth to raonth is very
snall  but the cl i f ference between the nean and the
maxinun for each of the winter months is very
g r e a t .

(c) low Temperatures anrl High ivinals. - The severlty of
w in te r  weather ,  f ron  the  po in t  o f  v j .ew o f  coo l ing ,
is greatly accentuated by the slmultaneous
occur?ence of hlgb winals and 1ow tenperaturee. I t
becomes necessary ,  there fore ,  to  cons lc le r
par t i cu la r  va lues  o f  w ind  speed w i th  var ious
tenpera tures .  Such c la ta  a re  no t  ava i lab le  f ron
indepenclent records of tenperature and wind, and
can only be obtained fron records obtained
s inu l taneous ly  1n  po in t  o f  t1me.  Such corob ina t ions
of  da ta ,  a l though requ i red  fo r  cer ta ln  purposes ,
par t i cu la r ly  fo r  es tab l i sh lng  coo l ing  e f fec ts ,  a re
obtalned fron norroal weather records through
rather laborious analyses. Such an analysls was
nade to compare the severlty of wlnter weather 1n
two Canad lan  c i t ies ,  Church i l l  and  Saskatoon.  In
f igure 8 is plotted the average frequency
d is t r ibu t ion  o f  w inc ls  a t  var lous  speeds fo r  lOoF
tempera ture  range fo r  these two loca l i t ies ,  based
on the  per iod  ind ica ted .  f t  can  be  seen tha t  a t
Saskatoon prac t ica l l y  a l l  the  wtnd  speed
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occurrences during December, January and February

fa l t  1n  the  range 0  to  19  n .p .h . r  the  wJ,nd  speet l

average be ing  10 .7  n .p .h .  A t  Church i l l  the

o c c u m e n c e s  a r e  s p r e a a l  o v e r  o  t o  1 4  m . p . h . r  t h e

a v e r a g e  f o r  t h e  s a m e  p e r i o d  b e i n g  1 4 . 7  n . p . h .  I t

1s  to  be  no ted  tha t  the  f requency  o f  w ind  speed

occur rence is  g rea ter  a t  low tempera tures  fo r

Church i f l  than  fo r  Saskatoon.  f t  i s  there fore

ev ident  tha t  there  is  a  much grea ter  p robab i l i t y

of the simultaneous occurrence of hlgh winds antl

1ow tenpera tures  a t  Church i l l  than  a t  Saskatoon.

(d )  Other  E lements .  -  Hun ld i ty '  c loud i .ness '  and

prec ip i ta t lon  are  genera l l y  o f  secondary

inpor tance to  the  w in te r  env i ronment  o f  concre te .

S n o w  c o v e r r ' h o w e v e r ,  t e n d s  t o  a c c e n t u a t e  e x t r e m e g

of temperature by ractiat ing strongly at night and

re f lec t ing  incomj -ng  rad ia t ion  s t rong ly  dur ing  the

day .  Ih is  p roper ty  o f  snow a lso  tends  to  p ro long

low tempera tures  in  ear ly  spr ing .  Snow cover

decreases  depth  o f  f ros t  penet ra t ion  bu t ,  except

in continental cl ines r variabi l i ty in anount ancl

d is t r ibu t ion  is  so  grea t  tbs t  p red ic t ion  is

d i f f i cu l t .  The dura t lon  o f  snow cover  and

frequency of snowfal ' l  are, however, signlf icant

fac to rs .  The modera t ing  e f fec t  o f  c loud iness t

nentioned before r may waxrant the use of data on

clurat ion antl  frequency of sunshj-ne during winter

months .

3 .  Conb inec l  E lements

0n1y a few combined eleuents have been developed on a

quant i ta t i ve  bas is .  An exarnp le  o f  a  use fu l  cornb ined e lement

is  re la t l ve  humid i ty .  Others  o f  in te res t  j .n  cer ta in

connections are cool ing power and drying power. Forrnulae

for  these combinec l  e lements  fo r  par t i cu la r  s i tua t ions  are

rev iewed by  Conrad and Pof lak  (8 )  ana landsberg  (5 ) .
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Such equat ions  are  o f  in te res t  .because they  i t lus t ra te
how two or more individual eleroents may be combined to
produce a  s ing le  vaLue fo r  use  in  p lace  o f  the  or ig lna l
e lements  in  c le te rn in ing  a  heat lng  or  coo l lng  ra te  fo r  a
spec i f i c  se t  o f  c i rcumstances  taken in to  account  in  the
equat ion .  They  rnus t  no t ,  however ,  be  app l ied  to  s i tua t ions
other  than those fo r  wh lch  they  are  in tenc led .

Certain instruments such as the Kata-Thermometer anal
the  Davos  t r ' r lgor ine ter  (5 ) ,  measure  coo l ing  powers  use fu f  in
cer ta in  spec i f i c  app l i ca t ions  wh ich  are  de f i .ned by  the
charac ter is t l cs  o f  ins t ruments  cons t ruc ted  in  a  s tandard
way.  S in i la r  ins t ruments  migh t  be  used on  a  cont inuous
recorc l  bas is  to  p rov ide  a  s ing le  s t rean o f  da ta ,  thus
avoiding the laborlous procedure required j .n combinlng
severa l  ind lv ldua l  e ]ements  th rough an  equat ion .

The fo rmulae  fo r  coo l - ing  power  a re ,  in  e f fec t ,
express ions  fo r  the  ra te  o f  heat  loss  under  a  par t i cu la r  se t
o f  c i rcumstances ,  the  inc luded weather  e fements  a lone ber_ng
cons idered as  vary i_ng.  A  subs tan t j_a l_  nunber  o f  var labLes
other  than weather  e lenents  can a lso  a f fec t  the  ra te  .o f  heat
loss  f rom a  concre te  rnass  and must  be  taken in to  account .
Each combina t i -on  o f  these e lements  wou lc l  requ l re  a  separa te
coo l ing  power  equat ion  and the  va lue  o f  conb i_n ing  the
weather  e lements  in to  a  s ing le  express ion  no  longer  serves  a
usefu l  purpose fo r  the  genera l  case.  I t  becomes more
conven ien t  to  in t roduce the  se lec ted  va lues  o f  the  weather
e lements  in to  the  heat  f low equat ions .  A  s imi la r  s i tua t ion
ex j ,s ts  w i th  respec t  to  the  app l lca t ion  o f  d ry ing  power
equat ions .  Un l ike  heat  f1ow,  however ,  sa t ls fac to ry
equat ions  fo r  mo ls tu re  f l_ow fo r  the  genera l  case have ye t  to
b e  d e v e l o p e d .

MICROCIIMATIC AND OTHER INVIRONI,/ENTAI INFTUXNCES

1.  Genera f  Features  o f  Smal_ l -sca le  C l_ ina te

The weather  da ta  ob ta ined f rom meteoro los ica l
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obgervations under rrundigturbetl  concl i t lonsrr are va11cl only

for large-sca1e cl lmate. They t lo not represent the actual

concl l t ions near the grouncl or near some loca1 botly or

structure whlch may exert a conslderably nodifylng inf luence

on the weather elements. The equallzlng lnf luences that

operate in the upper atmosphere cl lninlsh progressively with

increaeing proxlnity to the ground. Near the ground the air

layer is a zone of disturbances antl  variat ions due to such

var lab le  fac to rs  as  vegeta t lon ,  so11 cont l i t ionsr  topography t

ancl bul l t l1ngs.

The dimensions and range of srnal l--scaIe cl imate are

ateternined by the part icular envlronmental si tuatlon' Geiger

(9)  cons iders  the  a i r  layer  up  to  two met res  above the

ground surface as the zone that ie inf luencetl  by variat ions

of the ground and other sumoundings, antl  refers to this

envir.onment as the mlcrocl imate. In this zone a part icular

obJec t ,  such as  a  mass  o f  concre te ,  l s  con i l i ' t i onec l  by  th is

environment which nay cl i f fer substantlal ly fron the

und ls tu rbe t l  weather .  The more  fan i l la r  te rms r r loca l r r t

i lurbanrt (10) and rrspotrt cl imates (5) are comnonly enployetl

fo r  spec i f i c  a reas  a f fec ted  pr inc lpa l l y  by  pecu l i -a r i t ies  o f

topographyr  t rees '  water  boc l les ,  and groups  o f  bu i ld i -ngs

(10) .  I 'S i te r r  c l imate  is  usea l  to  t lescr lbe ' the  env i ronment  a t

as  bu i l c l ing  s l te  where  the  a t ld i t lona l  fac to rs  o f  s ize '

shape, and nearness of bui ldings exert a special i 'nf luence

o n  w e a t h e r  ( 5 ) .

A signlf lcant feature of snal l  ecale cl imate is the

great  var ia t lon  tha t  can  ex is t  in  a  re la t i ve ly  sna l l  a rea '

An l l lustrat ion of this 1s the frequently quotecl example of

winter teroperature dif ferences 1n Toronto shown in f lgure 9

(11) .  The topograph lc  and tempera ture  pro f i les  show the

gradua l  decrease o f  tempera ture  w l th  c i ts tance f ron  the  lake

shore, ancl the remarkable temperature rr lowrr in the va11ey

seven ni les away, the cl i f ference betrveen thls temperature

ancl the lakeshore temperature being Jootr ' .
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2.  Charac ter is t i cs  o f  Mic roc l imate

Ternperature, more than any other cl lnatic element,
reac ts  sens i t i ve ly  to  the  na tura l  se t t ing .  Nes t  to  i t  w inc l
speed 1s  sub jec t  to  very  la rge  n ic roc l fuoat ic  var ia t ions  (12) .

The ground surface warros through lncoming radiat ion ancl
coo ls  by  ou tgo ing  rad ia t lon  a t  n lgh t .  The a i r  layer  nex t  to
the  ground,  as  a  resu l t  o f  rad ia t ion  ga ins  and losses  a t  the
surface, shows a greater tenperature ampli tude than the
h igher  layers  o f  a l r .  Tempera tures  taken a t  the  top  o f  a
weather  s ta t ion  tower  nay ,  there fore ,  be  cons iderab ly  h lgher
at night than those near the ground surface, and
correspondingly lower cluring the day.

When cond i t ions  are  such as  to  p roduce a  ne t  loss  o f
heat  by  rad ia t ion  f rom the  ground sur face ,  a  s i tua t ion  wh ich
occurs  on  a  c lear  w in te r  n igh t ,  the  a i r  layer  nex t  to  the
ground becones a  s tab le  layer  owj_ng to  the  grea ter  dens l ty
o f  co lc le r  a i r .  fh is  accounts  fo r  the  f requent  lower lng  o f
w ind  speed w l th  decreas lng  tenpera ture  in  w in te r .  The
s tab i l i t y  o f  th is  s t ra t i f i ca t ion  is  d is tu rbed by  any  warming
process  th rough the  ln i t ia t ion  o f  convec t ion .  Even c lu r ing
coo l ing  some n lx ing  occurs  th rough so-ca l lea l  r rco ldness

convec t ionr r  caused by  the  c lescent  o f  coo le t l  a i r  ana l  dus t
par t i c les  (9 ) .  The occur rence o f  w ind  des t roys  the
s t ra t l f i ca t ion  and the  resu l tan t  mlx ing  ra ises  the  ground

sur face  tempera ture .  A i r  s t ra t i f i ca t ion  leads  to  the
occur rence o f  I ' co ld  a i r  damst r  ana l  r t f ros t  ho les"  where
temperatures may be very considerably below the normal ai.r
tenperature s .

In  the  coo l ing  process  a i i  convec t ion  or  w i -nd  opera tes
in  two ways .  As  prev ious ly  nent ioned i t  tends  to  des t roy

s t ra t l f i ca t ion  an t l  thereby  reduces  the  hazar t l  o f  f ros t .

However, wind increases the heat transfer rate from a

sur face  to  the  ad jacent  a i r ,  thus  inc reas ing  the  coo l ing
rate for a glven temperature.

' ) .  
In tens l f i ca t ion  o f  Fros t

Freezing tenperatures become more extr.eme on a
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microc l imat ic  sca le  as  a  resu l t  o f  a  number  o f  fac to rs  (9 ) .

A clear slqr on a winter nlght favours outwart l  radlat lon and

resu l ts  in  lower  sur face  tempera tures .  A  reduc t ion  o f  the

mois tu re  conten t  has  the  sane e f fec t  s ince  water  vapour

increases  the  counter - rad ia t ion  o f  the  a tmosphere  a t  n igh t .

S t i l l  a i r  fos te rs  a i r  s t ra t l f i ca t lon  w l th  the  co ldes t  a i r

nex t  to  the  hor lzon ta l  sur face .  Poor  heat  conc luc t lv i t y  o f

the soi l  prevents daytine storage of heat and retarcls heat

f low to  the  sur fa ie  dur ing  coo l lng .  Rap id  coo l ing  a lue  to

s t rong evapora t ion  is  a  cont r lbu tory  fac to r .  CoId  a i r

f loods  due to  loca1 ac lvec t ion ,  as  nent ioned ear l ie r r  a re

a lso  fac to rs  in  in tens i f i ca t lon  o f  f ros t .  The absence o f

na tura f  p ro tec t ion  a f fo rc led  by  vegeta t ion  a lso  cont r ibu tes

to lower ground surface teroperatures.

4 .  S i t e  C l l m a t e

0n a winter concreting iob the environmental factors

are the natural topography ancl vegetation antt the man-nade

structures ancl excavations. A clearing in a foresteal area

or a site surrounclecl by bui ldings 1n a city is provided with

a winal break. Heated bul lcl ings provide heat which may

prevent  excess ive ly  1ow tempera tures  on  a  co lc l  w in te r  n igh t .

They also supply heat to the grouncl. The pol lut ion of air

over a city is also a roocl i fying inf luence through

counter - rad ia t ion  e f fec ts .

The c lear ing  o f  snow cover  tenc ls  to  in tens i fy  ex t renes

of  sur face  tempera tures ,  whether  g roundr  rock ,  o r  o ther

nater ia l .  The genera l  ac t i v i t ies  on  a  iob  s l te  nay

cont r ibu te  to  the  moc l i f i ca t ion  o f  weather  cond i t lons .

Builcl ings anal clearings mayr through unfavourabfe

or ien ta t ion ,  aecentua te  w inc l  speec l ,  o r  may ac t  as  I ' co ld  a i r

a lamsr r .  nxcavat ions  become r r f ros t  ho les t '  i f  le f t  exposed fo r

some t ime, but i f  fresh, may exert a motlerat ing inf luence on

the change in temperature of a material placed in contact

wlth i t .  Gu111es anal ravines nay t lrain away cold air or

bu l ld  up  co ld  a i r  c lams,  depenc l ing  on  or ien ta t ion .  In

general,  convex suti faces have a moderate roicrocl imate and
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concave surfaces have an extrene one in wi.nter.

5 .  Ground and Rock  Tenpera tures

The thernal conductlvi ty ancl the heat storage
proper t ies  o f  so iL  and exposed rock  are  f requent ly  o f
inpor tance to  w in te r  concre te  work  (1 t ) .  Concre te  may be
p laced d i rec t l y  in  an  excavat ion  or  on  rock ,  and roay  e i ther
gai-n or lose heat dependlng on the relat ive ternperatures.
I t  l s  comnon prac t ice  to  warm such sur faces  be fore  p lac ing
concre te  on  them 1n co ld  weather .

Even in  ex t reme win ter  c l imates  the  f ros t  penet ra t lon
is  usua l ly  l in i ted  to  a  few fee t .  F igure  10  shows so11
tempera tures  a t  var ious  depths  dur ing  a  co ld  w j -n te r  in
Western  Canada (14) .  Desp i te  the  very  low a l r  tenpera tures ,
the  depth  o f  f ros t  penet ra t ion  is  on ly  6  fee t .  A  cover lng
of vegetatlon, snow or straw wil l  appreciably lower the
d e p t h  o f  f r o s t  p e n e t r a t i o n  ( 1 5 ) .

Figure 11 shows aj.r and rock tenperatures cluring
February, March and Apri l  at a Job site 1n Eastern Canada.
The rock was kept bare of overburden and snow for a 5_foot
rad ius  (4 ) .  A l though a i r  tempera tures  were  fa i r l y  1ow,
f ros t  penet ra t lon  was l lm i ted  to  less  than J  fee t .

Cases where ground temperatures are of inportance in
win ter  concre te  work  a re  perhaps  l im i tec l .  They  are ,  however ,
no t  res t r l c ted  to  cases  o f  c l i rec t  con tac t  o r  enbedment  1n
the ground, but nay be of lmportance in situations where
heat exchange nay take place with the ground through an
in te rmed ia te  body  or  s t ruc tu re .

V IIEAT FIOW WITH S?XCIAI REFERNNCE TO COOIING CONCRITE

Once the  cond i t ions  o f  exposure  o f  a  coo l ing  concre te
mass have been establ isheat, which ls the f iret half  of the
prob le rn  o f  p red lc t ing  cond i t lons  w i th in  the  concre te ,  there
remains the problen of analysing the heat f low condit ion
whlch  w111 be  produced by  any  g iven s l tua t ion .  Once i t  i s
poss lb le  to  p red ic t  the  resu l t  o f  any  g iven s i tua t ion ,  the
se lec t ion  o f  some fo rn  o f  p ro tec t ion ,  o r  the  de termlnat ion



of the noall f lcat lons to the contl l t ione whlch w111 lead to a

cleslrecl result,  can folIow readily.

1. Heat Transfer by Conductlon

Heat f low wlthin a concrete naas can be aseunetl  to take

plaoe entlrely by conductlon. Ihe one posslble exceptlon to

thle is the transfer of lateat heat carrled by vapour

dlf fuslng wlthln the concrete maos. Heat f low by conduction

ls always asauned to follow a 61x[p].e flow 1aw as statetl by

Fourler:

o - - t S- d r

where, 1n Eagllsl  unltst

q  =  B tu  Per  sq .  f t .  P€r  b r .

t  = temperatuie 1n oF.

x  =  d is tance in  the  t l i reo t loa  o f  f lowr  f t .

i< = coeff lcient of conttuotivi ty.

93 = t"tperature gradlent
ox

Thls slmple equation, when integratet l  for the slnple

case of a steatly-state f low in one dlrect lonr leatls to the

equat ion :

o = E ( t  - + \=  
L  

\ - L -  u 2 "

givi-ng the f low rate 1n Btu per square foot per hour through

tr feet of material having a coeff lcient of concluctlvl ty k

and with tenperatures tt  and t,  naintainecl on elther side.

The case of a combination of plane slabs of dlf ferent

materials through which the heat nust f low in a nornal

d i rec t ion ,  1 .e . r  th rough the  mater i .a le  in  ser iesr  can  be

hanctlet l  readi ly by the acloption of the resistance concept.

The concluctances of each of a number of layers is glven by
ki k2
j t  and their reepectj-ve reglstances by. the
!1 tJ2
rdclprocale of tbese conductaaoes.

The equatlon for n layers becones
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q . = c ( t l  - t 2 ) ,

where

C = conductance of the conblnatlon, and
I/C = resLstance of the combination

= 3 *'r -------- * 
lr,

*r k2 kn

The steai ly-state equation 1s used extensively in the
ca lcu la t ion  o f  heat  t rans fer  th rough bu i ld lng  sec t ions .
There are extensive data on the coeff icients for various
mater ia ls .  The on ly  na jo r  coup l lca t lon  in  such
ca lcu la t lono,  when dea l lng  w i th  s teady-s ta te  conduct lon  in
one d lmens lon  in  so l ids ,  i s  tha t  c rea ted  by  the  presence o f
mols tu re .  Most  o f  the  coef f i c ien ts  ava i lab le  have been
t le te rn ined fo r  d ry  mater ia ls .  Coef f i c ien ts  a re  quoted  fo r
some wet materials on the aseumption that the role of
moisture can be accounted for simply by the use of an
increased coef f i c ien t  in  the  conduct ion  equat ion .  Th is  u ray
lead to serious error l f  the tenperature gradient gives to a
nigrat ion of noisture through a process of evaporation and
condensat ion  w i th in  the  na ter ia l .  Th is  more  compl lca ted
s l tua t ion  is  on ly  now be ing  we l l  recogn lzed,  and has  no t  ye t
been reducec l  to  a  work ing  bas ls  fo r  ca lcu la t ion .  Much
attention has been paict to the role of rnoisture 1n heat
t ransmiss ion  by  Cammerer  (15)  Johansgon (1?) ,  anA o thers .

The aaldeal mechanisn of latent heat transfer 1s unl ikely
to be inportant in wet, sett ing concrete, but rnay play an
inportant role in the heat transfer through materials used
ag fornwork, or as insulat ing or protective coveri.ng, which
are  I i ke ly  to  conta in  mo is tu re .  Th is  nechan ism need no t  be
cons iderec l  fu r ther ,  beyond recogn lz ing  i t  as  a  compl ica t ion ,
and tha t  i t  i s  s t i l l  a  na t te r  fo r  research .

Heat Transfer by Convectlon and Radiat ion

The addit ional roechanisma of heat transfer, convection
rad ia t ion ,  opera te  a long w i th  conduct lon  1n  nos t  caaes .

2 .
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Thls conblnect eltuatlon exlstg at an a1r boundary or across

an a1r apace or an air cel l  withln a material or combination

of materials. There usuatly exlsts a temperature gradient

withln the surface air f i ln whlch' becauge of the cl i f ference

1n i lensity created, leads to a circulat ion of the a1r which

then acts as a transport mechanlen for heat. Meanwhilet

sone conductlon also occurs fron one alr layer to the next.

When occurring natural ly over eurfaces in a st i l1 air f ield' t

ln which the air notion ls prot luoed solely by the lnf luence

of the surface temperaturer thls mechanlsm 1s known as free

convection antl  is expressetl  by an equation of the forn:

-  L / +  
"  

$ / 4
9 c  -  u \ u A  -  ' S /  I

where

Q "  =  B t u  P e !  s q .  f t .  P e r  h r . t

b = constant for any given arrangementt

t" = air tenperature 1n uncl isturbecl airt

t s  =  sur face  temPera ture .

This heat transfer nay be expressetl  by an equivalent

contluct ion equation form:

^  =  l r  / +  -  +  \q c - u c \ u a - v s , '

where

h " = b ( t . - t J r / 4 .

Ihe heat exchange occurring by radlat ion between a bocly

surface and another surface at a cl i f ferent tenperature is

given bi the Stefan-Boltzmann equation:

Q r  =  o r { t t 4 -  t 1 4 ) ,

where

c = constant

F = factor introt luced to account for the

geometric relat ionshlp between the two

surfaces exchanglng radlant enerryr ancl

for the effects of the deviat ion of the

surfaces fron blaok-bocly condlt lone.
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T,  and T ,  a re  the  abso lu te  tempdra tures
surfaces exchanging energy.

This nay also be reduced to the forn of
e ouat i-on .

where

Q "  =  h "  ( T 1  -  T 2 )

h"  =  c r r ' ( I r2  +  r r2 )  (T ,  +  Tr ) .

1,  Conb inec l  F i ln  Coef f i c ien ts

The heat  t rans fer  by  conduct ion-convec t j_on and by
radiat lon at the a1r boundary of a body can be handled by a
s imp le  coef f i c ien t  h  =  hc  +  ha  wh ich ,  when mul t ip l iec l  by  the
a i r - to -sur face  teurpera ture  c i i f fe rence,  g ives  the  heat
t rans fer  ra te .  Th is  i s  ra t iona l  i f  the  tempera ture  o f  the
ex terna l  rad ia t j -ng  sur face ,  T21 is  equa l  to  a i r  tempera ture .
The coef f l c ien ts  h"  and hr  a re  no t  t rue  coef f i c ien ts  s lnce
they  are  func t ions  o f  tempera ture ,  bu t  they ,  o r  the i r  sum,
can be  ass igned cons tan t  va lues  fo r  cer ta in  ranges  o f
c o n d i t i o n s  w i t h  1 i t t 1 e  l o s s  i n  p r e c i s i o n .

A va lue  o f  2 .0  i s  commonly  ass ignea l  to  the  conductance
of  a  sur face  fo r  s t i l l  a i r  cond i t ions  a t  ex te r io r  bu i l c l ing
sur faces ,  and w j . th  sur round ing  bod les  a t  a l r  te rnpera ture .
Unc le r  s i ro l la r  cond i t j -ons ,  bu t  w l th  w ind  wh ich  produces  a
r r fo rced convec t ion l  a t  the  sur face ,  in  combina t ion  w l th
radiat ion exchange, the surface conductance 1s given
approxlmately by the relat ionshlp

where

h = 2 + 0 . 4 V

V =  w ind .  spee t l  i n  m .p .h .  ( 18 ) .

The marked e f fec t  o f  w ind  in  inc reas ing  the  conductance
nay be  no ted ,  a  20  m.p .h .  w i -nd  inc reas lng  the  e f fec t i ve
conductance f rom 2  to  10 .

Evaporation from a wet surface can result 1n an
increased transfer of heat as a result of water taking up

of the two

a conductance



the  la ten t  heat  o f  vapor lza t ion  ae  i t  i s  evapora ted .  Th is

is the action which produces the lowerecl temperature when a

therrnorneter ie f i t teal with a wetted wick around the bulb.

l l t t le  has  been done as  ye t  in  the  deve loprnent  o f  a  ra t iona l

bas is  fo r  ca lcu la t lon  o f  heat  t rans fer  f rom wet ted  sur faces .

The reduction of convection ancl racl iat ion to equivalent

conductances becomes a great convenlence j-n Eany probleros

s lnce  the  over -a l l  hea t  t rans fer  can be  t rea tec l  as  a

cont iuc t ion  th roughout .  Such a  reduc t ion  is  usua l ly  rea t l i l y

acconplished when the radiat ion exclrange is with surroundlng

bodies, but the combined mechanlsms become much more

diff lcult  to hantl le when the racl lat lon exchange 1s with the

sky .  So lu t ions  by  t r ia l -and-er ro r  a re  poss ib le  bu t  a re  in

many caaes  no t  p rac t ica l .  I t  1s  necessary  in  us ing  then to

asoume a surface temperature, then to calculate the heat

exchanges between the surface at that temperature and the

air and slqr, and to check this with the heat f low in the

botly to the surface, correcting the assumeil  surface

temperature unti l  a balance is obtained. This procedure

becones unpractieal when the heat f low is translent or

p e r i o d i c .

One device developecl in bul lct ing work is that of

so l -a i r  tempera ture .  I t  i s  a le f i -ned as  the  tenpera ture  o f

the  ou tdoor  a i r ,  wh ich  1n  the  abeence o f  a l l  ra t l ia t ion

exchanges, would give the same rate of heat entry into the

surface as woulal exist with the actual combination of

lncldent solar raal iat ion, radiant energy exchange with the

sky ancl other outi loor surrouncl ingsr and the convective heat

exchange w i th  the  ou tdoor  a i r  (19) .  The combina t ion  o f  the

so la r  rad la t ion  ga ln  w l th  the  conduct lon-convec t ion  a t  the

sur face  ls  thus  dea l t  w i th  as  a  conductancer  us ing  so l -a i r

temperature ln place of outdoor temperature in the

ca lcu la t lons .

4 .  Coo l ing  o f  a  Concre te  Mass

Wl thLn the  concre te  nass ,  together  w i th  l t s  fo rmwork

and pro tec t ive  cover ,  the  heat  t rans fer  can be  dea l t  w i th  as



a conduct ion .  Any  a l r  spaces  ex is t ing  w i th in  th is
ar rangement  can read i l y  be  ass igned.  appropr ia te  conductances
as  is  c lone fo r  a i r  spaces  in  bu i ld ing  cons t ruc t ions .  The
actua l  s i tua t ion ,  however ,  may be  fa r  f rom s imp le .
Conp l ica t i .ons  are  in t roducec l  by  the  t rans ien t  na ture  o f  the
f1ow,  by  the  produc t ion  o f  heat  o f  hydra t lon  w i th in  the  mass ,
an t l  by  the  th ree-d j_mens iona l  f low wh lch  w i l l  ex is t  in  nos t
cases .  Whi le  the  d i f fe ren t la l  equat ions  fo r  conduct ion  fo r
the  genera l  case can be  se t  up ,  so lu t ions  can be  found
read. i l y  fo r  on ly  a  l_ imi ted  nunber  o f  cases ,  no tab ly  the
s imp ler  cases  in  two and th ree  d imens ions ,  such as  those
invo lv ing  p ipes  and spheres .  Many cases  o f  two-c l imens iona l
s teady-s ta te  f low can be  dea l t  w i th  by  re laxa t ion  methods .

fn  the  case o f  t rans ien t  a^nd.  per lod lc  f low,  so lu t ions
are  ava i lab le  fo r  a  number  o f  the  s imp ler  cases  invo lv ing
flow in one al imension. The case of a slab of a single
mater ia l  a t  one tempera ture  w i th  one or  bo th  p lane sur faces
suc lden ly  changed to ,  and he ld  a t ,  sone o ther  te rnpera ture ,
can be  so lved.  So lu t ions  are  ava i lab le  a1so,  anc l  have been
reduced to  char t  fo rm,  fo r  the  case o f  s labs  o f  i rn i fo rm
material at one temperature sualdenly i-nmersed in a f luid at
some o ther  tenpera ture .  Th is  b r ings  in  f lu id  f i la  res is tance.
Th is  method ean be  app l ied  to  b r ick -shaped .ob jec ts  by
conb in ing  the  resu l ts  found fo r  th ree  s labs  o f  th ic lo resses
equa l  to  the  length ,  w ld th  anc l  depth ,  o r  to  a  co lumn o f
rec tangu lar  sec t ion  by  cons ic le r ing  two equ iva len t  s labs .
The cases  in  wh ich  the  tenpera tures  o f  the  so l i c l  sur faces
are  no t  he l -c l  cons tan t ,  and are  no t  de termined by  immers ion
in  a  cons tan t  tempera ture  f lu id  bu t  fo l low soue o ther
pat te rn ,  and those in  wh ich  the  s lab  is  a  compound o f  one o f
severa l  mater ia ls  hav ing  d i f fe ren t  p roper t les ,  can  bes t  be
dea l t  by  a  g raph ica l  method deve lopec l  by  Schmid t .  A l l  o f
these methods can be found in stand.ard textbooks provlding
comprehens ive  t rea turen t  o f  heat  t rans fer ,  such as  tha t  o f
M c A d a m s  ( 2 0 ) .

Cases  in  concre t ing  w j -11  usua l ly  invo lve  bo th  sur face
heat  exchange cond i t i -ons  and a t  leas t  one o ther  xoater ia l



useal aa fornwork or coverr in at ldit lon to the concrete.

Under  cer ta ln  cond l t ions ,  s imp l l f y ing  assumpt ions  enab le

so lu t ions  to  be  found.  In  the  case o f  a  p lane concre te  wa l l

between forns, for example, the fornwork mayr unaler certain

l in l ted  cont l l t lons ,  be  reduced fo r  purposes  o f  ca lcu la t lon

to  an  equ lva len t  ac lded th lc la less  o f  concre te .  Unc le r  cer ta ln

o ther  cond i t ions ,  when the  heat  s to rage capac i ty  o f  the

fornwork  o r  o ther  cover  i s  sma11,  l t  nay  be  cons ldered a long

wlth the air f11n resistance in an equivalent f luld f i lot

and the tt f luid immersionrt solut ion usetl  .

S t i1 l  another  type  o f  s inp l l f l ca t ion  nay  be  poss ib le  in

the case of heavi ly insulated bodles, when the conductivl ty

of the botly is relat ively so great that the tenperature

differences throughout the body are never greatr untler the

reducecl heat f low permltted by the cover. Under these

concl i t ionsr and neglecting heat storage in the coverr a

fa i r l y  s imp le  t rans ien t  so lu t ion  is  poss ib le .

The coef f l c ien ts  o f  con t luc t i v l t y  fo r  the  e lements  o f

the encfosure and for the concrete nust be lmown. When both

heat storage capacity and f low in a material nust be taken

in to  account '  the  coef f i c len t ,  thermal  d l f fus iv l t y '  g iven

6v  3  must  be  known.  Th ls  coef f i c ien t  expresses  the  ra t io
"  q c -

P

of  conduct iv l t y  to  thermal  capac i ty .  Conc luc t iv i t y  da ta  fo r

noet bul lding materialo, of the type which roight be usecl for

fo ruwork  o r  lnsu la t lon '  a re  reasonab ly  we l l  es tab l i she t l t

although the presence of water nay be a complicating factor

as  prev ious ly  ment ionet l .

Heat generatecl by hyclrat ion wlthin the concrete adals to

the internal heat avai lable to make up the heat lost fron

the  mass .  The ra te  a t  wh ich  i t  i s  re leased depends however

upon the rate of hydration of the cenentr whlch is ln turn

a  func t lon  o f  tempera ture  fo r  a  g lven n ix .  The to ta l  heat

releasecl up to the developrnent of a given degree of

hydratlon can be deternlned but the introcluct lon of heat

release ae a functlon of t ime and tenperature may be

d i f f i cu l t  l f  no t  inposs ib le  to  hand le  ln  the  genera f  case '

z 6



The heat  o f  hydra t ion  can however  be  dea l_ t  w i th  re la t i ve ly
eas i l y  in  the  case o f  a  heav i l y  lnsu la ted  mass  in  wh ich  no
account  need be  taken o f  d i f fe rences  in  tempera ture
throughout the nass.

Quant i ta t i ve  Methods  Repor ted .

(a )  Eaf ly  S tud ies  o f  yosh ida .  -  The f i rs t  na jo r
cont r ibu t ion  to  a  quar t t i ta t l ve  approach appears  to
be tha t  o f  yosh ida  in  l92O (21) .  He car r ie i t  ou t
exper iments  to  de termine the  therma1 cons tan ts  fo r
var ious  mixes  o f  concre te  and on  the  ra te  o f
c o o l i n g  u n d e r  v a r i o u s  e x p o s u r e  c o n d i t i o n s .
Mathemat i .ca l  fo rmulae  were  c leve loped to  p red lc t
the  tempera ture  a t  any  po in t  in  the  concre te  mass
at  a  g iven t ine  a f te r  p lac j -ng ,  and under  a  g iven
set  o f  exposure  cond i t ions .  These fo rmulae  were
then used to  p red ic t  the  tempera ture_ t ime
re l -a t j_onsh lps  fo r  var lous  s izes  and shapes o f
newly  p laced concre te  w i th  sone sur face  pro tec t ion .
The heat  genera ted  by  the  hydra t lon  o f  the  cement
was neg lec ted  in  very  smal l_  masses  and was assumed
to  be  accounted  fo r  1n  the  d i f fus iv i t y  te rm o f  the
concre te  fo r  la rger  masses .  Th is  assumpt ion  does
not  appear  en t i re ly  sound s ince  the  e f fec t  o f  heat

tenera t : .on  nore  proper ly  en ters  ln to  the  eouat ions
as  a  tenpera ture .

(b )  Method o f  Tu th i1 l ,  G lover ,  Spencer ,  and B ierce .  _

Ihe  ne thod usec l  by  Tuth i l l  e t  a1  (22)  fo r
pred i -c t ing  te rnpera tures  1n  insu la tec l  concre te
masses  a f te r  p lac ing  invo lves  essent ia l l y
so lu t lons  to  the  case o f  a  so l_ id  a t  one
tenperature imnersed in a f luid at some lower
te rnpera ture .  The so lu t ions  are  ob ta ined f rom the
ava i lab le  char ts  g iven  fo r  th is  case.  The e f fec t
of heat generation was hancl lecl by a stepwlse
conputa t lon ,  u t i l i z ing  the  f4e t  tha t  so lu t lons  o f

a l



this nature obey the Iaw of superposlt lon. The

nethoci proviclecl for cleal ing with two- and

three-dinentional f low ancl with varying outside

tempera tures .  These workers  a lso  dev lsed Bethoa ls

for predict lng the surface tenperature of thln

s labs  p laced on  so i l .  The th lc lc ress  o f  concre te

was replacecl by an equlvalent thickness of soi l

antl  the conbinatlon treated as a semi-inf inite

sol iat.  The heat supplled by the inlt lal  placing

temperature excess above the surrounalingsr the

heat generatlon in the concrete anci the heat

suppliet l  to the surfaoe by the lnlt ial  so1l

temperature gradient were ascumetl to be applled at

the surface befow the lnsulat ion. Agaln a

stepwise c.onputation wac neceesary to account for

changing rates of heat generatlon and changing air

temperatures. Using thls methotl  the protection

requlred for concrete work can be calculated

without any untlue amount of Labour. More

extensive data on heat generatlon as a t ime-

temperature functlon would perhaps permlt greater

accuracy .
(c) Method of Nerenst, Raetrup ancl ldorn. - These

authors (21) have developetl  nethotls by whlch the

tempera ture  o f  coo l lng  concre te  may be  pred lc ted t

as well  as the state of hyclrat ion of the cement.

The state of hyctrat ion incl icates the strength

attainetl  by the hardening concrete whlch in turn

inal icates the resistance to freezing and whether

the forms may be str iPPed.

The calculat ion of the temperature general ly

fol lows the principle that suff icient lnsulat ion

1s appllecl so that no large tenperature gratl ients

occur in the concrete mass. A heat balance can

then be writ ten by equatlng the heat loss from the

concrete through the insulat ion to the heat

generated minus the heat stored by heating the

28



concre te .  The tempera ture  change c lu r ing  shor t
t i roe  in te rva ls  can then be  ca lcu la ted  and the
ten :pera ture  a t  any  t ine  can be  ascer ta ined.  Qu l te
ex tens ive  da ta  have been ob ta ined fo r  the  heat
genera t lon  ra tes  fo r  th ree  Dan lsh  cements  a t

var ious  tempera tures .  The heat  genera t ion  ra te  to

be used fo r  each t lme in te rva f  i s  then taken as

tha t  cor respond ing  to  the  tempera ture  a t  the  ena l

o f  the  preced ing  1n terva l .  To  fac i l i ta te  the

computa t ions ,  coo l ing  fac to rs  have been ca lcu la ted

for  var j -ous  shapes.  Th is  coo l ing  fac to r  ( to ta1

heat  t rans fer  a t  the  concre te  sur face  per  degree

tenpera ture  d i f fe rence,  d lv lded by  the  thermal

capac i ty  o f  the  concre te  e lement )  expresses  the
ra te  a t  wh ich  the  e lement  w i l l  coo l  w l th  un i t

tempera ture  d i f fe rence be tween the  concre te  and

a i r .  For  a  g i -ven  cement  type  and conten t ,  a  g iven

in i t ia l  tempera ture ,  a  g iven coo l lng  fac to r ,  anc l

a  g i -ven  ou ts ide  te ropera ture ,  the  t i rne- tempera ture

re la t ionsh ip  can be  es tab l -1shed.  The hyc l ra t ion

t ine  a t  the  ac tua l  concre te  tempera ture  is

re fe r red  to  an  equ iva len t  hydra t ion  t ime a t  e i ther

OoC.  o r  15oc .  The s t rength-versus-hydra t ion  t imes

have been de termlned fo r  these te rnpera tures  so

tha t  the  es t imat lon  o f  s t rength  and f reez ing

res j .s tance is  thus  s inp l i f ied .

Graphs  have been prepared fo r  th ree  cernents ,

th ree  p lac lng  tenpera tures ,  and th ree  ou ts ide  a i r

tenperatures showing, for any glven cool lng

fac tor ,  the  t i roe  pass lng  be fore  the  concre te

reaches OoC. ,  the  equ iva len t  hydra t i -on  t i -me a t

OoC.  and 15oC. ,  whether  f reez ing  res is tance has

been attained, the percentage of the 28-day

strength, and whether or not the forns nay be

s t r ipped.  The au thors  a lso  ind ica te  tha t ,  by

measurj-ng temperatures in hart lening concrete, the

equivalent hydration t ime can be cal-culateal to
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l nd lca te  the  concre te  p roper t ies .

the quantl tat lve approach t levelopecl by these

authors represents at once a ref inement antl  a

sinpl l f icat ion which pernits t l l rect appl lcat ion

to f iel t i  work.

6. Typieal Cooling Cur:rres for Various Contl i t lons

Cooling curvea are shown in figure 12 for a concrete

real l  I  foot thlck for four cl l f ferent sets of concl l t lons.

l lhe concrete 1s assunetl  to be typlcalr placed at a

temperature of 5ooF. and exposect to alr at 3ooF. The cbses

have been selected to show on a comparative basj-s the effect

of varying the insulating value of the formwork or cover ancl

of changes 1n wind speed. Tine-tenperature curves are shown

for the nldplane posltlon anil for the surface of the

concrete just lnsicle the forlnwork. Case ( i)  represents a

metal forn provit l ing practical ly no resistance to heat f low

antl  with an air f i ln conductance corresponding to a 10

n.p .h .  w inc l .  Case (1 i )  represents  a  fo rm prov id ing  s1 lgh t1y

better protection with relat ively et i l1 air outsiale. Case

( t t l )  represents  a  1 .0  inch  wood fo rn  w i th  a  10  n .p .h .  w in t l

outsiale. Case ( iv) represents a hlgh degree of insulat ion

conesponcl ing to two lnches of mineral wool. A nethoct

e1nl1ar to that of Tuthi l l  et aI was usetl  for cases ( i) ,

( r l )  ana (111) ,  wh11e in  case ( i v )  tempera tures  were

caloulated neglecting any tenperature gradient ln the

conorete. Exposure concti t ions have been assumetl to be

it tentical on both si<les of the wall  and the air tenperature

has been assuneal to remain constant. fhe resul-ts are

therefore not ful ly representative of an actual case but alo

show the relat lve cool ing rates and the variat lons which can

be expected between the centre antl  the surface of the wall

with various gurface condit lone. Very raplal cool lng is seen

to occur ln case ( i)  ani l  qulte raplt l  cool ing also j .n cage

(i l) .  The value of insulat ion ls qulte deflnltely shown.

fhe variations in temperature through the waI1 at
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various t ines after placing are shown in f igure 15 for the

cona l i t ions  o f  case ( i ) ,  i .e .  w l th  a  h igh ly  conduct ing  fo rn

and winal .

YI PRACTICAI CONSIDERATIONS IN [I{E USE OI' IIIEATI]ER DATA

It is clear that 1t wi l l  be aa inpossibi l i ty to t levise

a syetern capable of taking into aocount al l  the factors

having eome signif icance in the cool ing of concrete' either

fron'the polnt of view of weather or of the result lng heat

exchange with the concrete nass. The situatlon lencls 1tself

to the acceptance of air temperatures as the primary woather

factor wlth the heat exchange being alealt  with in terns of

contluct lon theory.

The effect of surface air notion is then taken into

account ln egtabl ishing deeign values for the alr f i ln

conductance. Such values are already avai lable frorn

building work.

The eituation with respect to raal iant heat exchange is

rather more conplicatet l  but i t ,  too, can be hancl lecl.

Racliation exchange with the surrounalings can be taken int6

aocount  by  su i tab le  aa l ius tnents  to  the  a i r  f i l n .conductance '

whl1e that with the sky night be handletl by atljustrnents to

design air temperatures 1n a manner sinilar to that already

clbveloped in bui lding work uslng the sol-al i  temperature

coneept .

There already exists fron the work of Tuthill et al and

of f ierenst et a1, taken in combination with exist ing

neteorological data for any location, the basls for the

practlcal predict ion of protection requirements.

Any rational approach towartl taklng into account the

effects of noisture nuet be recognlzed as being extreneft.y

dif f icult .  Ihe prlmary phenomenon 1s f low sinl lar to heat

f low but with some further conplicatlons of i ts own ari-sing

fron change of state and the lntertlepenclence wlth

temperature antl  heat f low. Evaporation of nolsture wlthln

or at the surface of the concrete pLus l ts enclosure can

appreciably influence the heat flow antl temperature patterns
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because o f  the  la ten t  heat  invo lved wh ich  can,  fo l low ing
evapora t ion ,  be  car r ied  o f f  by  . the  c t i f fus {ng  vapour .
Mo is t t r re  nay  d i rec t l y  in f luence the  conduct iv i t y ,  espec ia l l y
o f  the  mater ia ls  used as  fo rnwork  o r  cover .  F ina l l y ,  the
naintenance of suitable noisture condit ions nay require that
steps be taken to conserye noisture in a manner sinl lar to
that done for heat. The very great cornpl icat lons involved,
coup led  w i th  the  l iu i ted  deve lopnent  to  da te  o f  adequate
theory deal ing with noisture, nake 1t unl ikely that the
no is tu re  e f fec ts  can be  c lea l t  w i th  d l rec t l y  in  any  c les ign
procedure that nay be establ ishetl .

I t  is lnportant to keep in nind that the design of
p ro tec t ion  invo lves  an t ic ipa t lon  o f  the  cond i t ione  tha t  w i l l
exlst during the curing period. Slnce the accuracy with
whlch the weather factors caa be predlcted in advance for a
period of eeveral days can never be great, i t  fol lowg that

the nethods of using such data need not be nuch nore precise.

Thls ie, in a sensd, a fortunate circunstance since the
achlevement of precision in the application of t lata is, aa

hag been arnply shown, usually very tlifficult and frequently

lmpossible. Approxiuations in the hbat f low theory, such ag

have been discusseal, are therefore acceptable, and the
problen beconeo one of select iag nethotls whlch are of

sufficient accuracy yet are simple enough to be workable in
prac t ice .

In view of the dlf f lcult les 1n prediot lon of the
pert lnent weather factore, i t  1111 be neceesary to lntroduce

a eubstantial nargin of safety ln the design of protectlon.

It  s6eus probable that the practical requirements of

aohleving a workable systen of alesign may nake it neceaearry

to neglect variat ion ln the pert inent weather factore

throughout the period for whlch protection ls requlrerl ,  aad

to t leslgn on the basls of constant ooDall t lons. Tbe

approxinatlona lntrotluced by thle proceclule 1111 be greater

ln the case of poorly protected or poorly lasulated concrete

than in that whleh 1e well lngulated.

Practloal coaslalerat lone nake 1t necesaary to
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dist lngulsh clearly between the use which can be nacle of

stat ist ical weather data, of forecast infornation, and of a

lmowledge of the inf luence of nicrocl inate and other local

o r  s i te  fac to rs .  The bas ic  des ign  weather  fac to rs  w i l l

always have to be evaluatet l  on the basls of a stat ist ical
analysie of weather data. fhls basic t lesign clata, applylng

to a given perlod, nay then be nocl l f led in the t ight of

50-day or other long-range forecast lnfornatlcn, to the

extent that this is avai lable and can be rel led upon. A

further adjustment can be macle to the basic cleslgn alata to

account for the inf luence of loca] condit lons. Thls wil l

be largely a matter of judgnent.

twenty-four- and 48-hour forecaste becone of secondary

lnportance since they wil l  not provide for the predict ion of

condlt lons over an aclequately long perlocl for curing

purposes. They nay be of l1tt le value 1n the case of large
jobs for which concrete is being p1ac6<l continuously over

long periocls ancl where the protection to be provicled nust be

arranged for well  in aclvance of the t ine i t  may be needed.

0n snal l-sca1e jobs, however, where emergency protection can

be provlt lecl on short notice, such forecasts nay be of value.

Substantial use may be raatle of stat ist lcal t lata in

connection wlth work for which no part lcular protection is

to be provlded, in establ ishlng auch lnfornation as the

l inlts of frost-free periods antl  the probabil l t ies that

freezlng temperatures w111 be encountered wlthln a

construction perlod. Again such informatlon night be used

ln conjunctlon wlth data fron long-range forecasts.

VII TI{E ROIE OF TI{E I,ABOMTORY

Slnce weather conslsts of a constant interplay of

f, Iuotuatlng cLinatlc elernents, anal variee wlt lely through the

lnf luence of local factors, l ts reproductlon ln the

laboratory has l i t t le Berit  for purposes of pret l ict lon ln

winter concreting. Ihe slnulat lon of certaln weather

conali t ions hag found use in conparatlve test ingr as for
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eranple, the weatheroneter and apparetus for freeae-thaw

cyoling and wetting-ilrylng cycllng. In the present caset

horeyer, laboratory J.nvestlgatlona muEt be largely

reotricted to the deternlnatlon of funtlanental quantltlea

aad coefflclente, tbe stu<ly of phenomenar and the

clevelopment of slupte rnethotls for eattnatlng the Protectlon

requi.reil, cooltng rategr eail tlnc for strlpping of forua.

The Dost obvlous role of the laboratory le 1n the

ileternindtlon of the baslc propertlea of lncllvttlual

uaterlals lnvolvetl  tn provldlng r lnter protectlon. lbese

lnclud'e thernal concluctivlty, heat capaclty antl diffuelvlty

of tbe lngredlents, the fresh concrete 1tself ,  thc forueorkt

the varlous typee of i.neulatton, antl the naterlals

oonetl tut ing the bed lnto which the concrete i6 place' l '  Ibe

anount antl rate b.f productlon of heat of hytlratlon nuet be

deternlnetl in tbe laboratory.

Approxlnatlons and assunptigns made for purposee of

slnpLlf icat lon of heat f low caloulat ions Eay create a need

for establ lshlng lcoeff lcients'r for uee ln euch sfunpl l f led

equatiohs, whlch are, ln effect, functions to whlch oingle

values are aseigned for a part icular range of contl i t ione'

In many cages such coeff lcients nlght best be evaluated by

erpertnent.

Laboratory work nay also be tllrecteo toward the

ttevelopnent of noclel antl analog technlques for the Eolutlon

of conpllcated heat f low casee.

Flnal ly, l t  nay be possible tn the laboratory to

eEtabl lsh l lnl ted weather contl l t lone for purposes of

assesslng approxlnatlons whlch nay be untler conslt lerat lon.

It  1e not apparent that large-sca1e laboratory faci l l t lee

capable of produclng siraulated weather condit lons involvlng

oeyeral of the weather factors slmultaneously w111 bc

euff lclently useful to Justtfy aett lng then up wh€re they dlo

not already ex1st.

VIII DEVEIOPMENT FOR THE I\]TIIRE

Ihe problens aheaal whlch are roost innecl iately evldent
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are  these:

1. The further t levelopment of apgroxirnate but at lequate

nethoals for solving the varlous heat f low situations

which caR arise in winter condreting;

2. Study of the relat ive inportarice of the various weather

factors, part lcularly those lr lvolved in the radlat ion

environment and in noisture t4ansfer, and ways in which

these nay be handled in <leslgrl;

7. Conslderation of the types of stat iet ical t lata which

wil l  be useful antl  the develof,nent of these by

c l lna to log is te ;

4. Further consit lerat ion of the tvays in which forecast

t lata can be useful;

5. Stucly and development of practical infornatlon

descrlbing the characterigt ics of nlcrocl inate and of

the  e f fec ts  o f  foca l  and e l te  cont l i t lone .

It  seems clear that the concr4te engineer wil l  seldon

have an aclequate lanowletlge of c1lnqto1ory on the one handt

or of heat transfer calculat iong orl  the other. lhe

requ l rements  fo r  deve lopments  ln  bo th  o f  these f le lds  as

aids to winter concreting practice are suff iciently involvecl

to  o f fe r  a  cha l lenge to  spec iaHstg  in  e i ther  f ie lc l ,  who

nust together deterrnine what is posslble. At the same t lne

the concrete engineer nust nake hlE contr ibution 1n

determinlng what wil l  be useful and practical, .  A three-way

partnership in clevelopnent nust therefore be establ ishecl.
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