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ABSTRACT 

This repor t  describes the progress made t o  date on a p ro jec t  
designed t o  (1) screen a large number of candidate ant i -sca l ing 
agents, (2) f i e l d  t e s t  those found most promising, and (3)  
invest igate the scal ing mechanism by means o f  laboratory 
freeze-thaw testing, The f i r s t  phase i s  essent ia l l y  complete 
and four  o u t  o f  a t o t a l  o f  41 treatments have been judged t o  
be s i g n i f i c a n t l y  benef ic ia l  on air-entrained concrete. The 
second phase was begun ahead o f  schedule w i th  the f i e l d  
tes t i ng  o f  two materfals which were reported t o  be benef ic ia l  
by other states, Future plans f o r  t h i s  p a r t  o f  the program 
are dlscussed. The t h i r d  phase has been plagued w i th  many 
operational d i f f i c u l t i e s  and no s i g n i f i c a n t  resu l t s  have 
been obtained. Perhaps the most valuable outcome o f  the study 
has been the conclusion t h a t  adequate air-entrainment appears 
t o  be more benef ic ia l  than any o f  the  treatments which were 
tested. As a r e s u l t  o f  t h i s  ind icat ion,  an experiment was 
run t o  determine how much the speci f ied a i r  leve l  could be 
increased without r i s k i n g  too great a loss o f  strength. As 
a r e s u l t  o f  t h i s  study, i t  was recommended t h a t  the a i r -  
entrainment spec i f i ca t ion  be increased from 4.5 + 1.5 percent 
t o  6.0 t 1.5 percent. This has been approved an8 i s  now i n  
effect.- This repo r t  also contains a section explaining how 
s t a t i s t i c a l  p r i nc ip les  can be applied t o  subjective r a t i n g  
data t o  determine the l eve l  a t  which a r a t i n g  can be judged 
t o  be s ign i f i can t l y  benef ic ia l  o r  detrimental. 
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PROJECT 7732 

ANTI-SCALING AGENTS FOR CONCRETE 

Interim Report #2 

T h i s  report should be read i n  conjunction w i t h  the first report 

wed fept*,- -1Wt. ?Ytthgh 3 r S q m T F  t t T b - p m $ x e ~  

pertinent details  will be reviewed i n  the present Report, much will be 

omitted that was covered i n  detail i n  the f i r s t  report. 

1.0 REVIEW OF SCOPE OF PROJECT 

A study o f  New Jersey bridges has indicated that scaling affects 

approximately one-third o f  the concrete decks. 

possibilities for remedying this  demonstrated scaling problem,a long- 

range research project was undertaken. 

In order to explore the 

The work of this project is being conducted i n  the following 

three phases: 

Phase I 

Test a relatively large number o f  anti-scaling agents by means 

of accelerated outdoor exposure tes ts  i n  order t o  isolate a few 

that are promising. 

Phase I1 

Field t e s t  on actual bridges the most promising materials found 

during Phase 1. 

Phase I11 

Continue testing w i t h  the aid of a laboratory freeze-thaw chamber 

t o  at tempt  t o  learn more about the actual mechanism of scaling. 
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Phase I was begun i n  the sumner of  1970 w i t h  the cas t ing  o f  nearly 

200 test s labs  and the appl ica t ion  o f  41 treatments of various types.  

T h i s  t e s t i n g  has continued throughout the las t  three winters w i t h  water 

and de-icer appl ica t ions  timed t o  take  advantage of the natural  freeze-thaw 

cycles  . 
Phase I I  was begun ahead of schedule w i t h  the appl ica t ion  of 

tblrr curingCseakr 4 l i L t e r t a l s - f o t A l x L ~ + s ! ~ M * F * ~ >  

These treatments (designated C-1 and C-2) a r e  based on linseed o i l  and a 

chlor inated rubber epoxy, respectively. 

Phase 111 t e s t i n g  w i t h  the laboratory freeze-thaw chamber was 

just being i n i t i a t e d  a t  the time o f  the first repor t .  Numerous problems 

have plagued this part of the program and the results continue t o  be 

disappointing. T h i s  will be discussed i n  g rea t e r  d e t a i l  l a t e r  i n  this 

report .  

2.0 OUTDOOR EXPOSURE TESTING 

The outdoor exposure test s l abs  are inspected each spr ing by a 

team o f  r a t e r s .  The results a r e  s t a t i s t i c a l l y  analyzed t o  determine which 

treatments can be judged s i g n i f i c a n t l y  beneficial .  The most promising 

o f  these treatments will then be field tested on actual  bridge decks. 

2.1 RATING SYSTEM 

The r a t i n g  system shown below, which has been employed by several  

o the r  inves t iga tors ,  was used t o  obtain a numerical de t e r io ra t ion  r a t i n g  

f o r  each test and control  s l a b  i n  the outdoor exposure phase of the study. 



Condition (Scal i ng Rating ) 

0 

1 

2 

4 

5 

3 

Supdace Appearance (Severity) 

No scal ing  

Very slight scaling, 1/16" deep or 
less , virtual l y  no coarse aggregate 
v i  si bl e , i ncl udes 1 a i  tance scal i ng . 
S1 i g h t  to  moderate scaling , between 
Condition 1 and Condition 3. 

Moderate scal i ng , approximately 1 / 8 I t  

visible, 
4*4f4%ieegiseRfe-- 

Moderate t o  severe scaling, between 
Condition 3 and Condition 5. 

Severe scaling, approximately 1 /2" 
or deeper, coarse aggregate completely 
exposed. 

To determine a rating for any particular s l ab ,  a rater is  

required to estimate the percentage of the area o f  the slab displaying 

each level -of severity. In actual practice, many slabs exhibited only 

one level of severity while very few had as many as three. For example, 

a slab which has 30 percent of i t s  area i n  Condition 3, 20 percent i n  

Condition 1,  and 50 percent w i t h  no scaling, would be rated as follows: 

Extent Severity 

.30 X 3 = .90 

.20 X 1 = .20 

s o  - .50 X 0 

Total 1.10 = Rating 
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The Phase I t e s t  slabs have been evaluated a t  the end of each 

of the l a s t  three winters. 

engineers, and the results averaged t o  obtain a scaling rating for  each 

slab. The net effectiveness o f  each treatment i s  estimated by the 

difference i n  scaling ratings between each t e s t  slab and its control. 

This is termed the wdurability rating" and i s  negative when an apparently 

Each slab was rated independently by seven 

- ~ t r e a t m m t ~ e n t s ~ ~ ~ ~ c k t ~  x5mqItdlJ-  

as i ts  control. 

2.2 EVALUATION OF DURABILITY RATINGS 

To properly evaluate the results, i t  must be determined a t  what level 

the ratings may be interpreted to  indicate a significantly beneficial 

o r  detrimental effect. The theory is  very basic. Every measurement has 

associated w i t h  i t  a certain amount of variability. This  v a r i a b i l i t y  

i s  made up of components of variance from different sources. In  this 

case, the primary components are the variability associated w i t h  the rating 

system and the variability inherent i n  the performance of the treatments. 

themselves. The combination of these two will be used t o  determine what 

magnitude a durability rating must be i n  order for i t  to  be attributed to 

something other than chance effect  (i.e., the magnitude necessary to  

demonstrate a real beneficial or detrimental effect of the treatment). 

The derivation of these cr i t ical  levels is described i n  Appendix 111. 

I t  was found that a single t e s t  must achieve a du rab i l i t y  rating of a t  

least  

+ - 0.83 is required when the average of two tes ts  i s  available. 

1.18 to  be judged significant whereas a durability rating of only 
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2.3 RESULTS OF OUTDOOR EXPOSURE TESTING 

There are certain trends apparent i n  the data i n  Appendix I 

which should be noted and discussed. 

favorable or  unfavorable, is  seen to increase as the number of freeze-thaw 

cycles increases. This is  probably the normal case and is  to  be expected. 

In some cases, however, the trend seems to reverse i t se l f  while, i n  others, 

tkre -k iwetw+6uspattemr.- T M m - t m n r m m  af  

the rating system b u t  may also indicate a change i n  the rate a t  which 

particular t e s t  slabs (or their  controls) are weathering. I t  should also 

be realized that ,  i n  an accelerated t e s t  of this type, the trend for a l l  

durability ratings (T-C) is to tend toward zero as the freeze-thaw cycles 

increase indefinitely. T h i s  is so because both the t e s t  slab and i t s  

control eventually will be completely deteriorated, resulting i n  a 

difference of zero. For this reason, i t  was decided t o  terminate any 

Individual t e s t  when either the t e s t  or the control reached the maximum 

deterioration rating of 5.00. 

In many cases, the measured effect ,  

The resul t s  obtained on ai r-entrained (AE)  concrete and non-ai r- 

entrained (NAE) concrete have been l isted separately i n  Appendix I for 

two reasons. F i  rst, si nce most exposed concrete nowadays i s speci f i  ed 

to  be air-entrained, i t  was f e l t  that  the tes t  results would be more useful 

i f  this factor were solated. Second, there may be certain treatments 

which have different effects on the two types of concrete and their  results 

would be obscured i f  they were averaged. 

as AE had 3-6 percent a i r  as measured by the pressure method. Those 

designated NAE received no air-entraining agent and usually contained 

approximately one percent entrapped air .  

In this s tudy,  slabs designated 
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Table I l ists  the average durability ratings for the four general 

classes of materials tested. No attempt was made t o  analyze these results 

s ta t i s t ica l ly  b u t ,  because each rating i n  this table is the average for 

several t e s t  slabs, they can be assumed to  be significant. 

a l l  general classes appear t o  be beneficial as groups except for sealers 

and curing compounds on Ron-ai r-entrai ned concrete. 

In this case, 

AAightnrnblpm -&i+ c&w+f+g*Ma+*t++ - 

materials since the manufacturers sometimes referred to them as 

"penetrati ng-sealers" or "curi ng-sealers" which would constitute a cross 

between two of our classifications. Our general approach was to  call  

any treatment ( a )  a curing compound if  i t  was used as a curing compound, 

(f.e., i f  used on wet concrete) ( b )  a penetrating agent i f  i t  appeared t o  

soak into the concrete, and (c)  a sealer if  i t  appeared t o  remain on the 

surface of the concrete. The remaining category, admixtures, was an 

obvious classification. 

TABLE I 

AVERAGE DURABILITY RATINGS FOR GENERAL CLASSES OF TREATMENTS 

(Negative Values Indicate Beneficial Results) 

A i  r-Entrained Non-Ai r-Entrained 
Type Concrete Concrete 

Sealers (S) -0.74 POOR* 

Penetrating Agents (PA) -0.45 -0.28 

Curing Compounds (C) -0.34 +O. 68 

Admixtures ( A )  -0.24 NOT TESTED** 

*Some t e s t  slabs reached total failure prior t o  the las t  r a t i n g  and, 
therefore, were excluded. Had they been included, they would have 
contributed positive values which reflect  poor performance. 

*A1 1 admixtures tested caused the concrete t o  be a i  r-entrai ned. 
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Perhaps the most interesting th ing  to note i n  Table I is the 

performance of the sealers and the curing compounds. A curing 

compound i s ,  by necessity, a sealer which i s  applied imnediately 

af ter  the concrete i s  poured whereas the sealers i n  this study were 

applied about one month later.  The average effects for b o t h  these 

classes of treatments were very similar i n  that good results were 

~ a t r r e d - ~ ~ ~ - ~ ~ t ~ c o ~ ~ r e € e - a n ~  - p o o r - r ~ t s - w E o 6 E i i - n e i f  - -~ -~ 

w i t h  non-air-entrained concrete. 

these effects are comparisons (T-C) and are isolated from any effects 

attributable t o  ai r-entrai nment i tsel  f .  Based on this study , the 

sealers and curing compounds appear to improve the scaling resistance 

of air-entrained concrete bu t  reduce the scaling resistance of non- 

a i  reentrained concrete. 

- 

I t  should be re-emphasized that 

A possible explanation can be offered for this. 

been recognized that ai r-entrainment is  advantageous because i t  

provides room for expansion as the free water i n  the concrete freezes. 

I t  remains effective as long as the a i r  voids are not f i l l ed  w i t h  

water. Both the curing compounds and the sealers were applied before 

the water and de-icer applications were begun. Therefore, these 

treatments tended to keep the water out of the void ,systems and 

maintained their  effect1 veness. The re1 a t i  vely better performance 

of the sealers over the curing compounds may be the result of 

additional drying time before the sealers were applied, therby 

reducing the free water content of these slabs s t i l l  further. 

I t  has long 
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In the case of the non-air-entrained slabs, there are 

insufffcient a i r  voids i n  the concrete t o  accommodate the increasing 

volume of water as i t  freezes. These slabs have very l i t t l e  f ros t  

resistance i n  any case b u t ,  what resistance they have can be improved 

by a period of drying which would tend to empty whatever a i r  voids 

are present. Since the slabs were cast during the sumner, those 

t M -  d+&& reee~vrsex~zrseat i r rg-comp-tmrrexy,epTence -a- - ~ 

substantial period of drying. Those t h a t  received curing and sealing 

compounds would have remained fair ly  saturated which may account for  

their  poorer performance. 

~ 

In Table 11-A, the treatments are l isted i n  the order of 

effectiveness on air-entrained concrete and several interesting 

observations may be made. The two treatments, C-1 and C-2, which 

were f ie ld  tested as a result  o f  favorable reports by other researchers 

are seen t o  rank 16th and 12th, respectively, o u t  of a total of 41 

treatments. Although their  average durability ratings of -.46 and 

0.74 are favorable (negative), neither achieved the level of -.83 

considered necessary to be confident that they are beneficial. However, 

as discussed i n  Appendix 111, i t  is worthwhile to  check the individual 

ratings i n  Appendix I to  see i f  the va r i ab i l i t y  o f  treatment effectiveness 

( (& ) i s  more or less than average. Although the two values for 

each t e s t  do n o t  permit the calculation of a reliable standard deviation, 

they do give an indication of the variability of the treatment i n  

question. In this case, the individual ratlngs are 0.40 and -.51 for  

treatment C-1 and 0.86 and -.61 for treatment C-2. These are more 
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TABLE I I - A  

AIR-ENTRAINED CONCRETE 

ORDER OF EFFECTIVENESS OF TREATMENTS AFTER THREE YEARS EXPOSURE 

Test Durab i l i t y  S ign i f i can t  Test Durabi 1 i ty S i  gni f i cant 
Rank Designation Rating a t  95% Level Rank Destgnation Rating a t  95% Level 

1 

- ?  

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

A- 5 

-fb 

s -4 

PA-12a 

s-5 

PA-13a 

PA-8 

PA-14 

c-5 

s-1 

PA-15 

c-2 

PA-7 

PA- 5 

PA-1 

c-1 

PA-6 

S-8 

c- 3 

s-3 

-1.51 

-4334- 

-1.30 

-1.13 

-1 .ll 

-1.06 

0.99 

0.89 

0.86 

-.a5 

0.80 

-.74 

0.60 

-.56 

0.50 

0.46 

0.42 

m.40 

-.38 

-.3a 

YES* 

- --YES- 

YES 

NO 

NO 

NO 

NO 

NO 

YES* 

NO 

NO* 

NO* 

NO* 

NO* 

NO* 

NO* 

NO* 

NO 

NO* 

NO 

21 

2 2  - 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

PA-4 

A-4b 

c-4 

PA-3 

PA-12b 

C-8 

PA-17 

PA-18 

PA-5 on C-0 

C-6 

PA-10 

A-4a 

c-7 

PA-2 

PA-13b 

s-2 

A-3 

A-1 

PA-4 on C-0 

LO-MS on C-0 

-.32 

729 

-.20 

-.20 

-.16 

0.14 

-.13 

-.12 

-.09 

-.09 

-.08 

-.06 

-.06 

+.I0 

+.lo 

+.15 

+.20 

+.22 

+.35 

+1.06 

+2.03 

NO* 

-+to 

NO* 

NO* 

NO* 

NO 

NO* 

NO 

NO 

NO 

NO* 

NO* 

NO* 

NO* 

NO* 

NO 

NO* 

NO* 

NO* 

NO 

YES 

*Average o f  two tes ts  i n  which case a d u r a b i l i t y  r a t i n g  o f  + 0.83 o r  more i s  considered 
s i g n f f i c a n t  a t  the 95 percent l eve l  o f  confidence. Othersare  s ing le  tes ts  f o r  which a 
d u r a b i l i t y  r a t i n g  o f  - + 1.18 o r  more demonstrates signiffcance, 
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TABLE 11-B 

NON-AIR-ENTRAINED CONCRETE 

ORDER OF EFFECTIVENESS OF TREATMENTS AFTER THREE YEARS EXPOSURE 

Test Durabi 1 i ty $1 gni f i  cant Test Durabi 1 i t y  S i  ghi f i cant 
Rank Designation Rating a t  95% Level Rank Designation Rating a t  95% Level 

1 

- 2  

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

s-1 

FA-+% ~ 

PA-1 2a 

PA-6 

c- 5 

c-3 

PA-1 0 

PA-1 8 

PA-8 

PA-1 5 

PA-2 

PA-1 3b 

PA94 

PA-5 

PA-3 

-2.03 

4-&---- - - 

-.99 

-.96 

- .70 

0.64 

-.62 

-.57 

-.52 

0.50 

-.37 

-034 

-.33 

0.30 

-.25 

YES 

* 
NO 

YES* 

NO* 

NO 

NO* 

NO 

NO 

NO* 

NO* 

NO 

NO* 

NO* 

NO* 

16 

-+f 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

s-2 

---pA-F2bp---- 

c-1 

c-1 

S-8 

PA-7 

PA-1 4 

c-7 

PA-1 

C-8 

C-6 

c-2 

c-4 

s-3 

s-4 

0 

- +.a 
t.13 

t.13 

+.14 

t.62 

+.67 

t.76 

+.80 

t.88 

+1.10 

t1.27 

+2.65 

POOR 

POOR 

NO* 

fJ0 -~ 

NO 

NO 

NO* 

NO* 

NO 

NO* 

NO 

YES* 

YES* 

YES* 

YES 

YES** 

YES** 

*Average o f  two tes ts  i n  which case a d u r a b i l i t y  r a t i n g  o f  + 0.83 o r  more i s  considered 
s ign f f i can t  a t  the 95 percent leve l  of confidence. Others-are s ing le  t e s t s  f o r  which a 
d u r a b i l i t y  r a t i n g  o f  - + 1.18 or more demonstrates signif icance. 

excluded. Had they been included, they would have received high pos i t i ve  ra t ings.  
**Some t e s t  slabs reached t o t a l  f a i l u r e  p r i o r  t o  the  l a s t  r a t i n g  and, therefore, were 
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consistent than most of the treatment pa i r s  which indicates t h a t  the 

acceptance requirement o f  - + .83 may be too high f o r  these two treatments. 

Although there i s  not  enough data t o  estimate (&g ( v a r i a b i l i t y  o f  

treatment effect iveness) f o r  ind iv idua l  treatments, i t  i s  a t  l e a s t  

possible t o  determine lower l i m i t s  f o r  the s t a t i s t i c a l  acceptance 

c r i t e r i a  by assuming t h a t  ~ T B  = 0. I n  t h i s  case, the only  remaining 

e e v - 0 f - y  + s t t r a t ~ ~ r a t i r r g 3 y f t ; e m ~ ~ ~ = - o . ~ + ) . -  - 

The 95 percent s ign i f icance leve l  i s  then - t 1.96 wgs/m = - + 0.37 

for  an average of two tests. The average r a t i n g  f o r  treatment C-1 (-.46) 

i s  on ly  s l i g h t l y  l a rge r  than 0.37 and, therefore, i t s  s ign i f icance i s  

doubtful. The average f o r  treatment C-2 (-.74) i s  considerably l a rge r  

than c.37 and i t  i s  possible t h a t  i t  could be s i g n i f i c a n t l y  bene f i c ia l?  

The f i e l d  i n s t a l l a t i o n s  o f  these two treatments w i l l  continue t o  be 

observed pe r iod i ca l l y  i n  a f u r t h e r  attempt to evaluate t h e i r  performance. 

As described i n  the f i r s t  report,  treatment C-1 i s  a l inseed 

o i l  emulsion and treatment C-2 i s  a chlorinated rubber epoxy, both o f  

which are used as curing compounds. Based on past experience w i t h  

treatment C-2, one contractor has requested permission to use i t  again 

on a p ro jec t  during the 1974 construction season. 

t o  date on the t e s t  br idge appears sa t is fac to ry  and i t  i s  bel ieved t h a t  

t h i s  request w i l l  be approved. It i s  expected t h a t  the mater ia l  w i l l  be 

used f o r  approximately h a l f  o f  the project, thereby prov id ing both t e s t  

and contro l  sections. 

I t s  f i e l d  performance 
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Another interesting observation i n  Table 11-A is t h a t  all four 

general types of treatments have individual ratings near the t o p  of 

the l i s t ,  although none of the penetrating agents quite achieved the 

level judged t o  indicate significance. The tests for two of the 

penetrating agents (PA-12, soybean o i l ,  and PA-13, castor oil)  were 

spli t  to include both cut (combined w i t h  an equal amount of mineral 

5 p W +  & w t c t t t ~ p m ) - t t e r r i o l r s o f - t t . l e s e ~  . -frrrtMs- ~ 

reason, no replicate tests were available from which t o  judge  w i t h i n -  

treatment variability. However, i t  i s  interesting to note t h a t  the 

cut versions appear near the t o p  of the l i s t  for both air-entrained and 

non-air-entrained concrete while the uncut versions appear substantially 

farther down i n  both cases. 

due only to chance factors and i t  i s  assumed to indicate t h a t  the 

effectiveness of these treatments is  improved by the addition of mineral 

spirits. 

deeper and remains for a longer time i n  the surface layer of the concrete. 

I t  seems unlikely t h a t  this could happen 

I t  i s  believed t h a t  the thinner (cut) material penetrates 

Of the four treatments t h a t  rank as significantly beneficial on 

air-entrained concrete i n  Table 11-A, the one t h a t  tops the l i s t  (treatment 

A-5, a water-reducing admixture) has several very desirable features. 

First, since i t  is an admixture, i t  is simpler t o  use t h a n  the other 

three types of treatments, requiring only that  the correct amount be 

added t o  the mix water dur ing  batching. Second, since i t  is not a surface 

coating, there is no surface slipperiness problem that  is a concern w i t h  

some of the other treatments. Third, although the two test slabs are 

not  as large a sample as we would like, the durabillty ratings for  this 
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treatment appear t o  be remarkably consistent (-1.46 and -1.56), Fourth, 

a u x i l l i a r y  benefits t o  be expected from t h i s  treatment are an increase 

i n  strength and a decrease i n  permeabil i ty due t o  a lower water-cement 

rat io.  

wi th apparently no undesirable characteristics, i t  w i l l  receive the 

major emphasis f o r  fu ture f i e l d  testing. 

Because t h i s  treatment appears to be beneficial i n  every respect 

rke-ttext- * benetffttbt t r e i m m t s f H i € - * f 5 4 <  - 

an epoxy resin, and S-4, a urethane) have certain undesirable features 

and w i l l  not  be pursued fur ther  a t  t h i s  t ime.  Both are somewhat 

d i f f i c u l t  chemicals t o  work wi th and both require a sand topping t o  

prevent a slipperiness problem. A1 though the sand topping appeared 

adequate by our t e s t  method (B r i t i sh  Portable Tester), i t  i s  not  known 

how i t  would hold up under t r a f f i c .  

The remaining treatment which passed the t e s t  o f  being s ign i f i can t l y  

beneficial on air-entrained concrete i s  treatment C-5, a two component 

epoxy curing compound which i s  also comparatively d i f f i c u l t  t o  use. A 

sand topping was not  used and an undesirably low sk id  value was obtained 

(38 whereas 45 o r  below i s  judged potent ia l ly  sl ippery). A f u r the r  

drawback was i t s  f a i l u r e  t o  pass the moisture retent ion t e s t  f o r  curing 

compounds. For these reasons, t h i s  treatment w i l l  not  receive fur ther 

consideration. 

3.0 AIR-ENTRAINMENT STUDY 

Although i t  was not spec i f ica l ly  planned t o  confirm the benef ic ia l  

e f fect  of air-entrainment, t h i s  was easi ly accomplished by comparing the 

air-entrained and non-air-entrained control slabs. I n  t h i s  case, the 
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scaling ratings ( C )  must be used since durability ratings (T-C) cannot 

be calculated fo r  the control slabs. Since there were 26 control slabs 
. 

each of ai r-entrained and non-air-entrained concrete, a reasonably good 

estimate of the overall standard deviation ( GM ) can be made fo r  both 

types of concrete. The individual scaling ratings for the control slabs 

are listed t n  Appendix I1 and the historgrams plotted from these data 

s h o w - d i ~ ~ t k r ~ s t r t b u t i ~ a B e n e a r ~ y - n ~ - w t € t i  standara deviaXTons- 

of 0.45 and 0.9ls respectively, for AE and NAE concrete. Since the 

standard deviations are reasonably we1 1 determined and quite different, 

I t  was decided not t o  pool them bu t ,  instead, t o  use the ' I t "  test o f  

means assuming known standard deviations. With mean scaling ratings of 

1.18 and 2.40, respectively, for AE and NAE concrete, the ' I t "  s tat ist ic 

I s  calculated to  be 6.13. T h i s  f a r  exceeds the one-tailed table value 

of z = 2.33 for a confidence level of 99 percent, indicating a highly 

significant benefit derived from an average air-entrainment level of 4.5 

percent . 8 

Because o f  this very beneficial effect of air-entrainment, plus 

the fact t h a t  most states specified levels of air-entrainment higher than 

ours, i t  was decided to investigate the feasibility of increasing the 

current specification of 4.5 - + 1.5 percent t o  some higher level. Since 

it  was recognized that  additional air-entrainment would be accompanied 

by an attendant loss o f  strength, i t  was necessary t o  determine t o  what 

extent the air level could be increased w i t h o u t  seriously jeopardizing 

the structural strength o f  the concrete. 

I t  was decided t o  cast a series of test cylinders with varying 

amounts of entrained air  i n  order to determine the loss o f  strength 

t o  be expected. Several laboratory batches of structural grade concrete 
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were prepared with a cement factor  o f  6.7 sacks1c.y. and the water-cement 

r a t i o  control led as closely as possible a t  5.25 gallonslsack. The a i r  

content of the fresh concrete was measured by the pressure method and 

was varied from 3 percent t o  12 percent. This resulted i n  a t o t a l  

67 cylinders to be used f o r  the analysis. 

Because these batches were carefu l ly  control led and the cy 

--were-Mtrecttrr-tm mamrer ~ttreresaFttrqstrengi;trSrePreserrt 

potent ia l  of f i e l d  concrete under the best conditions. Strengths 

o f  

i nders 

tire- ~ 

achieved I n  the f i e l d  would be expected t o  be lower. However, the ra te  

o f  decline o f  compressive strength wi th increasing air-entrainment i s  

assumed t o  be approximately the same f o r  both laboratory and f i e l d  

concrete. 

The s o l i d  l l n e  i n  Figure 1 shows the l i nea r  regression l i n e  

obtained from the laboratory cyl inder strengths. I n  order t o  approximate 

the l i n e  f o r  f i e l d  concrete, the dashed l i n e  i n  Figure 1 i s  drawn through 

the known mean strength for f i e l d  concrete (4750 psi. a t  an average a i r  

level of 4.5 percent) para l le l  t o  the laboratory l ine.  To determine 

the maximum amount the a i  r-entrainment specif icat ion can be increased 

without an unacceptable loss o f  strength requires some f a i r l y  complicated 

s t a t i s t i c a l  calculations which have been described i n  a separate report  . 
As a r e s u l t  of t h i s  study, i t  was recommended tha t  a speci f icat ion o f  

6.0 

t ha t  a substantial kp rovemnt  i n  concrete du rab i l i t y  w i l l  be real ized 

as a r e s u l t  o f  t h i s  study. 

1 

1.5 percent be adopted. This i s  now i n  e f f e c t  and i t  i s  expected 

lWeed, R. M., S t a t i s t i c a l  Analysis o f  Concrete Strength versus A i r  
Entrainment, Highway Research Record 433, 1973 
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4.0 LABORATORY FREEZE-THAW STUDY 

In addi t ion  to the accelerated outdoor exposure tests and the 

field tests on actual bridges, i t  was also planned to study the scaling 

phenomenon by means of a laboratory freeze-thaw chamber i n  an attempt 

t o  learn more about the actual physical scaling mechanism. A detailed 

specification was prepared and a laboratory freeze-thaw chamber was 

~ -b- ' m ~ s i m i i a r i ~ e a  t muse. I - t m  * tmhTezseaterf--- - 

chamber filled w i t h  water-saturated kerosene Into which  the test  

specimens were placed, Automatic controls were capable of continuously 

cycling the temperature from +5OoF t o  0°F and back a t  a preset rate. 

The tests were monitored by (a )  several thermocouples placed a t  varying 

depths below the surface of each specimen, (b)  strain gauges contacting 

special metal plugs mounted i n  the specimens t o  measure d i l a t i o n ,  and 

(c) a thermocouple placed i n  the kerosene bath  t o  measure its temperature. 

The outputs o f  all these devices were recorded by multipoint recorders. 

As described i n  more detail i n  the original work plan, i t  was 

though t  that  isotherms (steps) i n  the temperature plots for  various 

depths i n  the specimens could be related t o  hydraulic pressure w i t h i n  

the concrete. A t  atmospheric pressure, water freezes a t  32°F and 

remains a t  t h a t  temperature (isotherm) u n t i l  all the available water i s  

frozen. 

of water could be utilized t o  estimate the hydraulic pressure existing 

within the concrete. The strain gauges would monitor length changes and 

would indicate when the concrete no longer returned t o  i t s  original length. 

Any "permanent set" could be interpreted to indicate some degree of 

physical damage. 

I f  isotherms were found a t  temperatures below 32OF, a phase diagram 
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In order t o  provide the greatest opportunity for scaling t o  occur, 

the test specimens were placed i n  the freeze-thaw chamber i n  a saturated 

state. After casting, they were stored either i n  a fog room or a salt  

water bath u n t i l  they were used. 

The freeze-thaw chamber was p u t  i n t o  operation i n  the f a l l  of 

1971 and, although i t  performed according to  specification, i t  soon 
~~ ---- 

continuity of the testing. However, even during the periods of normal 

operation, the expected results were not  achieved. The thermocouples 

inside the test specimens indicated t h a t  the specimens underwent over 

200 freeze-thaw cycles b u t  no isotherms were detected. 

Although the large volume o f  kerosene i n  the freeze-thaw 

chamber provided a large thermal inertia which was expected t o  damp ou t  

the cycltng of b o t h  the refrigeration and heating units, the thermocouple 

i n  the bath showed tha t  a slight step function existed. 

determine i f  these steps were obscuring the isotherms, the u n i t  was p u t  

into a constant cooling mode so t h a t  the temperature of the kerosene (and, 

therefore, the test specimens) would follow a smooth descending curve. 

This, too, proved fruitless because no th ing  resembling an isotherm was 

observed. 

In order t o  

An additional attempt was made w i t h  smaller specimens, two of 

which were sealed w i t h  paraffin. The idea was t o  test whether the size 

of the speclmen or the possible intrusion of kerosene could somehow affect 

the detection of the isotherms. However, as i n  all the other cases, no 

isotherms were observed. 
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A t  this p o i n t  i t  was t h o u g h t  necessary t o  re-evaluate this phase of the * 

project. Since the freeze-thaw chamber was not producing meaningful results 

and was becoming increasingly more diff icul t  to maintain, p l u s  the fact  that 

the other phases of the project have already yielded implementable results, i t  

was decided t o  terminate the laboratory freeze-thaw testing p a r t  of the program. 

SUMMARY AND CONCLUSIONS 

w, the- --, i b  
-~ ~- ~~ - - 

essentially complete and has isolated four apparently beneficial treatments. 

Since three of these four present potential problems (diff icul t  to apply and/or 

slippery when applied), they are not being considered for further testing under 

Phase I1 (f ie ld  testing). The remaining beneficial treatment, an admixture, 

appears to  be superior i n  every respect and will be further tested by actual 

f iel  d appl i cations. 

The Phase I study demonstrated such a s gnificant benefit of entrained 

a i r  t h a t  a s a t e l l i t e  study was conducted which led t o  the recommendation that 

the air-entrainment specification be increased from 4.5 2 1.5 percent to 

6.0 - + 1.5 percent. This has since been implemented. 

Phase I I I ,  1 aboratory freeze- thaw testing, has been unproductive and 

has been discontinued. 

INTERIM RECOMMENDATION 

The single most effective treatment found by Phase I testing is  

Pozzol i t h  200-N , manufactured by Master B u i  1 ders Company. T h i s  is  described 

by the manufacturer as a "mu1 ti-component, chloride-free, water-reducing 

admixture." I t  is recomnended that this product be included i n  the plans for 

a limited number of bridges soon to be constructed. Both test and control 

sections should be provided and both should receive the standard membrane 

curing compound. 
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Des i gna ti on 

PA- 1 

PA-2 

. PA-3 

PA-4 

PA- 5 

PA-6 

Descript ion 
o f  

Materi a1 

Linseed O i  1 
(50% Mineral 
S p i r i t s )  

Fish O i l  
(50% Mineral 
Spi ri t s  ) 

Linseed and 
Fish O i l s  
(50% Mineral 
S p i r i t s )  

T a l l  O i l  
(50% Mineral 
S p i r i t s )  

Tung O i l  
(50% Mineral 
sp i  ri t s  ) 

Emu1 s i  f i a b l e  
Linseed O i l  
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Test 
Deilgrrcation 

PA-7 

PA-8 

PA-10 

PA-1 2a 

PA-12b 

PA-13a 

PA-1 3b 

Description 
o f  

Materi a1 

Linseed O i l  
"Special Solvent" 

Polysul f i de 
Epoxy 

Polymerized 
Solut ion of 
Metal Organic 
Compounds 

Soybean O i l  
(50% Mineral 
s p i r i t s )  
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DURABILITY RATINGS 

(Negative Values Indicate Benef icial  Results) 
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APPENDIX I 1  

A1 R-ENTRAINED CONCRETE 

Slab A i  r Scal i ng 
-tttnntm- - - - - l t i r t f ny  

3 
6 
9 
12 
14 
32 
36 
38 
45 
61 
65 
69 
70 
74 
97 
101 
103 
152 
157 
159 
164 
167 
169 
172 
174 
176 

5.4 
4.2 
3.9 
4.6 
4.8 
4.0 
4.8 
4.8 
4.8 
3.8 
5.2 
4.9 
4.8 
4.6 
5.2 
4.6 
4.8 
4.8 
5.7 
5.4 
4.9 
4.8 
6.0 
4.6 
4.8 
4.5 

1.25 
.35 
1.42 
1.03 
1.64 
1.35 
1.60 
1.52 
.82 
1.82 
.71 
.81 
1.29 
1.64 
2.03 
.75 
1.32 
1.20 
.81 . 44 
.98 

1.12 
.76 
075 
1.32 
1.98 

NON-A1 R-ENTRAINED CONCRETE 

S1 ab A i  r Scaling 
- -  -u-- 

17 
21 
23 
27 
30 
48 
50 
54 
57 
60 
80 
82 
87 
90 
107 
1 1 1  
112 
121 
127 
130 
132 
134 
137 
142 
147 
148 

1.3 
1.3 
0.6 
2.2 
0.6 
1.4 
1.8 
1 .o 
1.2 
2.3 
1.6 
1.6 
2.3 
0.8 
1.5 
1.1 
1.5 
0.6 
1 .o 
1 .o 
1.1 
0.7 
1.1 
1.4 
1 .o 
1 .o 

2v.08 
1.98 
1.62 
1.38 
.69 
1.92 
2.29 
2.30 
2.28 
1.94 
1.95 
2.04 
1.61 
2.57 
3.24 
2.45 
2.14 
1.75 
1.82 
3.02 
3.65 
4.86 
3.51 
2.80 
2.35 
4.28 
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APPENDIX I11 

DEVELOPMENT OF STATISTICAL CRITERIA 

The variability associated w i t h  the rating system was relatively 

easy to  determine by having the group make replicate ratings. T h i s  was 

done within a short enough period of time so t h a t  no real changes i n  

the slabs occurred, and in a manner which  made i t  unlikely that  any 

rater would be biased by remembering previous ratings. 

durability rating (test minus control, hereafter designated T-C) i s  the 

parameter of interest, the corresponding durability ratings were 

calculated for the replicate evaluation. In order t o  apply the techniques 

of statistical analysis, a variable o f  the form xi = [(T-C)l - (T-C)2]i 

was used in which the subscripts 1 and 2 represent the replicate evaluations 

and the subscript " i"  represents particular treatments. 

Since the 

I t  was theorized, 

and later confirmed by chi-square and "t" tests, t h a t  this variable i s  

approximately normally distributed w i t h  a mean o f  zero. Since the 

durabflity ratings are averages which  are reported t o  the second decimal 

place, the distribution will be considered continuous. 

This particular variable (xi) was chosen because i t  furnishes 

two very important bits o f  information. First, the mean of zero confirmed 

the intuitive belief tha t ,  even though the rating group m i g h t  be generally 

more severe on one day t h a n  on some other, there will (on the average) be 

no effect on the durability ratings which are the differences between two 

scaling ratings (T-C). T h a t  is, i f  both the T and C values are rated 

higher (or lower) by about the same amount, the difference (durab i l i t y  

r a t i n g )  will remain about the same. Thus, i t  i s  assumed t h a t  any possible 

rating group bias can be ignored. 
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Second, the principle of addi t ive  variances enables us t o  

calculate the standard deviation attributable to  the rating system 

). The distribution of the difference between two normally 

distributed variables is  also normal with a variance equal t o  the sum 

of the variances of the two original variables. This can be expressed 

mathematically as follows: 

was found to be 0.194 and, from this, Gs = 0.14 

rating units. This implies, for example, that  if there is  truly no 

difference between a test slab and i t s  control, the rating group will 

indicate differences as great as t 1 .96e~s  

percent of the time, Therefore, a difference of a t  least 5 0.27 must be 

obtained for any particular test before i t  could be attributed to  anything 

other t h a n  the variability of the ratirlg system ( a t  the 95 percent confidence 

level). 

= 2 0.27 rating units 95 

The component of variance associated with the effectiveness 

of the treatments is not so easy t o  estimate accurately. The large 

quantity of treatments being evaluated made i t  impractical t o  include 

enough replicate test slabs to  calculate this parameter accurately for 

each individual treatment. 

pairs t o  estimate an average standard deviation for treatment effectiveness 

( GE ) which will be assumed t o  apply to  all treatment for the Phase I 

screening test. Any treatment which barely fails t o  exhibit adequate 

Instead, i t  was necessary t o  use all treatment 
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performance, b u t  which appears to  have a lower than average Grs value 

based on the two tests for tha t  treatment, may warrant further consideration. 

Conversely, any treatment which barely demonstrates acceptable performance, 

b u t  which appears to be more variable t h a n  average, probably should be 

subjected to  further screening tests. 

The variable to  be used for the determination of & is  

- -Xtz-L(-Ti4& - -(LC),li-in-W .- U a n d 3 r P W l t h e -  - -  

two test slabs upon which treatment "i" was applied. Theoretically, 

this variable should range bo th  plus and minus. However, since there 

i s  no way to know which of the two test slabs should be considered f i rs t ,  

absolute values were used and the distribution was analyzed as a 

"half-normaIii curve. T h i s  was done by entering each data po in t  twice, 

once as a positive value and once as a negative value. The resulting 

histograms appeared very normal for both ai  r-entrained and non-ai r-entrai ned 

concrete so i t  was not deemed necessary t o  r u n  chi-square tests to confirm 

this . 
Using the additive variance principle as before, the standara 

deviation o f  the (T-C) values is  again 

case, this term automatically includes the v a r i a b i l i t y  associated w i t h  

the rating system and, therefore, is the overall variability of  the 

measurement process. This will be designated & to  represent the 

variability "as measured" and was calculated to be 0.58 and 0.62 rating 

units, respectively, for a i  r-entrained and non-ai r-entrained concrete. 

These values are so close t o  each other t h a t  i t  was decided t o  pool them 

t o  arrive a t  a comnon value of = 0.60 t o  determine the level a t  

which a treatment i s  t o  be considered significantly beneficial or 

rx/F except that,  i n  this 
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detrimental. I f  there i s  no rea l  d i f ference between a t e s t  and i t s  

control,  the r a t i n g  group can be expected t o  ind ica te  dif ferences as 

large as - + 1.96& = - + 1.18 r a t i n g  un i t s  95 percent o f  the time. 

Therefore, a t  the 95 percent leve l  o f  confidence, a s ing le  t e s t  must 

have a d u r a b i l i t y  r a t i n g  o f  a t  l eas t  5 1.18 r a t i n g  un i t s  before i t  can 

be considered s ign i f i can t ,  I n  most cases, the d u r a b i l i t y  ra t ings  are 

- - * h ~ - C 3 ~ ~  ' C b  4 e w L t X u - ~ { S - - -  

= - + 0.83 i s  required t o  establ ish signif icance. 

The standard dev iat ion associated only  w i th  treatment effect iveness 

(OITf ) can be determined from the re la t ionsh ip  

and i s  found t o  be rm = 0.58, considerably l a rge r  than the value 

o f  v~s = 0.14 associated w i t h  the r a t i n g  system. 


