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Summary: 

A laboratory study of low-porosity concrete is rep

orted. Evaluation and testing were done under a variety 

of temperature-pressure-brine concentration conditions, 

simulating those prevailing in desalination plants. 

Corrosion of both the concrete and the reinforcing steel 

was assessed. Pore structure studies have shown that 

good protection could be offered by controlling the pore 

structure, and by reducing the pore size to a limit where 

molecular sieve. acti.on, could inhibit penetration of the 

corrosive ions. A recomendation is offored where surface 

cor,tin s and sealants should be used to protect external 

surface corrosion, 

^introduction: 

The economic feasibility of large- :scale desalting 

plants is in part dependent upon the development of impro

ved designs in the use of construction materials which eaa, 

lead to substantial cost reduction. The extensive use of 

concrete and related materials in this type of construction 

has been proposed as a cost saving item. Very little 

: dzground experience is available concerning the use of 

this material and the accessory materials which may be 

required for use with concrete under the environmental 
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conditions that will "be ̂ .countered in desalination plants. 

The use of low porosity concrete seems to be a final 

£C?1 for this particular application, and during the last 

decade efforts were directed towards the production of. .-

hardened cement pastes of low porosity—(l,?), The details 

of preparation^ and- th-e- technical data were published 

elsewhere (l)* In the meantime theoretical, development...of, 

the means of pore structure analysis of these materials 

received considerable interest (3?4;o Tne present investi

gation represents the second phase of these studies, namely 

•-.hoae concerned with means of evaluation of the efficiency of 

low porosity concrete under the working conditions of 

temperature, pressure--^nd. ..salinity- .tn-eri?-7vi-̂ „...̂ xist._irL.an. 

evaporator-type desalting plant. The test program consists 

of three related studies identified as follows* 

I •— Evaluation of concrete containing natural coarse 

aggregate under a variety of temperature-pressure-

brine concentration conditions» 

II - Concrete reinforcement materials and their -oorr.oaioii 

under the working conditions» 

III - Microstruetural investigations mainly concerned with 

pore size and pore sise distribution analysis. 
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Brief presentation of the main results obtained would 

lead eventually to the conclusion .that-the- efficiency of 

concrete for this particular use is associated with the 

•f.svalopiaent of microporosity, and that micropores with 
s O 

hydraulic radii <^ 10 A might act as molecular sieves 

for corrosive ions for both the concrete and the rein

forcement. 

Experimental: 

Evaluation of the concrete is carried cut in five 

independent closed saline water test systems, each opera

ting under one of the following conditions: 

1 - 40 °C, 0.07 Atm.t 175,000 ppm (specimen I.) 

2 - 95 °0, 0.80 Atm., 73,000 ppm (speciment II) 

3 - 105 °0, 1.35 Atm., 73,000 ppm (speciment III) 

4 - 120 °C, 2.11 Atm., 73,000 ppm (specimen I?) 

5 - 140 °C, 4.08 Atm., 38,400 ppn (specimen V ) 

Synthetic sea welter brines utilized in the 95°C 

105 °0, 120 °C and 140 "C test systems were prepared using 

a propristary mixture of salts and tap water. This salt 

preparation was a formulation of 10 granular inorganic 

compounds most commonly found dissolved in the major 

oceans of the world. The type and amount of each salt 
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compound found within this formulation is aich as to meet 

ASTM Specification D-1141-52, Formula A, for substitute 

sea water. Brines used in these systems are subjected tc 

an acid treatment prior to use to reduce the quantity of 

carbonates. 

It was found to be impossible to dissolve enough sea 

salts to obtain a concentration of 175*000 ppm specified 

for the 40 °C brine test* because of the low solubility of 

calcium salts. Since this problem would be encountered in 

practice and would be solved bv. the use of ion exchange 

resins'or other means of water softening, the final test 

solution was modified to duplicate a softened water by the 

substitution of sodium for a large percentage of the calciu: 

and magnesium. 

The concrete tested in the main program contains 

natural aggregate (gravel) with a maximul size of )i inch. 

•T-ic concrete consisted of 1 part by weight of cement, 

2.2 parts sand and 2.8 parts gravel. The clinker is typ<-..-

I, and it contains as well calcium lignosulphonate (1% by 

weight of clinker), calcium carbonate (0.5% by weight of 

clinker and dissolved in the nixing water) and tap water 

(1,2)* The water/cenent ratio was 0.40. The Blaine 
p 

surface area of the clinker was about 6000 cm /gm. 
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Concrete in t h e form of 5— by ISS-.-inch c y l i n d e r s and 

4— by 4— by 30 inch b a r s was p l a c e d xr\ trie 1 2 - inch-diaELetei' 

t e s t chambers of the 19 s t - - sys t ems , b r i n e was c i r c u l a t e d a t 

approximate ly 4- f e e t p e r second f o r t h e p r e d e s i g n a t e d number 

of d a y s , t h e n t h e c o n c r e t e was removed and s u b j e c t e d t o s t c r : -

dr.rd c o n c r e t e t e s t s . These t e s t s i n c l u d e d d e t e r m i n a t i o n s of 

l e n g t h and weight c h a r g e , modulus of e l a s t i c i t y , u n i t w e i g h t , 

and compressive s t r e n g t h - Specimens wei?e a l s o p e t r o g r a p h i 

c a l l y examined t o de termine aioros-t;ructiina-L.-.^i«<ilciJ3^.jand"' 

o • \ emic a l ~ a l t e r n a t i o n s „ 

Pore s i z e a n a l y s i s was done on m i c r o s c o p i c a l l y s e l e c t e d 

-oimens from which t h e a g g r e g a t e was removed, and by u&inc 

'-.veer vapour a d s o r p t i o n - d e s o r p t i o n t e c h n i q u e s (5>y6). Ana lys i s 
o 

of wide pores (hydraulic redius r, ~y> 2.0 A) was done by using 
o 

the modelless method (3)» while micropore ana lys i s (r, < 20 A) 

v.:;s done by the. HP-method (4)~ 

Corrosion and corrosion i n h i b i t i o n of s t e e l in 

concrete was evaluated by anodic p o l a r i s a t i o n measurements* 

in. which a rap id laboratory method could bo applied (7 ,8)* 
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Resul t s : 

A) Compressive strength, and modulus of e l a s t i c i t y ; 

High and low temperature d i s t i l l e d water t e s t s 

proved qui te conclusively t ha t a normal h igh-qua l i ty con

c re te cannot su i t ab ly withstand the leaching e f f ec t s of 

mineral—free waters even a t only moderate temperatures . 

The sever i ty of leaching of the matr ix from the concrete 

•by the low-temperature d i s t i l l a t e was somewhat l e s s than 

t h a t which occurred from exposure to the high-temperature 

-.•... ' H a t e . However, i n both cases d e t e r i o r a t i o n of the 

..•^:±cc^si was- su f f i c ien t to preculude the use--of normal,, con-

-.:. .^te in areas of floan ng_,dis-taJLled water ~ 

The general condi t ions of the low poros i ty concrete 

-objected for 2 years to the 40°C syn the t ic sea water br ine 

iff. exce l l en t . Concrete specimens have showi no signs of 

d e t e r i o r a t i o n of any type ; f u r t h e r s a l l dynamic, s t a t i c , 

and petrographic t e s t s ind ica te t h a t the concrete remains 

sound. Compressive s t reng ths of the concreoe increased with 

continued br ine exposure to a maximum of 8,980 p s i a t 1 year 

„-...; then dropped s l i g h t l y to 8,240 p s i a t k yea r s ' age, 
T':'3ure l c Since no d e t e r i o r a t i o n could be d e t e c t e d by a "• 

of the microscopi&al t e s t s , the cause of ^jjs-^redvac-txoil'''::.^ 

compressive s t reng th i s not known. Continuously dr ied 
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^•nbrc lconar^e . after a comparable age-Jhad. a co-npressivt. 

strength of 7f750 p s i . Modulus of e l a s t i c i ty of 5.68 

million psi was above the range normally expected for good 

quality concrete, Figure-2, 

The general condition of the concrete subjected for 1 

year to the 95° synthetic sea water brine can "be considered 

excellent. No evidence of "deter iorat ion e x i s t s , although 

to:.c uinor a l tera t ion is occurring on the periphery of the 

specimens, Figure 3o Compressive strengths of the natural 

r.^-regate concretes averaged 8,660 ps i after 1 year of 

exposure. 

The general condition of the concrete subjected 1 year 

to the 105 °C synthetic sea water brine can be considered 

good. No evidence of de te r iora t ion-exis t s , .although some 

ninor surface a l tera t ion has occurred,, Compressive strength 

of the natural aggregate concrete subjected t h i s environ

ment for 1 year averaged 8,350 p s i , Figure 1, The strength 

progression of this concrete i s comparable to that deve

loped by similar concrete undergoing other hot brine 

w-Lposuxe and in no way indicates deteriorated concrete. 

The general condition of the concrete subjected for 

1 year to the 120 °C synthetic sea water brine can be 
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considered good. Althoiigh some surface a l t e r a t i o n has 

been determined pe t rog raph ica l l y , no d e t e r i o r a t i o n has 

taken p l ace . Compressive s t r eng th of the n a t u r a l aggregate 

concrete averaged 8,520 p s i , Figure 1 . Moduli of e l a s t i 

c i t y of the n a t u r a l aggregate concretes averaged 5*86 

mi l l ion p s i . This value is wel l above the 4 ,5 million...p;^.. 

considered average for good q u a l i t y concrete and •no 

evidence of' d e t e r i o r a t i o n e x i s t s . 

The general condit ion of the concrete subjected for 

2 years to the 14-0 °C synthe t ic sea water b r ine can be con

sidered both good and marginal . The i n t e r i o r concrete i s 

s t i l l sound as evidenced by high compressive s t rengths 

r,l though some what., l ess , than a t pr-evix>uB----resdinefl,-„_arid..l'T,.clr 

of micros t ruc tura l c racks , expansion, or chemical r eac t ion o.. 

The surface concre te , however, i s a l t e r e d chemically and 

de te r io ra ted to an average depth of 11 mi l l ime te r s . This 

de te r io ra ted pe r iphe ra l concre te , which has thickened 

somewhat during the pa s t 6 months' exposure, has undergone 

softening, but except for removal by jarring.,....this surface 

- • - t c r i a l i s s t i l l i n t a c t . Based on the o r ig ina l c r o s s -

soct ional area of the specimens, maximum compressive 

s t rength of the concrete subjected t o the 140°C br ine was 

developed a f t e r about 90 days ' exposure. Subsequently, i t 

r e t rogressed from the maximum of 7S910 P s i to 6,150 p s i 
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after 18 months' exposure, Figure 1 , - fJh.is .retrogression 

has been somewhat proportional to the ra te and depth of 

deterioration which indicates that the drop in compressive 

strength i s due, for the most pa r t , to the reduction in 

c?oss-sectional area of the sound concrete in the specimen* 

ITo deterioration of the in ter ior concrete has been noted. 

.Modulus of e l a s t i c i t y of the concrete was 4.50 million ps i . 

5iiis figure is average for good quali ty concrete and ref lec t 

no deter iora t ion. I t should be pointed out here that in 1 

light of the surface deterioration being undergone by the 

concrete, i t s use at 14-0 °C would probably not be recommended* 

B) Reinforcement Corrosion Studies; 

To provide a nondestructive t e s t for predicting the 

corrosion behaviour of concrete embedded s t e e l , the elec4? • 

chemical approach has been used by measuring the anodic 

polarization behaviour of the s t ee l (7)« Two types of 

anodic polarization experiments were carried out. In the 

one type the potent ial was measured as a function of the 

...,lc.rization current density per uni t area of anode; and ir. 

tho other type the s t ee l po ten t ia l was measured as a 

function of time at a constant current density of 10 

-.icroamperes per sq. cm. 
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Results of t h e s e - t e s t s .indioa-be-.th2-t._jao- s ign i f i can t 

c •.,... ro s i on of the s t e e l re in forc ing b a r s has occurred as a 

:j(. _..:ilt of t h e i r exposure to any of the f ive b r ine env±rci'.~ 

.-frits for any length of t ine. , Table (1) summarizes the 

r e s u l t s obtained frori these experiment combined with 

".'•j.lght l o s s t e s t s . 

C) Pore s t ruc tu re studies? 

Complete pore etructu.rv ana lys i s -has been tiarried out 

".xth for the unexposed concrete and for the concrete exposed 

bo the. f ive br ine environments. The pore s t r u c t u r e was 

•• •.•;; asured for the mortar a f t e r the gravel was removed from 

the specimens. Analysis was based on measurements of the 

• l^orpt ion-desorpt ion of water vapour a t 35 °C« Wide po re s , 
c 

with hydraul ic r a d i i >?• 20 A? were analyzed using the 

"corrected modelless ri'-.thod" ( 3 ) , while narrow pore , with 
t o 

j-ydxaulic r a d i i < 2:-> A, were analyzed using the "MP-raothod11 

('-' ) , 

Results of the analyses are shown in .Pigure 4 . Two 

i...ain s ign i f i can t conclusions could be drawn from these 

r _ s u l t s , namely: 

':. - ' Per both the o r ig ina l unexposed concrete and the 

exposed concre te , dual d i s t r i b u t i o n of pore s i z e s 

http://indioa-be-.th2-t._jao-
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e x i s t , with...the p resence of a eigaiforvairfc group .of 

po re s of h y d r a u l i c r a d j ^ of about 5 A.''"'*!Hae1sisnlfi---~ 

ounce of such . resu l t l i e s l a . , t he f a c t t h a t w i th su&h 

narrow p o r e s of dimensions comparable t o mo lecu la r 

p a r a m e t e r s , t h e mo lecu l a r s i e v e a c t i o n a g a i n s t c o r r o s -

ive ions could "be e a s i l y u n d e r s t o o d . 

2 - Since t h e p r o t e c t i o n of bo th c o n c r e \ e c o r r o s i o n ind 

embedded s t e e l c o r r o s i o n was offered"*in t h i s Anv^e t iga -

t i o n t h rough molecu la r s i eve a c t i o n , the^pre^el iL .xt, tu. , i.... 

do not o f f e r any p r o t e c t i o n a g a i n s t c o n c r e t e su r face 

c o r r o s i o n . I t i s recommended in t h i s r e s p e c t t h a i 

su r face c o a t i n g s and S e a l a n t s be a p p l i e d a s w e l l 

b e s i d e the c o n t r o l of t he po re s t r u c t u r e . Cur ren t 

r e s e a r c h i s now b e i n g d i r e c t e d t o t h i s p o i n t and 

p remis ing r e s u l t s a re now b e i n g accumulated which l e a d 

to t h e goa l t h a t complete p r o t e c t i o n cou ld be assumed 

when c o n t r o l of po re s t r u c t u r e i s c o u p l e d with, jsurf ace 

c o a t i n g p r o t e c t i o n * 

• inclusions: 

Conclusions based on a v a i l a b l e r e s u l t s of t e s t s 

performed on t h e 1 ow p o r o s i t y c o n c r e t e s u s e d .in. .-this 

i n v e s t i g a t i o n a r e a s fo l lows? 

'.;. ~ Convent ional p o r t l a n d cement c o n c r e t e of normal 
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porosity will not v,-ithstand the leaching effects 

of hot flowing water, 

2 ~ Low-porosity concrete lias not been deterimentally 

affected oy 2 year7s exposure to the 38°C flowing 

synthetic sea water brine,, It appears, therefore, 

that it would be suitable for use under these 

conditions f:>r an extended perio.c: .:f... tine-*... 

.; »•• The interior of concrete exposed to the 140°G 

synthetic sea water brine for 24 months is sound; 

however, the exterior concrete is moderately det

eriorated to an average depth of 11 millimeters 

and shows chemical alteration, extensive micro— 

f'3ctures? end some separation by large cracks. 

The life expectancy of this concrete under the 

subject environment cannot be predicted at this 

time, although its use would probably not be 

recommended. Its use would require, some . &acriftf 

ioal concrete in addition to that covering the 

reinforcing steel on the surfaces exposed to the 

brine. 

4 - No significant corrosion of the steel reinforcing 

bars has occurred as a result of exposure to flowing 

synthetic sea water brine regardless of temperature 

C" length of exposure„ 
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--• Pore, siz e^ analysis , -of- the -Jaar&ened- -cement. c.onp.anent 

indicated the presence of a spec i a l group of. n i c r o -
o 

pores, with hydraulic radii. *£ 10 Aj and these could 

possibly act as nolecuiar sieves Against corrosive 

ions, both for concrete and for steel reinforcement. 
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Table (1) 

Corrosion Rates of Embedded Steel Reinf orcing Bars 

Specineii 

II 

III 

IV 

Accumulative 
test period 

C days' ) 

Corrosion rate of steel at 
end of test period 
( gci / yea* for the bar ) 

nian>>w<i»ii 

28 
90 

180 
270 

1 year 
18 months 

28 
90 

180 
270 

1 year 
18 months 

28 
90 

180 
270 

1 year 
18 months 

28 
90 

180 
270 

1 year 
18 months 

28 
90 

180 
270 

1 year 
X U .Lli.WJ.-l UXJ.O 

2 years 

Q»2 
0.2 
0.3 
0.4 
0.2 

OE NSC 

0.1 
0.2 
0.2 
0.3 
0.3 
NSC 

3.2 
2.8 
.2.2 
0.6 
1.0 
NSC 

1.1 
1.5 
2.4 
0.5 
2.2 
NSC 

x 10.1 
10.1 
L0.1 
10.1 

NSC-
NSC 

-d. L 
ss NSC 

less than 
no significant corrosion 

http://Lli.WJ.-l
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