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ABSTRACT 

Portland cement concretes of medium density have been developed, using 

a variety of aggregates to inrpazt specific nuclear properties t o  the 

finished product. 

water -described, and physicalpkoperpty data for  vakims concretes are 

given, 

Concretes containing l$ boron as colemasite and 8$ 

Thermal conductivity for  bazytes concrete was found t o  be: 

Temperature (9) 122 212 257 302 392 482 

k (Btu/hr-ft-%) 0.926 0,997 1.02 0.872 0,866 0.745 

The specific heat (Btu/lb-OF) of barytes concrete increased l inearly 

with tenperatme from 0.123 at 1220 F t o  0,150 at  392' F. 

INTRODUCTION 

The experimental program conducted at ORMZ on concretes suitable for  

pi le  shielding has been concerned with the developn'c of h i m y  hydrated 

concretes with acceptable mechanical properties, 

Laboratory was concerned w i t h  concretes containing magnesium oxychloride 

cement, which has a high fixed water content, but when further study re- 

vealed tha% the aging characteristics of MO concrete (magnesium oxy- 

cuoride cement, iron punchfngs, and s t ee l  shot) were poor , interest  

turned toward the possibil i ty of formulating portland cement Concretes 

possessing characteristics suitable f o r  pi le  shielding. 

Early work at the 

1 
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Among the properties desired in a concrete for  a reactor shield are: 

4) 

5) 

In  addition, 

High density t o  minimize thickness 

H i g h  hydrogen content (water) to thermalize 2 
intemediate neutrons 

H i g h  content of heavy elements for  degradation 
of fast neutrons as well as gamma rays 

Low cost of ingredients 

Ease of mixing and placing the concrete 

structural  strength, s tab i l i ty  under rad,ation and swab 

under hot mist or dry conditions. 

l i t y  

!Fhe specific use of the shield will determine which of the above re- 

quirements are irrrportant. 

is less inportant in a stationary reactor than i n  a mobile reactor, but 

the t o t a l  cost of the shield may be more important. 

For example, the size or weight of the shield 

Also, provision for neutron moderation a d  capture is important in 

a reactor shield but is of no importance where the shielding is entirely 

against gama rays o r  x-rays. Cheap shielding, other than ordinary con- 

crete, precludes the use of lead, tungsten aud other heavy metals as the 

aggregate for  concrete and lwts one t o  the use of various iron ores, scrap 

iron and barytes. 

the use of low density additives such as boron and water containing com- 

The high density requirement for  concrete shields limits 

pounds. 

hydrogen content and at  the same time, t r y  t o  meet a high density 

specification without using expensive aggregates, 

It is rather diff icul t  t o  formulate a concrete w i t h  a high 



Barytes Conerete 

The history and devebpnent of baPyees concrete, which is simi3.a~ to 

ordinary ps%tWd ceaent ccpncre$e except for  density, have been ade- 

qw%e%y discussed by TirpaSr 3% order to obtain the exbra, w e i g h t  in 

bary-tes concrete (sp. go = 3,5), the s a  ar~d graveP corn- used in 

ordinaxy conereke (sp, g = 2,3) were replaced by b e e s  aggregate (BaSO4), 

The handling and. potwing of barytes concrete were simfbr Lo %hat of oPdf- 

nary concrete except for  th.e Pat% that the extra w e i g h t  of the barytes 

would of%en s t d l  8 regular mixer when ffUed to capacity. FOP th i s  reason, 

~UQW-CE? was made for the 56 ac3ditiwa.X w e i g h t  when fodlng  the mixer, 

2 

Aggregate - Bary%es, which ~ ~ ~ t t 8 l n s  a t  %ens% go$ S~SOE,  for the 

better grades, vas ob.&abed at a eo%% of $18 per ton, delhered, from 

L. A, Woods and Somy Sweetwater, Tennessee. Table 1 gives the chemical 

coqosf%ion and gradations of the Sweetmter agpegat,es. The difference 

in iron content of the coarse and fine aggregate e y  be attributed t o  the 

coneentra$%on of Fe203. in the fines when the bazy%es was crushed, 

larger baqtes chunks w e  very friable and ordLnariLywotCLd no% be considered 

The 
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Bas04 

Fe 

C a  

O 2  

Sieve Size 

3/4" 

No. 4 

TABU I 

PARTIAL ANALYSIS OF BAEtmS AGGREGATE 

Chemical Composition 

Coarse 

95 09 

1.0 

-5 

103 

Coarse 
$ Passing 

100 

go-100 

20 -55 

0-10 

Fine 

81.6 

9.8 

09 

6.2 

Gradat ion 

Fine 
Sieve Size $ Passing 

3/8" 100 

No. 4 95 -100 

No. 16 45 -80 

NO- 50 10-30 

No, 100 2-10 

Weight per cu. f t  e : 162 lb Dry Rodded 

Voids 38$ 3% 

159 

Specific Gravity: 4.2 4.0 
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for use in concrete; however, %he fine aggregate has excellent strength, and 

a satisfactory concrete reaCL%ed when the two Were eombined w i t h  cement. 

%a addition t o  the e o m n  impurities associated w i t h  barytes2 opal ana 

chalcedony, whfch have a high silicon content, may be present, Since opal aad 

chalcedony react deleteriously w i t h  high &l%ia$i cements, dl b-es aggregate 

should be chemieetXly t e s t e d  for  alkali reactivity t o  deternine whether or 

not these impurities are present i n  sufficient q m t f t i e a  %o dM.ma,te%y 

cause the eoracrete t u  fail due to exgarisLon c r a e k ~ ~  

more thaa 0-24 percent by w e i g h t  of opal and 5 percent of chalcedony are 

reeommenaed for use 0- i n  cements Qf $ow aXk&line content, 

Aggregates containing 

Barytes obtained fromthe western p a t  of the UniP;ed States was used 

in 8 series of experiments; however, results of a petrographic mdys%s  

and chemfeal tests by %he Bureau of R e c h t i o n  at Denver, Colorads 4 , 
showed that a2kdLi-reetctive opal and chalcedony were present i n  sufficient 

q m t i t i e s  t o  nmmt &isearding the entire shipmnt, 

FozTELLJ&%~Q~ and Properties - The formulation and phy~iedi, property 

data shown in Table XI were determined using Sweetwater baPyt;ee, Pro=- 

cedwes md equipnent used t o  determine these physical properties w e  re- 

ported h Appendix Bo 

included although these 'two properties we not inrpsrpta't in ordinary eon- 

crete work. These properties, bowever, must be eonsidered i n  reactor 

shield designbeeawe the energy of the various radiations eseaptng from 

a reactor is csnveaP$ed into heat vhen absorbed in the shield, This heat, 

Thermal conductivity and specific k a t  data are a lso  
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FOF3WLATIOE AND PHYbICAL PROPERTY DATA 

. 

A. Fornulation for a barytes concrete with a density of 3.5 (5900 1b/yd3) 

I) For pouring 

Pounds per Weight Weight 
4% (wet) $ (w) yd3 mix 

Sweetwater Barytes (1") 45 -15 48-1 2660 
Sweetwater Barytes (3/8") 3g023 4L9 2320 

550 Portland Cement 9037 10,o 
(Type I or 11) 
Water 6,25 370 (4405 gal) 

2) For blocks 

Weight Weight Pounds per 
k (wet) k (dry) ya3 mix 

8.3 8-6 500 
Sweetwater Barytes (1/2") 87.9 91-4 5270 
Portland Cement 
( m e  I: or 11) 

Water 3-8 230 (27.5 gal) 

B, physical Property Data 

1) Compressive Strength 

Age(days) Compressive Strength (psi)* Curing in Wet Sand (days) 

5 
27 
27 
rl 
a7 
27 

8 2897 
28 3607 
57 3977 
85 4153 
91 4453 

ll2 4207 

* Average of three 6" x 12" cylinders 



TABLE: I1 (COX'?TIIJvn>) 

2) 

3) Thermal Conductivity (Figwe 2) 

Shear Strength - 845 psi  

Temperature (% ) 322 212 257 302 392 482 
k(Btu/hr-ft2-oF/ft) .926 -997 1-02 .872 .866 0745 

4) Specific Heat 

Temperature (9) 122 212 302 392 
0323 -133 ,141 -150 P c 

5 )  Linear Expansion or Contraction on Setting at 100% 

+ 8 x i n / b  mer 2-3 days 

+ 5 x loe4 in/in after 28 days 

6) Water Content Upon B e h g  Submrged i n  Water 

Time (days) 0 1 7 14 28 

Water Content (percent) 5.61 5 d 7  5.59 5054 5049 

7) Pi le  Induced Radiations (ORNL-973 p 31) 
Figure 1 

8) Cost 

The cost of barytes concrete is  higher than for  ordinary concrete 

because of the aggregate; handling and pouring charges are a l s o  

higher because of the additional weight of the concrete, 



UNCLASSIFIED 
EWG. 10704 

IRRADIATION TIME 682 HOURS AV. FLUX- 0.47XIO'2N/GM2QEC 

COMPOSITION OF BATGH 147: 

PORTLAND GEMENT, TYPE I 9.6 % 
BARYTES, COARSE 4 6.0 % 
BARYTES, FINE 40.0 % 

120 140 160 
d 

40 60 80 100 0 20 
h) DEGAY TIME - HOURS 

FIG. 1. SHORT TIME GAMMA DECAY OF BARYTES CONCRETE(BATCH 147) 



0 :  
- 0  100 200 300 

TEMPERATURE, OF 

400  500 

Fig. 2 Thermal Conductivity-Temperature Relationship of Barytes Concrete of Various Water Contents. 
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i f  not remved rapidly, could create excessive thermal stresses in the 

concrete causing failure or could cause loss of water by evaporation i f  

the local temperature of the concrete approached the boiling point oi' 

water, 

Comparison of B a r y t e s  and Ordinary Concrete - The physical properties 

of barytes concrete compare very favorably with those of ordinary con- 

crete (Table 111) - 
formulated using either barytes o r  limestone aggregates. 

ductivity at  200% for  both concretes are the same; however, the specific 

heat of the barytes concrete is  2 6  lower at room temperature than that  

for ordinaJey concrete, 

Concretes of comparable compressive strengths can be 

The thermal con- 

TABU I11 

COMPBRISON OF BARY3XS APID ORDINARY 
C O E W ~  AT ROOM "EWZWm 

Density, 

Density, Xb/ft3 

Compression Strength after 
28 days curing, psi  

Therms1 Conduetivit 
!F Btu/Pu..ft.OF at  200 

Specific heat, 
Btu/lb .?F 

Cost, #/y-G3 (materials only) 

Barytes  

3.5 

218 

3500 

L O  

0,123 - 55 

ordinary 

2.3 

n4-4 

3500 

1.0 

0.156 

6.50 
. 
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Iron Portland Concrete 

A very dense Portland cement concrete using iron %-gate was  de- 

veloped t o  replace HO concreteo 

density ( - 6) but a low water content (approxima;tel;y 3) 
The concrete had good workability and high 

ForrnuLation - Properties - The amounts of each ingredient ac tua l l y  

used are shown i n  Table W e  

HIGH DENSITY PORTLADlD CONCRETE 

Pounds/yd? Weight Percent (dry  basis) 

Iron Punchings 5070 
XU0 Shot 2280 
330 Shot 1520 
Portland Cement 890 

(Type I) 

Tbe above-described mix w a s  calculated to give a density of 5d3 

gms/cxr?, but the t e s t  cylinders, which were steam cured for  7 days, had a 

density of approximately 6,0 due to *'heelingt' in  the mixer--the fine aggre- 

gate and cement phase sticking t o  the w a l l s  o fL the  mixer. 

Aggregate - Iron punchings- (slugs) ranging fmn 1/4 inch t o  1 inch 

in diameter and thickness and two sizes of chilled shot were the aggregate 

used in  this concreteo 

inch in  diameter, respectively, 

removed prior t o  usee 

SAE U O  and S B  330 shot were 1/8 inch and 1/32 

The layer of rust on the punching was not 
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Physical Properties - Table V gives the compressive strength of this 

high density concrete ., 

~ g e  (days) Compressive Strength (psi)* C u r i n g  Time (days) 

8 3319 6 
32 3663 
91 5288 27 

*Average of 3 cylinders 

Handling a d  Pouring Heavy Aggregate Concrete - Each step i n  handling 

and placing the concrete should be carefully controlled t o  maintain mi- 

f o d t y  within the batch d from batch t o  batch so that the coqpleted 

shield has uniform quality thrQUghQU-b. It is essential t o  avoid sepa- 

.ration of the coarse aggregate from the mortar or  of water fromthe other 

ingredients. For these reasons, it is recornended that heavy aggregate 

(iron) concrete be placed in Large sections by the internal vLbratfom 

technique. The fine aggregate ( s tee l  shot) twd cement phase are mixed. 

i n  a31 ordinary &er and placed in  the T o m .  The s t ee l  pmchings me 

then added w3th heavy continuous i n t e r n 1  vibration. Iron densities up 

t o  by volume can be achieved in th i s  way. 

The i n t e r n 1  vibration technique for  placing heavy aggregate concrete 

has several advantages. 



1 )  Eliminates "heeling? and assures uniform mz&num 
density in  the forms 

2) Accepted batchiag techniques for regular concrete 
can be used 

COmcRETES WITB HIGH W A m  COBTEE!!JS 

Barnes -Limonite Concrete 

By adding l h o n i t e  (2Fe2O3*2H2O) t o  the m i x  the water content of 

barytes concrete was increased from 5.6s t o  1%; however, t h i s  decreased 

the density from 3.5 t o  3.2. 

Formulation - Approximately 300 blocks, 2' x 2' x l', were cast 

commercially, using the mix shown in Table V I  t o  give a 3,000 ps i  concrete. 

FORMJIATIOEJ FOR BARyTES-LIXOBITE CONCRETE 

Pounds/yd3 Weight Percent 

Barytes Coarse (3/4") 2210 lbs. 

Limonite (crushed) 1220 Bs. 
Barytes Fine (3/8") 1050 u s ,  

Portland Cenent (Type I) 
Water 46 gals. 

610 US. 

40.4 
19.2 
22.3 
11.1 
7.0 

Physical Properties and Handling - Test cylinders 6" x 12", poured 

at  O m ,  were Pound t o  have a density of 3.25 and a seven-day compressive 

strength of 3750 psi. Tes t  cylinders 6" x 12" poured during commercial 

casting had an average density of 3.17, ranging from 3-05 t o  3.22, and the 

14-day compressive strength of the f ie ld  cylinders averaged about 3600 psi. 
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No diff icul ty  was encountered i n  pouring the barytes-limonite mix, and 

G 

twelve hours a f te r  pouring, the blocks lhad sufficient strength t o  support 

their  own w e i g h t .  Standard portland cement curing technique was  used. 

- BORON COlITAINING CONCRETES - 

If a large fraction of the t h e m 1  neutrons emerging from a p i le  can 

be destroyed by (n, &) capture, without producing hard gamma radiations, 

and if hydrogen is present i n  sufficient quantities t o  themalize inter-  

mediate neutrons, the t o t a l  hard gamma flux t o  be shielded against is re- 

duced by several orders of magnitude. To accomplish this,  concretes con- 
\ 

taining boron, high water contents, and densities greater than 3.0 were 

developed. Highly insoluble boron compounds and control of the grada%ion 

of the fine aggregate were used t o  minimize the detrimental effects of the 

boron additions on sett ing t h e .  Materials w i t h  high water of crystal- 

l ization were incorporated t o  increase the water content of the concretes. 
- *- 

Concrete w i t h  Colemanite as the Boron Containing 
Comound for  Block Fabrication 

Formulation and Aggregate - Even in  smJl quantities, soluble boron 

retards the i n i t i a l  set and often prevents concrete from developing i t s  

full strength. To overcome this, calcium chloride additions were made, 

and up t o  7.5 percent by weight of cement had l i t t l e  effect i n  counteracting 

the action of the boron, even when high early portland (Type 111) w a s  

used w i t h  f inely divided colemanite ( 1 0 6  through 200 mesh) * 

its large surface area the colemanite dust w a s  sufficiently soluble t o  act  

Because of 

. harmfully on the cement. 



A concrete containing l$ boron, 8'$ water, and a density of 3.1 was  

developed fo r  the fabrication of blocks. For this mix, the aggregate 

and the boron containing material, Colemanite (2Ca0*3B203~5H20), were 

specially graded as shown i n  Table VII. 

ANALYSIS, GFiKOATIOIBS OF AGC;REGATE AND FORMULATIOB 
OF M I X  FOR BORON-CONTAINING CONCR?TPE 

a) Formulation per Cubic Yard 

Pounds Weight Percent 

Barytes 
Colemanite 
Portland Cement, Type I 
Water 

72 22 
7.14 

14.96 
5*6 

3920 
400 
830 
37.5 gal 

b)  Barytes - Gradation 

Sieve Size 46 Passing 

1/2 
Eo. 4 
NO. 16 

100 
95 -100 
45 -80 

c) Colemanite Gradation 

Sieve Size $ Passing 

NO.. 16 
No. 50 
Bo* 100 

a) Colemanite Analysis 

CaO 

100 
10 -30 
2-10 
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, 
Properties - ORHL test cylinders, a f t e r  being cured in  wet sand at 

room temperature for six days, had a density of 3.2 and a compressive 

strength of 2500 ps i t  

Curing Technique - When standard block-curing procedure (steam 

curing at 170' F for  24 hours) was used for colemanite blocks, they had 

no strength and c-led at  the end of the normal curing period, Apparently, 

the elevated temperature s l ight ly  increased the solubili ty of the colemanite, 

detrimentally affecting the i n i t i a l  se t  and early strength of the portland 

cement, The blocks were f inal ly  cured by cold water fogging for seven 

days 

Concrete Using Boron F r i t s  

Formulation and Aggregate - A boron compound more insoluble than 

colemanite was  found t o  prove satisfactory, A mix containing l$ boron, 

Type I portland, and barytes w a s  developed, which resulted in  a concrete 

with a density of 3.1. In  this mix, boron frits, formed by f r i t t i n g  borax 

w i t h  s i l i ca ,  and obtained fromthe Chicago Vitreous Enanel Products 

Company, Cicero, I l l inois ,  were used. 

Table V I I I .  

The mix formulation is  shown in 



TABLE VI11 

BOROB CONCRETE USING FRITS 

a) - Pounds/yd3 Weight Percent Mix 

Barytes Coarse (3/4") 3120 56.8 

F r i t s  670 12.2 
Portland Cement (Type I) 660 12.0 
Water 280 (33 gal.) 5 -0 

Barytes  Fine ( 3/Stt ) 770 14 .O 

b) Analysis of Fr i t s  

31 . 00 BaO 12.90 
1.70 ZnO 6.70 

Si% 
A1203 
B2O3 27 .bo Ma20 12.20 
CaO 5 -20 K20 1.00 

F 1.90 

Physical Properties and Curing Technique - Bo physical property 

determinations were W e .  The mix can be handled and cured as barytes 

concrete. 

Comparison of Concretes Using Colemanite of: Fr i t s  
as the Boron-Rich Material 

Depending upon the shielding requirements, satisfactory concretes 

containing either colemanite or frits can be formulated, Concrete w i t h  

frits would cost more because of the frits, contain less  water for the 

same boron content but would be easier t o  formulate and cure. Concrete 

using colemanite, on the other band, would be cheaper, contain more water, 

but would be mre diff icul t  t o  formulate because of the aggregate gradation 

. 

specifications md would require special curing techniques. 





Properties - After curing the test cylinders by water fogging f o r  

20 hours, they had developed about 759 of the i r  f u l l  strength ( N 3500 psi) .  

Curing Technique - Lumnite, l ike  portland cemnt;, se ts  and hardens 

when mixed w i t h  water. In less  than 24 hours a f te r  being placed, it caa 

be subjected to the full load fo r  which it is designed. The cur ing  tech- 

niques for ordinary portland cement concrete are not satisfactory for  

Lumite, as it is necessary t o  spray the surface of the concrete with 

water within 24 hours after mixing. Because of this, the formulation 

given i n  Table IX was abandoned i n  favor of a nix containing L u m i t e  and 

portland cement, so that ordinary curing methods could be used. 

Lumnite -Portland Cement -Colemanite -Barytes 
Concrete 

- 

Formulation - Portland cement is not usually added t o  Lumflite 

because it greatly accelerates the initial set ,  sometimes causing flash- 

set ,  However, the addition of par t ia l ly  soluble boron (colemanite dust) 

counterbalanced the effect of the portland cement, giving a product which 

could be handled within a reasonable length of time, before hardening was 

evidenced. 

T?.-drty-six blocks, 2' x 2' x l', were poured comaereiaU.y, using 

the mix reported i n  Table X. 
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TABU X 

IXMKiXE -PORTLAEJD CEMENT -COT;EMADTITE -BARYTES CORCREm 

POundS/yd3 Weight Percent 

Barytes Coarse (3/4") e 3490 64.18 
Barytes Fine (3/8") 210 3 -87 
Colemanite (dust) 350 6.k5 
Portland Cement (Type 111) 460 8-5 
Lumnite 460 8.5 
Water 55 gals*  8.5 

i 
Properties - For t h i s  formulation the mixing time was  held t o  a 

maximurn of three minutes, the mixer being emptied within 30 ninutes. The \ 

finished block, containing 8$ water and l$ boron, had a density of 3.1. 

Twelve hours a f t e r  pouring, the forms were removed and the blocks were 

l i f t ed  by anchor rings, which had been embedded during pouring. Standard 

curing procedures were used. Test cylinders of t h i s  mix had a one-day 

compressive strength of 1300 psi, and af te r  curing for  six days i n  wet 

sand the strength increased t o  3000 psi. 
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ADDITIONAL FEYSICAL PROPERTY DATA 

Elemental composition of the various IPixee discussed in this report 

are shown in  Table X I  and Table X I I .  



!rABm XI 

CHEMICAL COMPOSITION - WEIGHT PlERCEmT 

Barytes for Barytes Barytes Barytes Lumnite Lumnite -PC 
$ Wt. Blocks Hi-Density Lurponite Colemanite Boron-frits Colemanite Colemanite 

Fe 8.78 87 0 50 13*66 1.03 2.19 3.07 1.87 
H"' 0.43 0.33 1.02 0.85 0.56 ~ 0 9  1010 
B- 0~98 1.04 0.88 l e 0 2  
0 -  31-03 5,82 37 070 34 0 89 33 0 80 36 95 36 o 98 

""64g t;' 0.38 0.13 0~23 0.22 0,23 0.14 0*20 
Ca 4.53 3.96 5 -37 8.46 6,26 5.48 7-67 
Ba 41 93 31 0 97 40 70 40 13 38 0 59 38 0 03 
Ha ' *13 0.09 0,ll 1.21 0,11 0.U. 

A1 0.57 0-33 0.50 0.61 0,6k 1 ~ 6  1.32 

S 9.94 0.05 7 058 9.63 9.15 9.06 8.97 
Zn 0~66 
K 0.10 
F 0.23 
Ti 1.27 071 

Si 3 3 4  0.91 1.35 1.76 3031 0~96 1049 

Mm 0.07 0.35 0.14 0.01 0.02 0.12 0.04 



TABIX X I 1  

DENSITY (g/cxn3) ANALYSIS OF CONCRE!FE 

Lumnite -FC 
Q / em 3 Blocks Hi-Density Limonite C o l e m i t e  Boron-frits Colemanite Colemanite 

Barytes for  Barytes B a r y t e s  B a r y t e s  Lumnite 

Fe 0 307 
H 0.015 

0 1.090 
Mi3 0 013 
C a  0.159 
Ba 1.470 
Na 0.005 
Si 0.061 
A1 0.02 
Mn 0.003 

B 

S 0.348 
Zn 

K 
F 

T i  
Poured 
Density 3.50 

5 *075 
0.019 

0 338 
0.008 
0.230 

0 0053 
0.019 
0.020 
0.003 

0.444 
0.033 

1.226 
0.007 
0 175 
1 * 039 
0.003 
0.044 
0.016 
0.004 
0.246 

3.25 

0 033 
0 .on 
0 . 031 
1 . ~ 8  
0.007 
0.271 
1.304 
0.004 
0.056 
0 .ox) 
0.308 

3.2 

0 . 071 
0.018 
0.034 
1.999 
0.007 . 204 
1 307 
0 039 
0.101 
0.021 
0.001 
0.298 
0.021 
0.003 
0.007 

3 -25 

-095 
.034 
027 

1.144 . 004 
.170 

1.187 
.003 
.030 
-055 
.004 . 281 

039 

3.1 

,058 
.034 
033 

1.147 
.006 
238 

1.180 
.003 
046 

.041 

.001 

.278 

.022 

3.1 
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. 
METBQDS AND PROCEDURES USED FOR DE!ERMDWPIOET 

OF PHYSICAL PROPERTIES 

1) Thermal Conductivity 

R a d i a l  heat flow through a 6" x 12" specimen was  measured by the tempera- 

ture r i s e  of a netered amount of water passing through a heat exchanger lo- 

cated a t  the center of the sample. The temperature drop across the sample 

was  measured w i t h  thermocouples cast into the specimen a known distance a- 

part. Radiation, conduction, and convection losses from the ends of the 

sample were minimized by employing an electr ical ly  heated guard ring system. 

Under these conditions the thermal conductivity was computed by means of the 

relationship : 

k = thermal conductivity, Btu/hr-ft-q 

c - sgecific heat of water, Btu/lb-%' P -  
W = water rate, lb/hr 

(AT), = temperature rise i n  water OF 

L = length of sasrple, f t .  

( A T ) ~  = temperature drop in  sample, OF 

r2 = distance of outer thermocouple from center of saqle, f t .  

r l  = distance of inner thermocouple from center of sample, f't. 
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2) Specific Heat 

The specific heat of concrete was determined by direct calorimetric 

measurement A weighed sample of concrete, heated t o  the desired tempera- 

ture, was dropped into a measured amount of water and the temperature rise 

of the water was recorded wben equilibrium was established. 

3) Compressive strength ASm C39-49 

4)  Shear Strength ASTM c78-49 

5 )  Aggregate Gradation ASTM C33-46 

! 


