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NOTATION· 

a. b = regression coefficients 

B = width of flexural beam specimen, in. 

d = diameter of tensile splitting specimen, in. 

D = depth of flexural beam specimen, in. 

L = length (between supports) of flexural beam specimen, in·. 

n = number of test observations 

p = applied load, lb 

pi = internal hydrostatic prescure, psi 

r = radius, in. 

ri = internal radius, in. 

rm = mean radius, in. 

ro = .external radius, in. 

R = modulus of rupture, psi 

S = arc leneth, in. 

Scst, y = otandard error of csti.innte 

t = length of tensile splitting apecimen, in. 

T = tennile splitting strength, pgi 

Tt = tangential ring tensile strecs, psi 

Tr = radial ring tensile stress, psi 

X, Y = rectilinear coordinate values 

yi = observed dependent variable 

y = predicted dependent variable 

0 = internal angle, deg 
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CONVERSION FAC'l'ORS, BRITISH TO MIITRIC UNITS OF MEASUREMENT 

Britioh unito of measurement used in this report can be converted to 

metric units as follows: 

Multiply Bz: To Obtain 

inches 2.54 centimeters 

square inches 6.4516 oqu~re cent f.metcrt1 

feet 0.3048 meters 

cubic feet 0.02832 cubic metero 

cubic yards 0.764555 cubic meters 

pounds 453.5924 grams 

pounds per squnre inch 0.070307 kilograms per cqunre centimeter 

poundo per cubic foot 16 .02 kilograms per cubic meter 

Fahrenh2it degrees 5/9 Celsius or Kelvin dcirrees* 

* To obtain Celsius (C) temperature readings from Fahrenheit (F) read­
ings, use tha following formula: C = (5/9) (F-32). To obtain Kelvin 
(K) readings, use: K = (5/9) (F-32) + 273.16. 
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SUMMARY 

The investigation con~istcd of the evnluation of a ring tenoile 

test m~thod for determi.ning a measure of th~ tensile strength of mortars 

and concretes. TI1e ~valuation ims basad on the repr'oducibi lity nnd 

degree of simplicity of the test t:Zthod. Correlations were cnde between 

the ring tensile strencrth and the cylinder cooprensiv~ strength nnd 

tensile otrcngth values obtoiucd from b~nm flexural nnd cylinder splitting 

teoto of sanded ~ortar, 3/8-in. maximum oiz~ a~grcgnte concrete, and 1-in. 

maximum oize aggregate concrete, all mode at wotcr-ccment ratios (by 

waight) vnrying from 0.4 to 0.9. Two sizes of teot rings w~rc evaluated: 

1.5 in. high by 1.5 in. thick by 6 in. inside dinm~ter and 3 in. high by 

3 in. thick by IZ i:n. instae dlot:leeer. Ttre- mortar- rest-a- used- 6-ino rlngs-1 

th~ 3/8-in. concrc.te used both 6- and 12-in. rings, and the 1-in. concrete 

used only 12-in. rings. A total of ninety-two 6-in. rings and eighty­

thrce 12-in. rin~s ware tested. 
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EVALUATION OF A RING TEST FOR DETER~!INING 
lllE TENSILE STRENGTH OF MORTARS AND CONCRETE 

PART I: INTRODUCTION 

Background and Purpose 

1. The purpose of this paper is to report the results of an 

evaluation of a specific type of test procedure, the ring tensile 

test, which results in a measure of the tensile strength of concrete. 

No attempt is made to document the many references to and discussions 

of specific values of "tensile strength" and the techniques used to 

obtain them by other investigators over the years with the exception 

of the work involving the ring tensile test. Some genera 1 comments 

about tensile strength testing are made to provide the reader with the 

background which ultimately pro~pted the development of the ring test 

for concrete. 

2. Although considerable attention has been paid to the investiga-

tion of the "tensile" strength of concrete in recent years, there is 

general disagreement among investigators as to which test of concrete 

provides a "true" measure of the tensile strength. The type of tests 

used can be categorically described as either "direct" or "indirect" 

methods for obtaining a numerical representation of tensile strength. 

The direct tensile strength tests usually involve long, axially loaded 

specimens which are pulled in a testing machine until fracture occurs. 

The direct tensile stress is simply the load divided by the cross-

sectional area of the specimen at the point of failure. If the loading 

on the specimen is perfectly uniaxial (a possible but highly unli~ely 
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situation for most tcstin~), the actual tensile stress is dcter~ined. 

The reproducibility of this test depends to a large extent upon the 

type of method used and to what degree the extraneous stresses are 

eliminated. 

3. A nunber of indirect methods for obtaining a me.Dsurc of the 

tensile strength of the concrete. have also bee.n developed in hopes of 

providing a si~pler nnd/or rnorc reproducible test procedure than the 

direct tension test. These methods are: 

a. Flexure test. 

b. Splitting tension test. 

c. Torsion tension test. 

d. Ring tension test. 

4. The flexure test uses a plain concrete or norU1r. benn of a 

given span length, width, :md depth, \·;hi.ch is supported at its ends 

and londed at ei.thcr its third points or at its center. The:: fle::ural 

strength of the bett'.n is repn:.scntccl by a "nodulus of rupture" which 

is defined as the tensile stress in the outer fiber of the bcR~ at 

fai.lurc of the bew.1. This tensile stress is deve.1.opcd by the be2."1 

action and deter~ination of the Modulus of rupture assuMes that the 

stress and deformation in the bean are di.rcctly proportion~! to the 

distance froM the neutrnl axis of the bca~. 

5. The splitting tension test as it is com~only u~ed in th~ 

United States involves the placing of a cylindrical specinen 

horizontally between the loading surfaces of a testin~ machine so 
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that the load is applied to the specimen alon~ its entire length 

on two diametrically opposed lin2s. The applic~tion of a compressive 

force aloni:; these two opposite lines produces a binxial stress 

distribution within the specimen. Irn~edintely adjacent to the lines 

of load application, regions of high co:ripr.essive stresses arc developed. 

These stresses vary to a Minimum at the center. of the cylinder and are 

accompnniP.d by an alriost constnnt tensile. stress over approxfr1ately 

thrcc-qunrters of the vertical plane between the b-JO lines of lo::id 

application. The concrete, being considerably wea1::er in tension tlrnn 

in compression, fnils along this vertical plane because of the tensile 

forces developed there. The magnitude of the average tensile stresses 

along this plane at the tine of failure is considerr..d to be the tensile 

strength of th~ concrct~. 

~. In countries where cylinders are generally not used, cubes or 

prisms are often used in splittins tests. In the cube splitting test, 

the cub'?. is plriced bet1,'cen the lo;idins surfaces. of the testing riwe:hinc 

with its top nnd bot t:o•'.1 surfc:ces p<irallel to the 1 oncl in:i; sm·faces of the 

r~n.chine. A 10<1d sc·.nc•.rator strip is then placed bet\,'cen the bot to:c1 of 

the cube nnd the testi nc; t~achinc along a 1 inP. pcrpendiculnr to two 

opposite sides of the cube m1d ~1assinr; through the. center of the bottom 

surf::ice aren of the cube. A second r;en:crat.or strip is placed between 

the top surface of the cube and the testing ~achinc and is directly 

over aud p<i.rallcl tn the botton strip. /\. crnnprcf.>sivc load is then 

applied to lhE: s;cnr~rntor strips. A stress distribution, si»1ilar to 
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that just described for the cylinder splittinr, test, develops and 

the cube fails along the vertical plane bet~·1ecn the two gener::itor 

strips when the aver::igc tensi 1 e stress developed there exceeds the 

tensile strength of the concrete. Cubes and prisms arc also tested 

by applying the load to the specimens across the diAGonal plane fro~ 

corner to corner with a type of stress distribution and tensile f::iilure 

occurring thnt i.s si.nilnr to the cylinder splitting test. 

7. The torsion tension test uses long cylindrical specimens 

which are subjecteo to pure torsion by n1enn::> of n specially designed 

londing fra1nc. The state of pure shear being developed <.it a point in 

a specinen being subjected to torsional loading is also nccor<1p;micd 

by norMnl stresses (tensile and conpressivc) at the point on planes 

that bisect the anz,Jcs between the plnne.s on which the shearin;::; stressf~S 

ect. The nagnitudes of these normal st~csscs are equal to those of the 

shenrin~ stresses, nnd if the specin1e;1 is 1rnde of n brittle r1::itcri<'\l 

(such as concrete) which is 1.;ca\ in tension, the dia~onal tensile. 

stresses \.;ill reach a vnluc that wiJ 1 cause the spccir.1en to frc\cture. 

This v;ilue is then consi.Jercd the tensile strength of the r.12tcr.ial. 

8. The deten!ination of the ri.ng tcnsUe strength of rock-like 

materials and concrete hns been np~roachcd using two different ~cthods. 

The first method uses discs with concentric holes (e.g., rings) in a 

dianetral com~ression test identical to the. cy1inder splitting test 

d . d l" 1,2 escribe. car ier. The basic idea in this test is to chnn~e, by 

addition of the hole in the disc, the rather uniform tensile stress 
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fie.ld which occurs across approxinately the center three-fourths of 

the failure plane such that the tensile stres3 coroponent at the edge 

of the hole is increased. In doing this, it insures that the origin 

of the fracture i.s known. The only cmnponent of stress acting at 

the edge of the hole is the unidirectional tensile stress which then 

would be the stress which causes fracture and, hence, represents the 

tensile strength of the concrete. 

9. The second method used for the ring tension test utilizes 

a unifonr1 hydrostatic pressure which is appli(~a radially <lgP.inst the 

inside periphery of the ring. The application of: this pressure. produces 

tangential tensile stresses and radi~l co~pressive stresses throughout 

the entire voluine of the ring with a unifon:ily distributed maxL1u:11 

tensile stress occurring along the entire internal periphery of the 

ring. The ma~nitudc of the radial compressive stress is quite snall 

when coc:i.pnrcd with the tnnr;cnti.al tensile stress so that when failure 

occurs, it is the result of the tensile stresses. If the ratio of the 

radius of the ring to its wall thickness is less thon 10 (ns is generally 

the case for tests of concrete), the clnssi.c cquat:ions for d(•.tcrmining 

stresses in thic~-wallcd cylinders due to intcrnnl hydrostatic prc3sure 

can be used to dcternine the tangential tensile stress at failure. 

This second method was originally sur;gcs ted by Dcsov, 3 but ;iost, if nf)t 

all, of the published data to cl<:1te h2vc been provided by H2lhotra 

ct al.4,S,5,7 
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10. All of the stress µnalysis techniques used to provide a 

measure of tensile strength from the output generated by using one 

of the above indirect test methods make the as.J '"'"'i:;i:.ion that the 

concrete obeys Hooke's law of linear stress-strain proportionality 

whereas in fact the stress-strain relation for concrete is curvilinear 

almost from the onset of loading. This assumption then introduces an 

error into the tensile strength determination and the actual numerical 

representations of tensile strength obtained for any of the indirect 

test nethods does not represent the "true" tensile strength of the 

concrete. On the other hand, the ultimate tensile strength obtained 

from direct tension testing is independent of the stress-strain relation­

ship in the concrete and is simply the load at failure divided by the 

cross-sectional area at failure. Why, then, use an indirect method? 

11. The classic direct tension tests initiated at the start of 

this century were and sti lI ;ire ourd-cned with mis-a-ligum-e.nt- arrd/'or­

clarnping stresses, both of which introduce errors into the strength 

determination. Test procedures developed to eliMinate these problems 

are slow and expensive, requiring relatively high skilled operators 

and sophisticated equip11ent and techniques. The indirect tests 

(principally the flexural and splitting tests) are generally easy to 

perform and are fairly ·reproducible when reasonable c;:ire is exercised. 

Not enough is l~nm-m at present about the torsion test and the dia:'.letral 

cotrtpression test of rings to comn1ent on their reproducibility at this 

time. The intern;:il pressure ring test is discussed in the following 

paragraphs. 
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12. The results of the flexure test are dependent on where the 

beam is loaded (third-point or center loadin~), on the size and 

configuration of the beam, and on the residual stresses in the bea~ 

fibers caused by moisture changes in the beam. The splitting test 

produces a biaxial stress condition with high compressive. stresses in 

the region of load contact which rnay, in some cases, precipitate 

premature failure. Because strains play a significant role in a biaxial 

stress condition, the analysis used in determining the tensile strength 

should include the Poisson's effect, but it does not. In both the 

flexure and splitting test, the plane or region of failure is predeter-

mined by the selection of the points of loading and this plane or region 

may or may not contain the weakest zone of the concrete. Higher values 

of tensile strength i:iay then be deter~1ined for a concrete which is 

inherently weaker. Despite these limitations, the flexural and splitting 

tests appear to be fairly reproducible and have gencralTy rrie.t with 1"i0e 

acceptance.. A nu·'lber of investigators have suggested v<1rious conversion 

factors for the tensile strength values obtained fro·'"l these indirect test 

rriethods so th<1t the i:e:it values could be adjusted to represent the "true" 

tensile strength of the concrete. 

13. 4 5 6 7 The ring tension test data and analysis provided by l'ialhotr.n ' ' ' 

conclude that: 

a. The ring test appears to be a satisfactory ~cans for deter-

mining the tensile strength of mortars an<l concrete. 

b. The nature of the loa<l application in the ring test is such 

that no c1anping and/or nisalignnent stresses, such as occur in direct 

tension tests, occur in the ring specimens. 
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c. The entire volu''lc of the ring speci"ien is subjected to 

tensile stresses, with a uni.for1'1ly distribut.ed r.iaxir'luin stress occurring 

along the entire internal periphery of the ring. The failure will occur 

· then at the weakest zone in the ring, thus providing a riea sure of strength 

that closely appr.oxbwtcs the actua 1 tc.nsi le strength of the concrete. 

This is never achieved in flexural tests and, even in the cylinder 

splitting tension tests, a co~pressive load acting on a dia~ctral plane 

creates a uniform tensile stress over a portion of that plane only. 

d. The r1agnitude of the radial co:npressive stress is quite 

S!11all when cDlnpared with the tangential stress, thus tending to nini1nize 

the effect of a biaxial stress condition on the failure node. This is an 

advantage over the splitting tension test in which the r1init'lU"l co01pressive 

stress occurrin~ at the center line of the splitting pltme is about 3. 1 

times (theoretically) the corresponding tensile stress. 

c. The specincn and the testing apparatus arc so sinple that 

ring fabrication and testing can be carried out rapidly even at a 

construction site. 

f. The within-bntch and between-batches reproducibility of 

the ring test is co~parable to that achieved in the flexure and splitting 

tension tests. 

g. There is A high degree of correlation between ring tensile 

strength and co:'lpression, flexural, and splittin~ tension tests. 
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IL~. Itcris a, b, c, and d of paragraph 13 and the lirnitations of 

the ring tension test have been discussed by other invest igAtors4 • 6 

and will not be discussed further here. The objective of this study 

is to evaluate, on the basis of simplicity and reproducibility, a 

tension ring test f\S a ncthod of obtaining a neasurc of the tensile 

strength of riortar and concrete and to correlate the ring tensile 

strength values to the tensile strength values obtained frol'l flexural 

and cylinder splitting tension tests. 

15. The following rounds of :oortar and concrete were cast and 

evaluated during the study: 

n. Series M. Eighteen rounds of sanded rnortar at water-

cement ratios (by weight) varying fro·1 0.4 to 0.9. 

b. Series Cl. Seventeen rounds of 3/8-in. aggregate concrete 

at water-cenent ratios (by weight) varying fro'11 0.4 to 0.8. 

c. Series C2. Fifteen rounds of 1-in. aggregate concrete at 

water-ce:1~nt ratios (by weight) vary:i_ng fro:11 0,li to 0.8. 

16. Each round of each series was evaluated for co'.l1pres s ivc, 

flexural, cylinder splitting, and ring tensile strength. The M and Cl 

series utilized 6-in.-inside-dinmeter rings for. the ring test with the 

Cl series also using 12-in.-inside-diwneter rings. The C2 series used 

only 12-in.-inside-dia~eter rings. 
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PART I I: f.t..ATERIAIS /11m TEST SPECU!ENS 

Mnteriala 

Cement 

17. The portland cement {RC-579)* used for all three phases of 

the study met the requirem~nts for type II and had the following 

chemical and physical characteristics: 

Chemical Analysis Physical Properties 
Constituents Percent 

Si02 21.3 

Al203 4.2 

Fe2o3 4.2 

Cao 63.0 

MgO 2.1 

S03 2.3 

Ignition loss 1.6 

Total 98.7 

Insoluble residue 0.14 

Na20 0.12 

K20 0.43 

Total alkalies as 
Na20 0.40 

C3A 4.0 

C3S 54.0 

c2s 20.0 

C AF 4 13.0 

*WES designation. 

10 

Normal consistency, percent 23.8 

Setting time, Gillmore, 
hr:min 

Initial 
Final 

3:10 
6.35 

Autoclave expansion, percent 0.02 

Air content of mortar, 
percent 6.9 

Compressive strength of 
mortar, psi 

3- days- 2720 
7 days 3685 

Surface area, air permeability 
fineness {Blaire), cm2/g 3515 

False set of paste {initial 
penetration), percent 83.9 

Specific gravity 3.15 



Aggregates 

18. The coarse and fine aggregates were crushed limestone from 

Tennessee with the following gradations, specific gravities, and 

absorptions: 

Sieve Size 

1 in. 

3/.4 in. 

1/2 in. 

3/8 in. 

No. 4 

No. 8 

No. 16 

No. 30 

No. 50 

No. 100 

No. 200 

Specific 
Gravity 

Absorptbn, % 

Fine 
~ate 

CRD-MS 
17(4)-k 

99 

94 

67 

39 

23 

14 

10 

2.67 

1.6 
*WES designation. 

Cumulative Percent Passing 

CRD-G 
31(4)* 

100 

98 

65 

40 

4 

2.69 

0.6 

Coarse Aggregate 
CRD-G CRD-G 
2!Jl).* 31(10)* 

100 

100 83 

89 7 

58 

2 

2.70 2. 71 

0.8 0.4 

CRD-G 
31(12)* 

100 

4 

2. 71 

0.6 

The M series batches used only the fine aggregate CRD-Y~-17(4). The 

Cl series batches used CRD-MS-17(4) as fine aggregate and CRD-G-31(12) 

as coarse aggregate with the exception of mixture Cl-4, round 1, 
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and mixture Cl-8, rounds 1, 2, and 3, which used the minus 3/8-in. 

portion of CRD-G-31(4) as coarse aggregate. The C2 series batches 

used CRD-}ill-17(4) as fine aggregate and 60% of CRD-G-31 (10) and 40% 

of CRD-G·-31 (7) as the coarse aggregate. 

Admixtures 

19. No admixtures were used in any of the batches. All air contents 

were the result of entrapped air. 

Mixture Designs 

20. A summary of the mixture designs and batch data for all 

three mixture design series is given in table 1. The M-series of 

batches were designed to have water-cement ratios (by weight) varying 

from 0.4 to 0.9 at 0.1 intervals with a slump of 4-1/2 t 1/2 in. at 

each water-cement ratio. The Cl and C2 series of batches uere designed 

for 3/8-in. and 1-in. maximum aggregate size respectively and were 

to have water-cernent ratios (by wei.ght) varying from 0.4 to 0.8 at 

0.1 intervals and slumps of 3 t 1/2 in. at each water-cement ratio. 

The slump, air content, and actual unit weight were determined in 

accordance with the procedures outlined in the Handbook for Concrete 

and Cement.8 

Batching Equipment 

21. All batches for the M series were made in a 1.2-cu-ft bread 

dough mixer. The batches for the Cl and C2 series were made in a 

7-1/2-cu-ft rocking-tilting mixer. 
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Test Specimens 

M series 

22. Normally 18 test specimens were cast and tested from each 

M series round. These consisted of three 2-in .. cubes, six 3- by 6-in. 

cylinders, three I-in. tensile briquettes, three 3-1/2- by 4-1/2- by 

16-in. beams, and three 1-1/2-in.-high by 1-1/2-in.-thick by 6-in.-inside-

. diameter rings. One ring each from HS, round 2, M6, round 1, and N9, round 2 

were damaged during the removal of the casting molds and were not evaluated. 

The rings from MS, round 3, inD.dvertent ly ,.~ere not tested. 

Cl series 

23. Normally 18 test specimens were cast and tested from each Cl series 

round. These consisted of six 6- by 12-in. cylinders, three 3-1/2- by 4-1/2-

by 16-in. beams, three 5- by 6- by 30-in. beams, thr~:! 6-in. -inside-diameter 

rings, and three 3-in.-high by 3-in.-thick by 12-in.-inside-diameter rings. 

The follO\~i.ng rings were damaged upon removal from the casting moldu and were 

not evaluated: 

Mi.xturc Round Ring Siz.<;_ No. of Dcmaged Rina_~ ---
Cl-4 2 6 in. 3 

Cl-6 2 12 in. l 

Cl-6 3 6 in. 1 

Cl-6 3 12 in. 1 

Cl-6 4 12 in. 1 

Cl-8 l 6 in. 1 

Cl-8 1 12 in. l 

Cl-8 3 12 in. 2 

13 



In a few instances, some rings were observed to have casting flaws 

and were not evaluated. 

C2 series 

24. Twelve test specimens were cast and tested from each C2 

series round. These consisted of six 6- by 12-in. cylinders, three 

6- by 6- by 30-in. beams, and three 12-in.-inside-diarneter rings. One 

12-in. ring from C2-8, round 1, had a flaw in it and was not evaluated. 

Test Specimen Prepnration 

Ring molds 

25. The basic design of the 6-in.-diameter ring mold was provided 

by the Construction Haterials Section, Department of Energy, Mines and 

Resources, Mines llranch, Ottawa, Canada. This design was used by 

Malhotra4, 5., 6 to construct the molds used to provide the. 6 .. in. rings 

he evaluated. A plan and sectional vie't·7 of the mold assembly are 

detailed in plates Al and A2 respectively. An assembled 6-in, ring 

mold is shown in photograph 1. Three 6-in. molds were fabricated at 

WES and used for the entire study. These molds differed slightly from 

those used by Malhotra by having a greater taper on the central aluminum 

plug: 0.001 in.fin. for Halhotra's mole.ls versus 0.0015 i.n./in. for WES 

molds. The central plugs originally were made with a taper of 

0.001 in/in. but based on the high stripping ring loss rate of a number 

of trial batches (not reported in this study), the taper was increased, 

and this evidently reduced the number of rings being damaged during 

stripping. 
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26 The 12-in.-cliamcter ring mold used by Malhotra7 is a scale­

up of the 6-in. ring mold with the exception that the central aluminum 

plug is replaced by a mild steel ring with a taper on its outer surface 

of 0.0005 in.fin. The WES 12-in.-diamcter ring mold also hns a mild 

steel inner ring but with a taper of 0.0015 in.fin. The base plate 

and outer ring of the WES mold were constructed of wood, which was 

treated to prevent moisture absorption. An assembled 12-in. WES ring 

mold is shmm in photograph 1. A plan and section view of the 12-in. 

inner ring are shown in plate A3. After completion of all casting 

involving the 12-in. ring molds (approximately 35 use times), the wood 

parts of the molds were no longer serviceable. 

Other molds 

2 7 . All molds used to cast the cylinders and beams were in accord­

ance with the applicable portions of CRD-C 10~ "Method of Making and 

Curing Concrete Test Specimerrs- in- the- Laboratory-. 11 The- 2--in. c-ub-e-

molds were constructed of steel, and each mold produced three cubes. 

The tensile briquette molds were made of brass and in accordance 

with ASTM C 190-63, "Tensile Strength of Hydraulic Cement Mortars." 

Molding 

28. The cubes, cylinders, briquettes, and rings for the H series 

were cast by filling each of the molds and then vibrating them on a 

vibrating table for 25 to 40 seconds, depending on the specimen size and 

consistency of the mixture. The 6-in. rings from the Cl series were 

also cast in this manner. The 3-lf2- by 4-lf2- by 16-in. beams from 
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both the Mand Cl series were cast in accordance with Section D, "Beams 

for Laboratory Freezing and Thawing, 11 of CRD-C 10 .8 

29. The 6- by 12-in. cylinders, 6- by 6- by 30-in. beams, and 

the 12-in.-ciiametcr rings from the Cl and C2 series were cast and 

consolidated by internal vibration in accordance with the procedures 

outlined in CllD-C 10. 8 

30. After casting, all molds were covered with wet burlap and 

the specimens kept moist in this condition until removed from the molds. 

This removal generally occurred 21} hours after casting. In a few in­

stances the specimens were allowed to remain in the molds over the 

weekend. 

R_ing demoldi.!l[~ 

31. Prior to casting each rine, the outer surface of inner plug 

or ring {depending on which size ring was being cast) was coated with 

a heavy industrial lubric~nt which- waa t_o_ act_ as_ a bond_ breaker_._ The-

use of ordinary form oil as a bond breaker did not produce satisfactory 

results at the initiation of the study and was subsequently replaced 

by the heavier industrial lubricant. After each ring had cured 2l~ hours, 

the outer ring fo,·m was removed, and any bond existing between the ring and 

the inner form was broken by turning the ring on the stationary inner 

form. The ring was then lifted off the inner form by alternating the 

direction of turning and gradually working the ring to the top of the 

form. 
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Curing 

32. After removal from the casting molds, all of the 11-scries 

specimens were transferred to the moist curing room where they remained 

+ at a temperature of 73 .4 - 2 F and 100 percent humidity until they were 

tested at 28 days age. 

33. Because of a storage space problem, the specimens from the 

Cl and C2 series could not be cured in the moist curing room and instead 

were cured by immersion in specially constructed tanks containing water 

saturated with calcium hydroxide until they were tested at 28 days age. 

34, All 3- by 6-in. and 6- by 12-in. cylinders were capped with 

commercially available capping compound two to three hours before they 

were tested. 

35 . Any small voids thnt may have occurred on the inner periphery 

of a ring were fillt;d with a eement paste fiv-e- to_ Ut minutes_ be£ore_ the_ 

rine was tested. The paste was worked into the voids by the fineers and 

served the purpose of eliminating jagged edges which could damage the 

loading bladder used in the ring test. 
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PAP..T I II : TEST PROCEDURES AND RESUL'rs 

Test Procadurcs 

Comprcssio~ 

36. All 2-in. cubes and 3- by 6-in. cylinders w~re tested in a 

90, 000-lb compreooion te:Jting mnchin:!, and all 6- by 12-in. cylinders 

were tcoted in a 1~40 ,000-lb univeroal testing machine. The cubes w~re 

tested in accordonce with CRD-C 227, 8 "Compressive Strength, Two-Inch 

Cubes, 0 and the cylinderr.: \;~re tcoted in occordonce with CRD-C 14, 8 

"Compresoive Strength of Molded Ccmcrcte Cylinders." In all cases ttrn 

conprcnsive strcnuth wcao determined by dividing the maximum load 

carried by the specimen clurin~ the! tent by the nvernge crocs-ccctionnl 

area of the specimen before tho tent. 

:!£ns i 1<;_~!!9~ 

l1 ~ The M serica- tensile ln;iquc.t-t:e tests of the mortm:; were- con--

ducted ill accordnnce \Jith /'.STH C 190-63, "Tenoilc Strength of Uydrnulic 

Cement Mortt::L'$," uning n 30,000-lb universal testing machine. ~i'he 

tensile otrcngth of the briquette ll':l::l detet"mincd by dividing the 1~axiroum 

load carried by the briquette! during th~ tent by th~ cro.ss .. nectionnl orea 

normal to the direction of loncling at the point of fractur~. 
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f!.exure. teota 

38. 'l'he 3-1/2- by 4-1/2- b;• 16-in. b~oo.:: nii.d the 6- by 6- by 30-in. 

OOa:ns \ll?rC tested at. third-point loadin~ in llCCOrclnncc uith the proccc.lures 

outlined in CRD-C 16, 8 "Flexural Strength of Concrete (Usinf{ Sinple. Beam 

with Third-Point J..ondin_s)." The 3-1/2- by 4-1/2- by 16-in. bz.:-imo used 

a 30,000-lb universal tc.lltinLt ran.chine to apply the lond while. the 6- by 

6- by 30-in. beamJ uccd n stondnrcl flc~ure bccm tester. The flexurnl 

strength in both c.:iseo \-'.JS expres:::c-d trn the modulua of rupture, R in 

lb/oq in. , \Jhcre: 

where: 

P = unxiouru applied loncl, lb 

L = apan length, itt. 

= 13-1/2 in. for 3-1/2- x 4-1/2- x 16-in. beams 

= 18 in. fo1' 6- x 6- x 30-i#n. beatns 
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n = average width of specimen, in. 

= approximately 3-1/2 in. for the 3-1/2-x 4-1/2- x 16-in. beam 

• approximately 6 in. for the 6- x 6- x 30-in. beams 

D = average depth of specimen, in. 

= approximately li.-1/2 in. for 3-1/2- x l~-1/2- x 16-in. beam 

= approximately 6 in. for 6- x 6- x 30-in. beam 

In testing the &by 6- by 30-in. beams, the first 20 in. from one end of 

the beam was tested first. In most instances after failure, a piece of 

unbroken beam approximately 20 in. long remained, and this piece was 

then tested. The reported flexural strength of the bec:n was then the 

average of the two breaks. 

Tensile splitting test 

39. The 3- by 6-in. and 6- by 12-in. cylinders evaluated for s~litting_ 
" 

strength were tested in a 440,000-lb universal testing machine in accord-

1 d li d i CRD-c 77 ,
8 

I } d ance wit1 the procc urcs out ne n 1Met10 of Test for 

Tensile Sp lit ting Strength of Cylindrical Concrete Specimens . 11 The 

tensile splitting strength of a specimen was calculated as 

2P 
T = ·­

rr t d 

where: T = tensile splitting strength, psi 

P = maximum applied load, lb. 

t n length of specim3n, in. 

d n diameter of specimen, in. 
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!ing tension test 

40. The 6-in.- and 12-in.-dinmeter rings were evaluated in specially 

designed testing jigs. 'I'he baaic design for the 6-in.-diameter ring testing 

jig was provided by the Construction Materials Section, Department of Energy, 

Mines and Resources, Hines Branch, Canada. The plan and section views of 

the 6-in. testing jig as it was fabricated in the WES machine shop are shown 

. in plates A4 and AS. The 12-in. testing jig was designed at WES and is 

essentially a scale-up of the 6-in. jig with some modifications. The 

plan and section vieus of the 12-in. jig are shovm in plates A6 and A7. 

Photographs 2, 3, and 4 show the testing jigs in various stages of assembly. 

41. The mechanisms used to apply the load to the rings were either a 

nominal 6-in. or nominal 12-in. rubber bladder, depending on the ring size 

being evaluated. These bladders can be seen in photograph 2. The bladders 

used in this study were borrowed from the Canadian Department of Energy, 

Mines and Resources, as they could not be produced locally. The bladders 

\Vere filled with castor oil, which acted as the medium for pressure transfer 

to the walls of the bladder. Each bladder ha~ a flat, cylindrical face 

Y1hich is slightly greater in height than the height of the ring being 

evaluated, Initially the ring is centered on the testing jig and fits 

loosely over the bladder (photograph 3). Upon some slight application 

of pressure on the fluid in the bladder, the bladder expands, and the flat, 

cylindrical face comes in contact with the inner surf.:ice of the ring. Before 

applying any pressure, however, the top plate of the testing jig is set in 

Place and the fastening nuts screwed down to finger tightness (photogrnph 4). 

Soine small pressure i.s then applied whi.ch scats the: rine on the bladder 
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and also causes the top plate to become "free-floating." Thus no con­

straint is provided by the top plate during testing. 

42. The pressure wao applied to the bladders by two different methods 

during the program. The 6-in.-diametcr M series rings were evaluated first 

during the program. A hand--opcratcd hydraulic jD.ck similar to that used 

by Malhotra4 • 5 , 6 was used for these tests with the first 150-psi gage 

. pressure being applied very rapidly, the remaining gage psi to failure of 

the ring being applied at an approximate rate of 3 psi gage per second. 

The same system was used in the same manner to evaluate the 6-in. and 12-in. 

rings from the first batch of the Cl series. It was found that the hand­

operated jack was satisfactory for the smaller rings but that, because of 

the large volume of oil i.n the 12-in. bladders used to test the larger 

rings, pressure surges were developing upon completion of the downstroke 

of the hydraulic jack and pressure gage fluctuations of 5 to 7 psi gage 

Were resulting, thus making it extremely difficult to obtain en accurate 

gage reading \·ihen the ring fractured. The loading system was then converted 

to an automatic, high-pressure, low-voltnnc pump arrangement \hi ch enabled 

the pressure to be applied at a uniform, controlled rate. This arrangement 

Worked satisfactorily and was used for both sizes of t_hc rings in the 

remainder of the Cl and for all the C2 series ring tests. The rate of 

gage pressure application to ring failnre after 150 psi gage had been reached 

Was approximately 5, 6, and 4 psi. gage per second for t.he 6-in. Cl series 

rings, 12-in. Cl series rings, and 12-in. C2 series rings, respectively. 

43. The tensile strength of the ririgs was determined using the 

classical relations derived from the stress nnalysis of open-ended thick 
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wall cyli.ndcrs subjected to an internal hydrostatic pressure up to the 

moment of failure. 

2 
P.r. 

1 1. 

where: Ti= tangential tensile stress, psi, 

Pi= internal hydrostatic pressure, psi, 

r 1 =internal radius, in., 

r 0 =external radius, in .• 

r =radius at point of failure, in. 

4l~. Using the above equation and the internal and external radii 

of the rings ev~luated in this study (3 and 4.5 in., respectively, for the 

6-in. rings and 6 and 9 in., respectively, for the 12-in. rings), the tensile 

stresses for both sizes of rings cun be found to vary from a maximum of 

2 .6 Pt at the inside µeriphery to a minimum of 1. 6 PL at the .outside 

surface (see plate 1). The cm.·responding compressive stresses are pi at 

the inside periphery, diminishing to zero at the outside surface. Malhotra6 

hns shown experimentally that fracture of the ring initiates at the inside· 

Periphery; hence the value of r to be used in the above equation :i.s equal 

to r 1 , The maxi.mum tensile stress at failure :i.n either size ring can be 

determined as 

Tt :: 2.6 P. max l max 

Where Pi =the maximum applied hydrostatic pre!isure, psi. 

Photographs 5, 6, 7, and 8 show typical rings from the M, Cl (6-in. and 

12-in. rings), and C2 s~ries, respectively, after failure. _For each 
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ring tested, the number of distinct failure planes was noted and the internal 

angle, e, for each ring portion determined as sho~m in plate 2, where 

B = (57 .296)~ . 
rm 

rm = radius to the center line of the ring, in. 

S = arc length of the center line of the ring portion, in. 

Test Results 

45. A summary of the test results from all three mixture series is 

shown in table 2. Each test result observation is shown along with the 

average values for each round. Table 3 is a summary of the d.ng portion 

data and shows the number of distinct fracture p lunes observed in each 

ring after failure and the angle bet~een the adjacent fracture planes. 

The manner in which the angles are listed is the actual order in ,.;hich 

the fracture planes occurred. This ord-er lms determined by vic\·1ing the 

top of the ring as it was cast and tested and proceeding clockwise around 

the ring from the smallest angle meesured. 

46. The relations for compressive strength end water··cem3nt ratio (by 

Weight) for all three mixture series are shown in plate 3. Only the 

cylinder strength relation for the H series is s·ho1.;n, however, as cylinder 

strength is what will be used to relate to other varia11cs in the remainder 

of this report. The relation between the cubes and cylinders from the 

M series is shown in plate 4. Curves dhowing the relationship between 

compressive and tensile strengths for the H, Cl, and C2 series tests are 

shown in plates 5, 6, and 7 respectively. In order to nondimcnsionalizc 
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th~ dnto for comp<i.rat.ivc purpoucs, curv.:.s sho~1inz th~ ratio of tenoi le 

strcn~th to the cm:reopo:iding 28-do.y co:iiprcnsi.ve strcn3th vcrGUG th~ 

compre::wivc strength u~rc dcvclop<!d nnd are ohoim in plntc·s 8, 9, nnd 10 

for M, Cl, ond C2 series tcots, rc::pcctiv~ly. The overv.ge strcncth vnlucs 

of each round ware usc.c! bi dcv~loping tb curvcn in plntcs 5 to 10. 

47. The. tent 1·caults were analyzed uoinz ctnndL~rd stntinticol 

r.:~thodo. 9 Rer;rcr; Gion rrna lyncc u~rc ua>'!d to cntr.blioh corrcl ntiot1!::! b::!ttmcm 

the datu ohtnh1-:.d ft'cm the varioun types of tents • 10 'l'hc withi.n-b::itch end 

bat:wecn-b<?tch cocfficiento of variation o.rc given in tnblc 4. '"i'hc solution:.; 

for the rcgreirnion cqtmti.on co~fficicnts ond the other pertinent statistical 

Paramctcro were hnndlcd by GE 265 end OE l&20 co~putcrs. 

48. 'i'he grriphical pre.r.cnt:nti.on!J or the regrc::wio~1 onnlysco iricludc, 

in toot c•~~cs, atoti~ticnl tolcrnncc liuitn for the datu. 'I'hcoc li.rnitn 

w~rc cntoblishcd ft'c.:n tt•.:: £:tm.1dnrd errot" ot the cntir.1~ttc, Seot, Y 

\lh~rc 

:.:J ; 
i = 1 

~ - predicted dap~~aent variable 

n = nu::i.ber of oh:iorv:iticns 

An cxprc~nion of .'.!:. 2 Scot, y cntnblich:;,d otuti!.iti.cal tolerance limitn thnt 

enc:lca'-'-d the rein~c within \lhich oppro:ldn:1tcly 95 percent of nll future. 

Obscrvation3 may ~~ expected to fall. 
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49. Platen ll throu~h lll- show the rclotion bctu~en the 6-in. ring 

tensile strength nnd th<.! briqu2ttc, splitting, flcxui.·al, n11.d cm11prer;oive 

stre.rigtho, reG.p::ctiv~ly, of tl~e H oeric.:J tcotn. l'll1tcr; 15 ond 16 show the 

relation bntwcc.i't the two nizco of rings, nnd the two sizcn of flexural 

sp~cim::.no cvnluated during the Cl OCi."ic~ tcote. Plntco 17 through 20 ::ihow 

tb rclntion bctw~ca the 6-in. rin:; tcn3ilc t1tx.-cngth end th:? eplittin~, 

srnnl l flmrnrc b~m;i, larcc flcrnur~ b<1nm, nnd co:nprcsnivc strengths, 

re.op~ctivcly, while platen 21 through 2Z~ show r.itiilnr rclctioi'n for th~ 

12 rb1g tcnoilc u~rcn;:;tho, reop~ctivaly, !:or tt:c Cl cc.den ton t3. Plntes 

25 through. 27 Gll0'.-1 ro 1 [lt i.o~1a bet t.:(;cn th:! 12 . riag tcni:; ilc st t:'cngtho tmd 

th:2 oplittlng. flc~mral, nr:.d cc:nprconivc strengths of tha C2 ocries tcDtc. 

Plotco 28 tincl 29 ohc;:., the re lnti.on. bctm~cn the lWcroge 12-in. rfor; teu:1i le 

Btrl!n~tho end the ovcrn~c nm.1bcr of c.H.ntinct ring fr<icture pl.nncs ob::;crvcd 

in coch round of the Cl n•1d C2 ncrico tceto. rcopectivcly. Ho dicccrniblc 

trend could b~ cfotcctcd ia D iL1i 1:-ir data for t 1':: 6-in. ri.nt;r. in. thi.n otudy 

nnd those dnta are not sho;m fc'l.~ th~t rcn!lcn. 
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p ART IV: DIS cuss !Oil OF 'l'I:;~rr RESUL'"!'S 

SO. Wbm ev.:ilunting new cquipr;ccut, pror:c<lurcs, t.ind techniqueo in the 

laboratory, th~rc iB n tcndcacy to routlc~ly cxcrcloc a Brcotcr dngrcc of 

care in cr,1 J.ccting the dntn for cv.".lluntion thnn uil l r•ot'r.:inlly b;; realized 

in the field p-:;rfo:tnnncc. The rcoulting ltiboTatoL*y cvulunUcm t1r.iy thm·1 

t>robobly ba obtained in the. field. To nvoid thin problct:.1 in the cvaluntion 

Of the 1·ing tent cqt1ipmcnt. nnd p~o!!cr:im:co, the p::r.oomt~l who ult i:Jotc ly 

m~nt imd in th'.?. tcct procc<h1r-.::;:1 im.d tcchniqu~o to b~ uoed by cv~l uatiu{j 

nutii~rouo ti.·inl b:::itc!~~3 of riu~o. Once the p;:-opcr tcch~liqmrn ir~rc cr.,tnhli:::hcd, 

indivi.ut!nls nnsistcc1 in th•} tcoting of the O[tmplc:J nnd thns intrcduced an 

teeth;g w~:-; in:::orporutctl into tt~c. cvc1:yday routin'.! te::.iti.nt; :.md w~n given 

no Prcfcrc~1ti.nl trcat~icat. It t~,10 hopci tilnt by uoir-:; thio app>7o~ch :2 

more rcaliotic cvoluntion could 1J~ mnd~. 

Rcprccl1.~~i.bility or Tc:~::it noonlts -- ·--··--·---~---'- -" - --
51. 'l'he cocfficicmto of vnriutio;t ohmm in t~ble '~ for the vndoua 

types of tc~to ~re f.or veL"y mnol l r;~;:aplc::i (three obncn•ations in r.writ c~rncn) 

coefficicnta of varfotion oZ lnr~cr populationo of mortnr mid concrete 

Sr>ccii,1~n::; nndc and c.vnluntcd in the lnboratocy. 11 It is the relativity 
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of ~h~cc vnlue:s to e~!Ch o~hcr tk'.lt io of priL1'lry ir;tcrect in thio 

can be t?adc. 

a. t-t sc~d.c o t.cr.tu . · 

for th~ flemJrol sud tctwile teoto ore grcntcr tkm those of t;hc cylinder 

. compreooica tosto. 

(2) Th2rc io nr;;,',?. vorinti.on botu.:::cn th~ avcro~c within-batch 

resulto fol"' th-:~ vri!'iourJ ncm.!1.·Dl c.nd tcnr.ilc tents. 'i'itcae v~ry frc:.i 

S.4 p2rccnt for th·~ oplit.t ing test (m:cludfor:; the 0. 9 u/c bntches) to 

7 · 6 p~~rccnt for the briquette test, the valmw of tk; rinr; tc~t and 

flexural tcwt b~ing S.5 end 7.3 r>m:ccnt, rctipe:ctivcly. 'lb.ere fo also sc:cic 

5.8 p~rccnt f::or the briqu·~ttc tG!'.;t to 10.3 p~r'CC\'lt f:or t\ic Gplitting tent: 

Ce:cclurling the 0. 9 w/c lx.ltchzo), th~ vnhH;3 or tho rh~g tct1t :md flcxurcil 

tect boin~ 6.1.J. nml fl.2 p~rccnt, rcr;pcct.ivcly. 

b. Cl neri0~ t~ctc. __ _......_..,.,._ 

(1) The rivcr.n~c \dthi.n- :md bztw~mi-batch vnrfotiono for the 

tcatv. 

(2) Uith th~ cxccptio•1 of s~oll flcxurd bccms and 12-in. d.n~~, 

th~re i5 little clifi.:crcncc c::lonz the avcrocre b~'i:.wacn-butch~o v3rfotican (oi.· 

the other flcxm·~l cmd tcncifo tcr;to. '£hcc~ V[).ry Crc1 5.7 to 6.2 pr~rccnl:, 

of 4.3 ~nd 9.5, ranpcctlvcly. 
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within-batch vnrintion io 7. 9 percent, there m:e co::u~ c:"l~l l dif fci·cncon 

tcstG. Tlw~e vm:y f?rro 3. 9 p~rccmt for the ln!'gc f lcxural b~<:ps to 

6.2 percent for the i::plittincr tc::it:u, with th~ cm2ll £1c:rnral li2nm:J ced 

(/,:.) Booed on thi! cocff:idcnto c:Z v:irfotion ohc.i':·n1 i.n tnblc 4, 

a decio ion o to wbich oize Clc:-."lll.:'lll b:).:r"' given r:l!'>I.'c rcpi·ouuciblc. retrnl ts 

is not C lcm:ly indkntc:d. Hid.le. the Crc:~ll flc:;~U!.'l~ b:;rn:iis 'f.'.'Cf.lllltcd in 

g<mct'ally cmallcr. v.nd r.mre co£1ciotcnt b::twccn-hntchoo vm::i.ntions, the 

c. C?. cericn tt~tu. 
-------·--·~-

tbc flcxm."al tmd tensile. teotc m:c· et·ontcr than tb.occ vuri.GHons for the~ 

Cylinder co~prcnoion tccts. 

(9 .o ottd 9. 3) for t.he 12-in. i:in~n nnde \1ith 1-in. nG~rc:;ntc conc1:ctc r.r~ 

tplittitig cs. O tmd 3. 9) tc~ts of the c~tx::! co:Jct·c.tc. 'I'h~!.y ore not very 

much dii:£crcnt, hct;-'!vcr, fi.·om th2 vnlu.cu obttd.ncd f.r.c,:n the 12··in. riir1go 

tnndc uith 3/8-in. r.z~rce:1tc concrete (7 .9 D;:!d 9.5). 
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52. As can be deduced from the information cont~ined in table 4 and 

the obscrv~tions m;1de above, the 11-i.n. rings, \·:hen used to evaluate the 

tensile stren~th of mortars and 3/8-in. a~greiate concrete, produce 

within- and bc:twe•m-batchcs variations that are comparable to those 

obtained from the other tests which produce some measu~e of tensile 

strength. The 12-in. rings, ho,~vcr, resulted in variations which were 

greater than thonc produced by the other test Methods. It is suspected 

that the casting mold configuration and constru~tion was the primary factor 

in cnusing the 12-in. ring Vlffiations to be high. First, th~ one-piece 

central· core of the ~old did not allow the Flold to be removed with a 

mini.11ui::.1 of handling of the "green" concrete. Instead, the concrete rin~ 

had to be twisted and jostled off of the core when th,:. concrete was only 

24 hr old. In so:ne inst;rnccs, qui.tc a lot of force WoJs ncccssnry to frcr~ 

the ring froM thC': core. This rough handling may have produced sone zones 

of we;ikne.ss in the concrete tlrnt orclinnrily \,·ould not h:ivc exi_stcd nnd, 

thus, introduced more_ varintion into the test results tlviu normally 

expected. Secondly, the outer wooden foru end the wooden raised base 

form di.d not nllo'"' the concrete to be vibrated (nnd hence consolidated) 

Properly. Some of the en0rgy for consolidntion thnt was being put into 

the. system by the vibrntor wns probnbly being nbsorbcd by the wooden for:i.1 

and, hence, irripropcr cons0Hde1tion w1s rcsultir.~. Improper cnnsolicL:::tlon 

also introduces additiorrnl variations into the tf!st results. 

53. An cxamincition wns also made of the relation bc~twecn rin~c; strength 

and the within-batch varietions. No discernible effect of rinG strength on 
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the co~fficfout of varlntion f,n. th~ 6-iu. ri!~go in cithr:r the M or Cl 

cci-ics could b::! seen. In the c.no~ of. tbt1 12-in. ringn from bo~h the 

Cl and C2 ncr i.cs, a trend was <level oping tlrnt indicated tlrnt the lower 

the ring r::trcngthn were, the lnrgcr th'.! cocfHcicntn of vnriat ion w"'re. 

There nrE; a nu::nber of fnctor::: uhich ctin affect th.i:l vnrintion cuch os 

varintio~o in cc.:ucnt and untor co:rltent, the gr::iclaticm. m~d wr.iter content 

felt tht)t nurficicat care wns oxcrcino<.1 in c1e~icn, bntchiug, nhd.ttf!, t:tnd 

curing to minimize thenc cffoct:o i.n both the 6- :md 12-in. ringo. The 

6-in. t•in:p t-:~I."a ndcquotcly compnctcd mid rec~ivcd rw rou~h bend HnG, 

not have b:!cn very effoctiv~ end in oc:::~ inat:mt'!cc tiic rouglt h~ndling of 

the lnrgci: rinr;o at 2ls hr age WM unnvoidnblc. Of th:? t~10 of these fo.ctor:n, 

rough hcmdlini 1':ould pi.·oh.:!bly \;(\ th:! prc(1o::!i.rrnnt fnctor cnusi.ui; gre:~tcr 

vnrintions at lower eti·cn~thr: of the co1Lcrctc bccr::iu"..:c the rh•.[~a uith lcno 

sti:cngth -would be tlorc suoceptiblc to dnt1ntre thnn higher otrel:.gth rin~o 

end if dm .. 11.1gcd uoulcl rcGult in hf.ghcr V.::!rfoti.ons wh:::m teated. The trend 

toimrd~ erecter vnrfotionn at lo-;ier. otrcngth::; wao not cvicbnt for cpcci.rr:cm.1 

cact fro:::i the Dcmc co~~rctc but tented i.n cc:-ipj.·csr:ion, flmmrc, rind !:lplitti.ng. 

~~rcr:sion ont!lycco -----·-..----

t~noile strcnr;th on~ cc.rnprcnnion, fle:"Xurol, nnd splitting etrcnr;thn, t;ith 

the exception. of the cr..ortar tcnto {U r;~rica), do not indicDtc ms hir;h n 

dcgt'ce of corrclr:~ion between tbc d.nz tc\r;t mid thz other tents nc wns found 

by H.:ilhotro. 6 •7 
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55. 'l'h~ work by Mnlhotrn6 • 7 involved concrete whose cylinder comprcc­

sive ntrcn~tlw were lens thnn 7000 p:3i, end his corr.clntio~w nrc lincor in 

rec ti linear coordinates. Ile ob:iervco thnt the linear rnodcl tirsnnn'2d iu hia 

analycea nay not hold good for cc::iprcosivc strertGt:ho in cxceso of 7000 psi· 

at 28 dnyn. The co:.1proauivc otrcnzth~ in this ot.udy exccc.d 7000 poi with 

individual cylinclcr tcots ~oin~ no hi.gh ns 9815 p5i, 0950 poi, 9050 psi 

for th::? M, Cl, n.nd C2 scricn tents, rcapcctively. The lines of bent fit 

. cori·etnting comprcs::ih·c strength to ring r.trength for all three ncri.ca 

cannot b~ s111ticfoctc•?il~· rcprcsc~1t<'!d by tho lin~nr oodcl but instead are 

~Dt reprcocmtcd in simple for:ia oo a pm::!r function of th<? form y = <:lXb 

"1hero the C!'!:po:nci\t b ia lcnc th<in 0. 5 (nca plates 14, 20, 2L~, and 27). In 

tha form of n simple po-;.:~r functio::i., the ccnpr:·ccsive otrcmgth vct"oun riug 

str(.mGth correlation coaffic icnts fot' the M scd.es, both the 6- nucl 12-in. 

ring stronr;ths of the Cl scrico and tha C2 series nra 0.951, 0,868, 0.774, 

and 0.901, rcsp2ctivcly. 

56, All of the correl.:!tioa!J b~twacn the 6-in. ring tcnoilc otrcucttw 

Qnd the briquette ncxurnl, and oplitting r;trcnr;th:; of the raort.::ir tcstn 

(M r.mdcn) cnn be rcprcvcnt.cd by th<:: lincnr ccc1cl (see phte:o 11, 12, and 

13), hsvir.g corrnlntion cocffici.crats of 0.958, 0.945, m1d 0.965, reopcctivcly. 

'l'heca cocfficientn indicntc a high dc01·c-:c of corrclntio:1 bc.tuccn the rin[J 

test c.nd the other stnndnrd tcot:G for mort::irs h<:.vi.ug cube ond cylinder 

Cotnprcosiv::? strengths up to nppro:dll!atcly 13,000 p~i t!nd 10,000 p:d, 

respectively .. 
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flcxurnl nnd splittin~ ctrC'nr;th:. fot· the coacix~tc te:>to (Cl ond C2 cct~ico) 

do not nntiBfm::t.orily f.it tho linc:u." oodcl, howcve:r. 'l'h~ r.cereo:; io\1 

annlysc~ in.dicf-ltc thnt tl.·:::: rclLttion b(!tt:;:icn rh1ri: c;tr\::~1:~th and 8pli'' · .... - . .:.:i.ng 

otreur;th io be.st fitted by the ci.i:1plc pow~r t:m:ction Y = nx0 • Tha 

corrclat io~lO b:!twccn ring strength ~nd cplitting strcn::;th in thio form 

have correlati.cn cocfficicnto of 0.038, 0.739, nnd 0.1373 for the G- ~nd 

12-in.-dfam~tcr ring stren~tha of the Cl i:ierics lm<l th:! 12-in.-dfou~(!tcr 

·ring strEmgths of the C2 scL"foo, rcspcctiv~l}'· (ccc plntco 17, 21, imd 25). 

'rhecc cocfficie;;itr. indicntc tlrnt co~,,:! corrclv.tio::1 e:d.rts bctlJccm th:! rfrig 

and splitHng ctrun3th:;· but t hr.it the cot-rclntio~1 fo m:rt as good ~is that 

obtained for the r.:ot"tnr vcrf.cr.; OZ' by !-blhotrn. 6 ' 7 

58. 'l'hc. rc~rcosion mrnly!>cn nloo i.nc1icatc that the correlction bctHecn 

ring tensile otrc.m~ths nnd the nc:mral otr.c.nr;tho of tl:c conct·cte tests (Cl 

nnd C2 Geri.en) i!.: beet fitted by n semilog rclntioa of th~ form Y ::: a(lo)bX 

The correl.:-tio;.1c, iti thin i:oi·m, bct\~~<.:n the rmall flm:urnl bzmn strenzth end 

the 6-in.- nnd 12··in.-dinmctcr ri.nr; vtrcr!ztho of the Cl series (occ plates 18 

and 22) lmvc correlntionG cocfricicnto of 0.76!.~ :md 0.656, rc:r;p~ctivcly. 

These corrcln tiorw nre not very eood. The corr:clntioar.i in the scr.iilog form 

b2tu~cn th<:>. lnq~e flc~wrnl t~.::m otrcnztho end th~ 6-in.- ~md 12-in.-dh:rn:?t<?.r 

ring ctrengths of the Cl ocricn, end the 12-in.-dinn2tcr ring otrengtbs of 

the C2 sc.ric:: (ccc plntco 19, 23, nnd 26) ore ::ioi:l(m11nt b~ttcr hnvi.ng 

Correlationc coafficicnts of 0.852, 0.743, and 0.852, rcopactivcly. 

59. Ho ottct'.lpt u~~!.l m:::dc to obtnin other poodhly hnttcr fittinc:, higher 

Ord<!r~d f;t.m1.!tion::; for r1ny of t L'."! con.·clnti.onu <lincllcscd above. 
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Str.·cn~th ratioG .._,__,_.__... __ 
60. n oc~ri.es. The rntio of the 6-in. ring tt:nt:ile strength. to the 

cylinder compr1.-"!ssi.vo strc.11gth cxprcoocd an n pci:ccmtf!~c vnr.icd from 20.t~ 

to 10.9 at corrcoponuitt~ comprc.ssivc otrcr:gtho of 3000 mid 9000 psi (plutc 8). 

Th~ correspo·adinz rnti.o:; for th'.! oLlnll fi~~m·ril benr:i, split.tfocr, ond bri<J'-!cttc 

otrcn~thr. arc lG.B to 10.0, 11.0 to S.6, 15.3 to 7.7, respectively. 

61. Cl scri<~!.:. The ratio of the. 6- and 12-iu. ring tcncilc strength 

to the cylindct· comprcosivc ntrcngth cxprc~!SC!d nr. n pnrcent:q~e vartcd frora 

20. 6 to 9. 8 and 17 .1 to B. 6, rel: poet ivcly, at corr.cspon<li.ng compressive 

strengths of 3000 tw.d 9000 psi (plr.tc 9). 'rhc rclntion for th::! 6-in. ri.ngs 

made wit:h the 3/8-in. n~gregfltc concrete gives oom~what hirrhnr ratio:; than 

tho sc obt>ervcc1 by Mn lhott.·n G f m." oimilar s i~;c oi.;r;rc.gn.tc concr."-:tc r i.ngs. 'fh'.:! 

results in similar ratios to tho3e M3lhotra7 obccrvcd for si~ilar rincs. The 

correopcnding rntio3 for the Cl series lar~c flcxm:·nl h8t:.J, nm:'.111 flexurnl 

b~ma, nnd splitting t.:trcn~tlw Dl"<.! 20.9 to 12.1, 19.S to 11,5, cmd 12.8 to 

8.2, rcopcctively. 

62. C2 r.;~rics. 'i'hc ratio of the 12~·in. rb!::; tcnoilc ntccngth to the 

9 .1 nt correspDndin~ conpr~1.rnive att·c.nztho of 3000 nnd 9000 psi (plnte 10). 

'l'hi!l relation, uhf.ch i!:l for 1-in. o~crcgtJtc concrete., rcaultn in cli~htly 

sirn.il::\r size rin~s 111d<; with 3/L~-in. oggt"e~;lte. 'l'hc con·cspo:1din3 ratios 

for thn lnrge flcx:m:~l b2~m m1d splitti.nz strengths Dr(~ 19. 7 to 11.0 nnd 

12.9 to B.3, respectively. 



63. It is intcreotin.g to note thnt the rl:t ios o~ 12-in. ring otrc.ngt:h, 

flexural strcu3ti1 (rer;:n:dlc~HJ of: h::.n:n r,izc), and splittine strcnc;th to th:! 

cylinder comprcr.aivc strengths for the Cl f.lcr.iee mndc with 3/8-in. nggri:?~·'.1tc 

arc not oignificnntly diffcr~nt from th2 corret;ponding rntioo for the C2 

from 3000 to 9000 psi. 'f'hc flmmral mid spHttine rntios for the mortar 

series arc someuhat rwic:ller Cor loucr ccrnpt"<~ssive ctrcngths, hot11.:wcr, tbnn 

the co1.~recponding rntioa from the two coacretc oerien. '£he r2t ios of 6-in. 

ring tcnsi l<?. stt:engtlw to cc::lpi·cirnive strength for th'! M :m:l Cl scr ice nre 

apr!:'oximntely the r:im~~ nt 3000 .:md 9000 pn i. conpt"c:Jcivc strength, but vary 

from each oth2r O\tcr the ccntrnl portion of the comprc:::sive Gtrcngth t"m1ee. 

Size effect::; 
- = ... 

each b~tch of 3/8-iu.. linccton~ aggrcante concrete (Cl ccrfo:~). The tcneilc 

strcn~th test re.cult::i indicated thut tb nvernue stren;::;th over the r~wizc of 

imtcr-cc.m::}nt ratios studied of the 6-in.-incidc-dim::it:c:r ringJ w.:is 19.I:. percent 

higher than th2 12-in.-inf>idc-dforDtcr rings. lndividunl b~tch inct'~.ns~s 

ranged from 4.5 to 39.6 percent. GccnuJc the concrete in the rings used in 

the. cor.ip~rioo::1s in ench C[!SO cc0w 

differcaccn arc tb3n princip:llly aff•:.ctt~<l by tt:~ var.btionn tntroduc~d by 

canting, hondli.ng, tc.cti.ng, tmd sb;a :md configurntic.n. 'fhc c<:i.sting nr,d 

httndling a!lpact~: have b~e:n diccunncd prcvic!~ly. Ti1~ teat tr.:; pL""occdures 

and cquip::::!nt (c;~~cpt f01~ nik:e) \-:-ere the t.:.::n~ foL" both sizo l:ingo. The 
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g~ncral configuration of the rings vc'.lricd only in th·<?. degree of vertical 

P lancucGG (to::al taper) of the.~ inside lci~cl~d surface. Thlt: ns pect of rinz 

testing nned!.l further study. 'rha remaining factor io th~ actual oizc of; 

the ring uith nll diu~nJi.ona of the 12-1.n. riHg boi.ne twic~ thot:c oz the 

6-in. ri.ri6. Over n nhl:i.lar t'r~n~c of \.:.:itcr-co.r.m1t rntion, Mnlhott·a7 has 

found on nvcr~~c ntrc~gth increnso for 6-in. rings compared to 12-in. riucs 

of lS p~rcc.nt. The; concrete in thct atudy nlso unccl 3/8-in. crunt~d lim~vto11e 

·aggregate. llir. i.ndivj_dud b:.rt:ch vnrintionn t'r:ng;ccl ft·or:i 6 .l~ to 31. 6 percent. 

In view of th~Ge. findin[!n, it i~ felt th~it tl:2 19.4 p3rc::.nt incrcrnnc ohtoir..~d 

in thb vtndy io not um:cnco;,o.blc. The sti:-cr::_:;ths of the tm'l nizce of r.ir!ZO 

are rclntcd h» n po':.~:!r function nc r;ho:m in plnte 15 uith a corrc lntion 

co,~ff icicut of: O. 893. 

65. A oizc effect atco exirrt-c;d- for- t11;!- flcxur<)l bcrm'trt cvalui::.t~d durittG 

the Cl ccr i.c!J t<.rnts. In nll but three of the 17 b:1t;clv~s where n compar.isc;; 

could b~ crndc., th'! lnrr;cr Ci- l>? 6- by 30-in. b~t;ns rc.sulted in highC!r L1oduli 

of ruptm.·c tlu.m tho~c obtaii~:id fro:n the 3-1/2- by Li-1/2- by 16-in. b~umc. 

lndividu.ul batch ir.crco.r;c~1 vnd.cd fl•om 0. 7 to 26. 3 p2rccnt, tJhUc the tht'cc 

dccrc.c::scs vaded f:rom •. 3. 3 to -9. 9 ~crccnt. The nveragc incrcnsc in modulur.: 

of rupture oven~ the entire r<mce: of W[!tcr-cci1cnt. rntios at1:died w~u; 5.5 pc~rcent. 

'rhe only prcdo~1inrmt factors nffccting the:::o rccults \·:;:i.rc the m~tbod of tcnHn~ 

(priL1arily th~ tectini; t1achin~) ond t:i·C: vi<=~ of th::: Op:!ci1::enJ b::::in::_!: tested. A 

fairly good corralctio::t e':int:o l:eh:~c~i the strcn~~tho of th':! two siz~c of b::-!::;:1s, 

being lincnr with n corrclntion co:'.!ffi.cicnt. of 0.921. 
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Frnct:m.·e ou:d::nce::; -----......_... -·....-.--·-· 
66. lfo detailed mtalyi;iG uws 1::1ndc to cktcrrrii.nc the i·enoonr> or 

mectumisin::: 'l-Jhy the rinz,s fracture on 03 many ciictinct plrm:;o nr.; they do. 

The infor~~tlon cot~nincd in table 3 ond in plntc~ 28 ond 29 is there 

sol<?ly for the recCl .. ·c1. A fcu observot: ions crn1 be. .L'!r.dc, ho;r~vcr, 'l-;hich 

uw.y ba 0£ airniotn'.1cc in fut tree tenting nnd cnnlyr;cn. 

67. H::llhotro
1
i, 12 obncn:vcd th·1t for conicrctc~ with rm nvcrnr;·~ cylinder 

comprc.coivc ott·e11gth o::'. '~050 poi, the numt.~r oz dir;tinc'i: rractu;:c. plnncs 

pc.r c::wt 6-in. -itrni<le--di:..:r:;(!tcr d.n~; u::is four with £\ ·fcil cxcoption'.J, w:iilc 

identically ob::cd ri.nz9 s1m;:;d froli1 lon~, hollou, concrete cylindc:;:o 

experienced tu;.) to Hve cH.r;tinct fr;1cturc pl<m(lo but gcn~rnl ly hr:d cithr.!r 

three or four. nn:.:c'.l on this ol>:;:i:;:t>vo.tion, tor:;cth:;r with vnrinti.N't3 r.1~nouccd 

in di vidun l ly cast ri.ngs u~t"'c pref.er: red. In the stlidy reported hct:'e in, 

in.c.lividunlly ca3t 6-in.•A ['.;"td 12-·in.-i.nflid~-dirnnztcr: ri.uas W.'.';re uGod, r.ncl 

while the wci.ght of the r:l..n6~ t1.:i~; f:nirly uniform, the r.trcugttw end nc:<bcr 

of froctut.~c pl.'.lnco tcnucd to vm•y cotrnidernbly in sc:~:~ in::itrrac:crn. 

68. Foi:- thu fo1·ty-ccv.:m 6-in. mortor rincs tested with ring-tcn~ilc 

Btrcngthn varyin~ frc;:.'1 507 to 11 Hl p~i, the nvel:'l!gc numb::.r of dintinct 

frnctm.·c plnn.·::n per i·iug wcin LL 85, \;ith indi.vidu'.ll rir.~s hnv.tug frc::i four 

to ai..x brcckc. Approxhrntc.ly tno-tli.frch:; of the ri1;:;:'l hd five brerik~. 

For the forty·-fivc 6-ir:. conct·cte rin~n (Cl r.erfos) hnvitig rin~~ tensile 

strenr;ths from 598 to 1105 p::i i, the av..:.!t·~t,;c: nunbcr of cli.stinct fracture 

Plon~o p3r rina w~a 4.40, with individunl rings hcvlne thrcB to oix breaks. 
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More thr.n hnlf of the r!ngn h<"ld c-.J.lly foul."' 1.>r1.~i1ks. t.n m:rnlyaio of tl~e 

relation ol: ring tcn!'.lilc ctrcnzth to the nu::ib~r of dictinct rin::; frncturc 

Pllmcc for the 6-in. rin~n of both the M a~d Cl sct·f.cc tc.cto indicntcd 

thnt the tcnnilc · Btt"·~nzth hnd little effect 0;1 the number of plnw~s 

Ot'.:CUt'L"in~. 

69. For thi:! thh.·t:)r~·i1i1~;:: l2-b1. co:1crcte ringn of the Cl ncrfo:i, 

having ciug tcnaile ctrcngi:h'.J i:rc::1 L~29 to G97 pai, th:! nverc:i:;c nm~1t,_rr of 

distinct fr:.:ctur:e phm:.:::; per rh!g u-'.'!.!'.l 5. 79, uiih incliv:i.ducl rit'ign vnryin~ 

frc:n tht•ec to eight. brcnkn. F"r tl:·~ fox·t:y-four 12-5.n. conct'ctc d.ngc of 

the C2 sari.ca, hnvine ring tcr.:::i le r.tr.c!1itk: £ro:1 333 to 975 poi, the 

avcrcga nur~.b~r of distinct frnctnrc plm;.::-.s p~r rhl~ \Dll 5. 27, \:ith indivi.duc:l 

rinr;s vnryin~ f'r.o::; four to nil.K~ brc~ks. More thnn hnlf or th~ rin~n hod 

only f ivc 'l>t·c~kri.- l.u ci.Huynic of the relation of ring tensile strcn~ths 

to the nw•~b8t' of diut:i.t1ct .fracture plon~r. for th;:: 12-in. rinuc of both the 

Cl end C2 ccr.ic~ tcstn it1dic~\tc<l tb:it n trend lmc ucvclopin~ ca r.;ho\;n in 

platen 2G ~md 29 oml thnt highm:" ring tc.mci 'le strcn~fi.J:n nre cccc:;1p::i;:ticd 

by an incrci:wcd m1r,1bcL" of f1.·Dcturc~ plcmcu. 

70. Upon rr,1cturh1~, the r inr; 1i. tcrnl ly cxplo~,·~~n aw,"!y frcn the rubb.;::;~ 

te.r:tin3 blnd<:0r, m·.d f:or higl':·)r otrcn;_;th co:~cretca, oom~ piecer; of the 

fr~ctured rit':.; mw oven fly ot1t of tt.-?. te::;ting cqui.p:~mt. n w~n firf~t 

oucpcctcd thnt th:; ndditional frnctr.rc pL:mco over thocc r;bsc.rve<J by 

lfalhot1.·n Hcr-o the rccmlt of the rilig ft'o~;<:i:::ntn hitti.ng tho f.-:iGtcnin~ postn 

of the tcHt in~ rig imd thun frncturiL~ ngnin. hinp'<:ct:i.on of nl 1 of the 
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f;z:ii 1 ure m::l al:'c on rc.ccn·cl ct wr:s. 

~rently i.\'1p:covc:tl. ".i.'h:: cnt:i.rc mold nh.ouid b'.":! conetn;ctcd cZ otc~l. 'rh::~ 

prcviouoly, v.n ic1cnl sitn~tio:1 fot• the: cc.~rnoHc1:1\:ion c-f the cow::1:-ctc end 

could not b:! ou'\:d.nc.:1 loc3lly o;:- fro'.·\ othm." courc(.;n uithin n renco:wblc 

for ncJt of tho 12·-i-~1. ri.nr;n m:-c t:~licvcd to huvc b~~cn the rc:mlt, in lnrr;c 

i·c:novc the la rec r.iag:: fr-0:1 tL'! ccatJ:nl cot·c of ttc moldo. 'l'hc uolid 
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nlumi.nma core of: the 6-in. Ct''.::t.:ing oolcb ohot.1lcl nl3o b<:: 1."cploccd bot 

by u coHcl cte~l corC! in oi·dct' to nllevfotc c bo;idinc; pi..·oblcm tlw'i: 

frequently o;::curr.·cd itir.oughout the pr.·czt'<'.!l:l <>.o th~ cec::nt P.:lntc bonckd to 

th~ nlumi.m.rn o:ddc thnt fotY~~;;d o;~ tl~~ core tmlb. 'fb cnotin~ molcln trn 

ur.cd i.n ttd.r. pt"ot;rw:i vi.th tlic t:wdi.fic;it ion~> m.i~gentcc1 nbovc 1Jhould be 

clurnblc, pnd'or1:1 cnt:tr;~nc:torily with n nini.n1.r:i of. forr.t··rC!r-.ovnl prot,lcuri, 

c.md, hopc!i:Ully, choulcl iraprcvc on t!:o rcpro~t:d.l>ility of the tent d<1tn. 

73. The very cfoplc and port.-::hlc tcstin:; jir;:-.i pcr:foi:t'<!d rrntir.f.:;ctorily 

D.nd nppcm:e<l to b<l very durr.:ble p:i.e:ceu or cqni.pr:1.::nt. The! oal}• vuln-.:>.r<:blc 

part of the jf~n in the thro.:::~ed r.a~:tcnin~ pcx;~:s c:~:d th-:.Gc, H c!cr.:1~!SO<l 1 cc<:\ 

bo ccnily l."'C:r:1ovcd n::!a reploce:d. ~:ti.en tcsti.r!~ hiehu·:::tn~nsth. co~1crctc~ r;nd 

mortorG, n protective ccrc~n chould b3 pl~ced nrou~1 tl~ jig oc frnc~~1to 

of the d.ng do fl}• out of the ji~ h~c:m:ic o(' th,1 cxplcolw: nQtm~c of the 

failure. Circular ptoc~u cut frou 20- rnd ~5-cal drc~n W3rc uocd for thic 

pt1rpoc~ fot• the G*. rm~1 12-hi. jign, re!'.lpc:.eti.vcly. 

7t~. •rhc tecitin~ bJ.<Cc:ldcrn p:>.r.'[C>i';2cl1 very t::}ll m~d choH~<l no it'Ji.cntion 

of \Jam;. •rti:.: l>lnc)~en:: t:.~rc bc,;.-rc~r~c1 b~cc::.usc locnl n:bb"'r prodcct ft,bricato~·s 

could not produce. lir.iitccl m:nl1st·v of tcr.t bl:'ld~-::rn except nt prohibitive cootc. 

Th:f.o imn due to the fr;ct th::.t tl:?.y did not por::::c.:rn ti~:: tcctmiqtrno r.cccr.arnry to 

begin prcducini ontisfDc~o~y blnd~o~n on the firot attempt~. The cost 

undoubtedly u.:iuld t:~ re<ll.lcud if tli~ c.kn:md for r:~!d nr::.1bcr of blnddcrn t::;rc 

1.:.0 



the h<md-op::r.ntcd cqt.'li.p::~~~nt lwu to be: repl.nced by nn c.utoi:i.nt:ic-lo.~din3 

system for the 12-in. riu.g tc:.;tc, n;;d thl t1 r.y'3tcr,1 p::;tfon:~~d G[lti.:::foctorily. 

If ouch n c.y:1tcJ i9 nvailnblc, it nhould al.co b~ used ca the si;.1.::111 rina 

teats in ordc= to provide o unlfo~n rote or lond application. Dccaun~ 

there ee>1~rn lly in no r:dv:rn~~~d w~,.rni~iG c1f failure of the rinc; dur.ing 

tE::St, ll "rfc~::·.r" d:i.nl ind:icai.:Ol."' it: c1c.:-;it:ublc on nl l pt'CO:JUt'C e.'.1gcs 60 

that the intcru&l p~csourc nt failure is discernible. 

7G. 'l'h~ tcct pro,'!e<ltu·0.G, ~rn <l.c~ct·iti~~d in thin rc.).)ort, ::ire very 

Si.l'l'lple r:nd tcl."C c-nt:d.l;r lcanwd. S<1::i::-: rutm.·c uc·:~k ::;hould LL:~ done, how~v-~r I 

L~l 



PART v: concwsro::s 1.1m nr.:co;.;}fEl8ti.'flCHS 

Cone lnn ionn. 

77. Tho G-in. rin~ tc~silc toot oppaaro to ban satlefoctory means 

co:1ct"ctc. 'I'h'.l 12-in. rinz; t;.:;ncilc test o)~ 3/C- and 1-fri.. or;~rcgvtc conc1·ete 

wr.o burdm1,~tl uith cpecin~n. fr.bricnti.on prob leuo nnd t al thouc;h the ui thi.n-

bntch .'.ltid bct.t.;·2cn-hatche!J co8ffi.ci(.mto of: varintion for the 12-in. rin~s 

it nppc:nr.n t:hnt t with ntlcl it 7.ona 1 dcv~ l op:.:;m-;; uc.rd~, thi:: 12-h1. ring:; cca ld 

than the variati~t~ ob~nin~d for the other flc~urnl nnd tenoilo otro~~th 

tentri. 

co~fficfonts of varint:i.on for the G-·irl. ri.n.:r, test npp:~nt' to be co-.:1p:"!rnblc 

BO. 'l'hc 12-in. dn.:; temd.lc tcr~t u!~-:!d with c:LtlH.~r 3/8- Oi." 1-in. 

thr.t w:i.th o.d<liti.on.:il dcvclor.~·.;;1t t:o;:-k the 12-in. rin~ otrc.nr;th v.nrfotio~c cttn 



81. 'fh~ corre.lntion b:?.t\.:~en r:i.t;1, tcunilc strc:-1~th nnd flexural r.nd 

tensile nplittin~ Dt.rtmcithn for 111ori:nrs hnving .n cylinder compt·cssivc 

strength r.nngc of 2500 to 10 ,000 p~i' follo1-!s a linc;ar model mid hns n 

biCh deer.cc or cori:"e.lntic·:l \lith cm:rdation cocffidc~1to of 0.965 m'!d 

0.9li5, rctsp.~cttvely. T~'r: corrclnt:i.0~1 b~t\·;::;cn ri1:g tcnr.ilc r.tren:;th nnd 

cyHndcr co:npi.·c~Hd~1c ::;trcnr;th ~itc n power funct5.on nnd has o cot·l."e.lation 

coefficient of 0.951. 

12-in. rine tl2!nnl le ott·c;i.:.t,<:hg for Loth 3/8- nnd 1-in. concl'.'etc i.n b~st 

fitted by n pol:~;t• function in the ctrcngth nmgc of 3000 to 9000 pni. 

~fiv~ dc(trccn or con.·clnt ion ).n th:?:Jc cnc~c.: \;~:.re not nn good ns for th~ nortnr 

tcstc1 hcin::; 0.868, 0.771!., 0.901 for the 3/8-in. concr,~tc 6- :md 12-ln. 

ringn tmd the. 1-in. cou~ret~ 12·-ir.. ri.nr~, rcsp2ctiv.:?ly. Tht! co1:-relntion::; 

b~tH<.!.:~n tcncile Bplittin~ ni:rr:nl1th nnd the 6- ond 12-5-u. ring tc:noilc 

strcncths Co~ both the 3/B- end 1-iu. co~crctes arc aluo beet fitted by a 

pot,•cr £unction uith corrclGtioa co:::f:fid.r~a'i.;!; of 0.03S, 0.739, 0.873 for 

th~ Ci~ r::td 12-in. ri.t~f:J of: 3/B-in. cor;crf:t\! :md tl:~ 12-in. rit10r. of l~in. 

cc~crctc, rcar2ctiv~ly. 

83. Th~ cot·rcl-'ltio=1u l;.~tt.:.:!cn flexl•<.';tl b::!.:lt•l stren3tl1 end th~ 6- nnd 

12-i.n. rinr.; tcuni.lc ctrt!H3thn ror both th~ 3/D- :.md 1-in. cm:cr.ctcc hcvint; 

a cylinder co!!•pre.soi.vc ntrc:,gth nm~e or 3000 to 9000 p=ii urc b:::st Httc<l 

by sc.milo~ rcluticrrn l;ith cor.rclntiott co:.:fficic.ntn of 0,761J, 0.8:J2, 0.65G, 

0.7h3, l\nu 0,852 for the t\70 ai~.:1n of flcxur<.11 b:::..:~JS coupured to tho 6- . 

nnd 12-in. rin~n of 3/8-in. con~rd:c. rm<l tl:e lar:r,c flc::rnri'.ll b.a[:n strencth~ 

Cor!1p~1rcd to th·~ 12--in. r.in::;:; o2 l-in •. C(>T!~~retc, reap:!c(;i.vcly. 



84. The 12-in. rings of 3/8-in. concrete generally have lower rin~ 

tensile strenrt,ths thnn 6-in. rit1~s of the sn"1e concrl~te. The corrclntion 

between the two strengths for a rRnge of compressive strengths of 30QO to 

9000 psi was best fitted by a power function and had n corrclntion 

coefficient of 0.893. 

85. With some exceptions, rnost of the 6-in. mortar end concrete 

rings had four or five distinct fracture planes. The nu:nbcr of frcicturc~ 

planes in tltis case di.d not appaar to be affected by the strcn~th of the 

concrete. The 12-in. rings, however, expcricncP.d, on the nvcrngi:, cin 

increase in two fr;ictnre planes per ring ns the rit1;£ tensile strcnf;th of 

the concrete increased fro:n L100 to 90::> psi. 

86. The testing equipment is very simple, portable, nnd easy to 

use. The test procuhn-cs arc not CO'.nplcx and arc c2sily lcnrncd. The 

ring castin~ molds ns used in the stu~y should be ~odificd ~s discussed 

in order to allevintc fort~ ren10val pr.oblc'.:lS a11d ir::prove the reprodud.bility 

of the test results. 

Rcco::1mend::itions for F11turc Work 

87. Further considerations should be given to the effect of ring 

c;isting cquip:1cnt nnd p:-ocednrcs on the rcpr.oducibil ity of rin~ tc:1sile 

test results. Thcs~ considerations should include the effects of cnsting 

~old asse~~ly confi3urations, irmcr core tnpcrs, consolidation of the 

concrete, and demolding procedures. 



88. The ex~ct streas and ntrain diotrlbuticn ncrogo the radial surfnccD 

of the ring· tmder lov.d should b~ d~tcrr.iin·~d and comp:i.re<l to the ~sDumed 

distributi ono ur;cd iu the ring otrenzth dctcrmin.:itioM. Wht2n the octca l 

dfotributiom1 nre k11ct-m, th'l rin~ teat chould L:2 elven con2idcrat totl ao 

a possible: ~ct hod for co21duc ting ten!§ ilc Ct.'ccp tcsto of ccncrctc. 

69. The effects of ngf~t·cgnte typo, ohap::t, tmd urad.:'.ltiono, plun the 

cff:cct:s of vurioui:: typ2s of cct1e.nt ond t!lb:turc co';loi:Jtcucy, on th~ tcnzile 

strcn3th of con'!rate tmd 1:1ortm.~ ril'!.r;r. ohould nleo bo ntudfod. 
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TABLI l • !IUHMAltY OP HlX'!V1'2 DISlCNS AND BATCH DATA 

!!l•ture Date 
Pine Coar•• Sand/ Aatual 

Water• SSD Batch Wetsht•. lb Aggreg,te Aggregate Batch Cement Aggregate Air Unit 
Round Cement Fine2 Coar•ej Hoietura Moisture ~olume, Factor Ratio Slump Content, Waight 

Mixture ~ !!!ll.. Cementl Aggregate Aggregate !!!!.!!: Contenf ,'& Content '& cu ft Bas/cu yd Z. yol lGhu. ,, ....Rd. 
H4 l o.4 41.4 70.4 16,5 2.2 0,9 13.2 4-1/2 3,1 139.8 

2 0.4 41.4 70.4 16.5 2.0 0,9 13.2 4-1/2 2.3 139.8 
3 0,4 41.4 70.4 16.5 2.5 0.9 13.2 4-1/4 2,4 139,6 

MS 1 0.5 30.2 83.5 15.2 2,4 0,9 9.63 4-1/4 2.0 141.6 
2 0.5 30,2 83.5 15.2 2.2 0.9 9.63 4-1/2 2.0 142,4 
3 0,5 30.2 83,5 15.2 2.2 0.9 9.63 4-1/2 2.2 141.2 

K6 1 0,6 24.6 89,l 14.8 2.1 0.9 7.88 4-3/4 3,4 139,2 
2 0,6 24.6 89.l 14.8 2.4 0.9 7.88 4 2.7 140.6 
3 0,6 24.6 89.l 14.8 2.5 0.9 7.88 4 2.9 140,6 

K7 l 0.1 20.9 93.2 14.6 2.5 0.9 6,65 4 2.2 141.0 
2 0,7 20,9 93,2 14.6 2.5 0,9 6,65 4 2,3 140,8 
3 0.1 20.9 93.2 14.6 2.5 0,9 6.65 4 2,5 141.6 

KB l o.8 18.0 96,0 14.4 2.0 0.9 5.75 4·1/2 3.4 139.0 
2 o.8 18.0 96,0 14.4 2.1 0.9 5,15 4·3/4 2.8 138,6 
3 0,8 18.0 96,0 14.4 2.5 0,9 5,75 4-1/4 2.9 138.6 

K9 l 0,9 16.2 97.2 14.6 2.2 0,9 5,16 4 3.1 140.6 
2 0,9 16.2 97.2 14.6 2.2 0,9 5,.16 4 3.2 140.4 
3 0,9 16.2 97.2 14,6 2.2 0.9 5,16 4 3.6 139,4 

(COlmlftJj!D) 



Till.I 1 (cqlft'IllUID) 

HtXture Date 
Pine CoarH Sand/ Actual 

Water- SSD Batch Weishta 1 lb Aggrega~e Aggregate Batch .Cement Aggregate Air Unit 
Round Cement 

Cement1 
FineZ Coarael Hoiaturie Hoiature Volume, Pac tor Ratio Slump Content, Weight 

!!ixture J!2I... .!!.!ll!!.. Aggregate Aggregate !.!!!.!: Content,:& Content :& cu ft Baglcu I!! 7. vol ~ :& ..J?tl_ 

Cl-4 1 o.4 210.6 204.2 306.6 84.2 2.6 o.4 5.5 u.o 40.0 3-1/4 1.9 146.4 
2 0.4 210.6 204.2 306.6 84.2 2.6 0.4 5.5 11.0 40.0 3-1/2 2.0 146.0 
3 0.4 210.6 204.2 306.6 84.2 2.3 o.4 5.5 11.0 40.0 3-1/2 2.1 145.6 
4 o.4 210.6 204.2 306.6 84.2 2.3 0.4 5.5 11.0 40.0 3-1/2 2.1 145.8 

Cl-5 1 0.5 145.7 281.0 321.9 72.8 2.1 0.4 5.5 7.6 47.0 3-1/4 1.7 149.0 
2 .0.5 145.7 281.0 321.9 72.8 2.0 o.4 5.5 7.6 47.0 3 2.2 147.6 
3 o.5 145. 7 281.0 321.9 72.8 1.9 0.4 5.5 7.6 47,0 2-3/4 2.1 148.0 

Cl-6 1 o.6 124.1 298.0 314.9 74.4 2.1 o.4 5.5 6.5 49.0 3 1.9 146.8 
2 o.6 124.1 298,0 314.9 74.4 2.4 0.4 5.5 6.5 49.0 3 1.9 146.8 
3 o.6 124.1 298.0 314.9 74.4 2.2 0.4 5.5 6.5 49.0 3-1/4 1.9 147.2 
4 0.6 124.1 298.0 314.9 74.4 2.3 o.4 5.5 6.5 .49.0 3-1/4 1.8 147.0 

Cl-7 1 0.1 107.2 317.8 309.9 75.0 1.7 o.4 5.5 5.6 51.0 3 1.8 147.4 
2 0.1 107.2 317.8 309.9 75.0 1.8 o.4 5.5 5,6 51.o 3 1. 7 147.2 
3 0.1 107.2 317,8 309.9 75.0 1.9 o.4 5.5 5.6 51.0 3 1.6 146.8 

Cl-8 1 o.8 95.9 327.6 307.0 76.7 2.3 0.4 5.5 . 5.0 52.0 2-3/4 2.1 145.8 
2 0.8 95.9 327.6 307.0 76.7 2.3 o.4 5.5 5.0 52.0 2·3/4 2.2 145.8 
3 0.8 95.9 327.6 307.0 76.7 2.3 0.4 5.5 5.0 52.0 2-1/2 2.2 145.6 

(~) 
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.TABLI l (~IUID) 

Hixture Data 
Fine Coarae Sand/ Actual 

Water• SSD Batch Weighta 1 lb Aggregate Aggregate Batch Cement Aggregate Air Unit 
Round Cement 

Cement1 
Fine2 Coarael Moisture Moisture Volume, Factor Ratio Slump Content, Weight 

Mixture .l!.!!&.- !!ll!L Aggregate Aggregate !!.!!.!.!: Content 'Z Content '& cu ft Bag/cu yd 'Z vol l!!E!.!.!. '& ~ ,-

C2·4 1 0.4 172.0 210.0 379.1 68.8 2.2 0.4 s.s 9.0 36.0 3 -1.7 149.6 
2 0.4 172.0 210.0 379.1 68.8 2.0 0.4 5.5 9.0 36.0 2-3/4 1.8 150.4 
3 0.4 172.0 210.0 379.1 68.8 2.2 0.4 5.5 9.0 36.0 2·1/2 1.7 150.8 

C2·5 1 o.s 131.6 249.6 380.1 65.8 2.3 0.4 s.s 6.9 40.0 2-1/2 1.6 149.6 
2 o.s 131.6 249.6 380.1 65.8 2.1 0.4 5.S 6.9 40.0 2-1/2 1.7 149.6 
3 0.5 131.6 249.6 380.1 65.8 2.0 0.4 S.5 6.9 40.0 2-3/4 1.7 150.0 

C2·6 1 o.6 107.2 280,3 377.0 64,3 1.9 0.4 5.5 s.6 43.0 2-3/4 1.4 150,4 
2 0.6 107.2 280.3 377.0 64.3 2.4 0.4 5.S 5,6 43.0 2-3/4 1.5 150.2 
3 o.6 107.2 280.3 377,0 64.3 2.4 0.4 S.5 .5.6 43.0 2-1/2 1.5 150.0 

C2·7 1 0.1 94.0 290,3 375.8 65,8 2.3 0,4 5.5 4.9 44.0 2-3/4 1,3 150.2 
2 0.1 94.0 290.3 375.8 fi5.8 2.3 0.4 S.5 4.9 44.0 2-3/4 1.3 150.4 
3 0.1 94,0 290.3 375.8 65,8 2.6 0.4 5.5 4.9 44.0 2·1/2 1.2 150.4 

C2·8 1 o.8 82.7 302.6 375.3 66.2 2.0 0.4 5.5 4.3 45.0 3-1/4 1,3 149.2 
2 o.8 82.7 302.6 375 • .l 66.2 2.0 0.4 5.5 4.3 45.0 3 1.1 150.2 
3 o.8 82,7 302.6 375.3 66 .. 2 1.8 0.4 5.5 4.3 45.0 3 1.2 149.8 

Hote:l Type II, RC-579 
2 CRD-MS•17(4) 
3 For the Cl aeriea, CRD·G-31(12) wa• uaed for all batche• except Cl-4, Round 1 and Cl•8, Rounda 1, 2, and 3 which uaed CRD-G•31(4). The C2 aerie• 

uaed 60'& CRD-G-31(10) and 404 CRD-G-31(7) for each batch. 

' 



TABLI 2- Stl1MARY Of T!ST RESULTS 

Ring Strength, 
Water- Comereasive Strength, esi Briq1,1ette Flexural Strength1 esi Selittins Strength 1 e•i 2•1 
Cement Round Specimen 2-in. 3 x 6-in. 6 x 12-in. Stre~1gth 3ll x 4\ x 16- 6 x 6 x 30- 3 x 6-tn. 6 x 12-in. 6-tn. 12-tn. 

~ !!.ll!!.... ..1!2.a... No 1 .£!!.!!!.!.. £%linders CJ!:linders l!~i inch Be•• inch Beams CJ!:Undera CJ!:lindera Ring a .!!!!&!.. 
M4 0.4 l 1 11,700 9590 64(1 1050 798 1001 

2 11,350 9510 73~ 990 853 1019 
3 12,750 9815 711 985 790 1079 

Avg 11,930 9640 69~ 1008 814 1033 

M4 0.4 2 1 9,900 8715 81~ 83.5 709 910 
2 11,4.50 868.5 701! 890 644 910 
3 11,100 913.5 63~ 910 772 1019 

Avg 10,820 884.5 71~ 878 708 946 

M4 0.4 3 1 11,500 9280 685f 9.5.5 872 832 
2 11.025 913.5 722 930 842 1118 
3 11,600 9700 rnj 870 8.59 1014 

Avg 11,375 9372 719, 918 858 988 

M.5 o.s 1 1 8,350 7820 49.5 7.5.5 644 871 
2 8,600 7780 600, 740 617 806 
3 7,750 7265 6.50 780 650 897 

Avg 8 ,23;5 7620 .582 7.58 637 8.56 

M.5 0 • .5 2 1 9,400 7865 772 87.5 710 876 
2 9,7.50 769.5 770 85.5 742 962 
3 8,550 766.5 638 670 734 

Avg 9,23.5 7740 727 800 . 729 919 

(Contin11ed) 



TABLB2 (l:ONTINUED) 

Ring Strength, 
Water- Comereaaive Strength, eat Brh1uette Flexural Strength, esi Selitting Strength, e•! [!•1 
Cement Round Specimen 2-in. 3 x 6-in. 6 x 12-in. Str~ngth 3\ x 4\ x 16- 6 x 6 x 30- 3 x 6-in. 6 x 12-in. 6-in. 12-in. 

Mixture R~tio ~ No 1 ~ C:zlinden C:zlindera 1?•! inch Beams inch Beems C:zlinders £:zlindera Rings Rinu 

M5 0.5 3 1 9,950 8035 610 910 673 
2 9,675 8145 6i2 780 686 
3 10,625 8430 610 810 

Avg 10,085 8205 6~1 833 680 

M6 o.6 1 1 7,400 6310 708 889 609 949 
2 7,250 6250 1c>8 859 609 962 
3 6,950 6225 6fo 918 693 

Avg 7,200 6260 6l9 889 637 956 

K6 o.6 2 1 6,650 5600 725 795 435 819 
2 6,550 5630 6IO 745 560 806 
3 6,550 5910 65;0 655 471 858 

Avg 6,585 5715 66;0 730 489 828 

K6 o.6 3 1 6,650 5460 722 946 593 819 
2 6,450 57llJ 715 784 575 858 
3 5370 633 751 594 845 

Avg 6,550 5525 690 827 587 841 

K7 0.1 1 1 5,100 4740 578 780 564 767 
2 5,200 4625 67p 735 546 806 
3 5,025 4595 535 810 545 728 

Avg 5,180 46'3 59~ 775 552 767 

(Conti\llued) 

2 



TABL! 2 (q>HTIWKD) 

Ring Strength, 
Water- Ccn2r•••ive Strensth 1 2•1 Briquette Flexural Strensth1 2•1 s211tttns Strensth1 2•! 2.t 
Cement Round Specimen 2-111. 3 x 6-in. 6 x 12-in. Str,mgth 3lj x 4\ x 16- 6x6x30- 3 x 6-in. 6 x 12-in. 6•in. 12-in. 

!!!!.!.!!!.!. .!.!ll!?. ~ Nol ~ !<Xlinders !<Iliad era ·~Bi inch Beams inch Be...,. !<Xlindera Cxlindera Rtns• Rinsa 

K7 0.1 2 l 5,500 4750 5!18 719 422 767 
2 5,650 4670 5!15 628 472 689 
3 5,600 4610 Sj!.2 684 427 754 

Avg 5,600 4675 572 677 440 737 

K7 0.1 3 l 5,675 4570 5\'.)8 616 526 715 
2 5,650 4525 5l0 557 530 676 
3 5,575 4640 5:75 530 497 650 

Avg 5,635 4580 5:n 568 518 680 

K8 0,8 1 1 3,750 3310 495 545 350 637 
2 3,700 3340 5~3 545 372 663 
3 3,800 3395 485 640 385 

Avg 3,750 3350 4~8 575 369 650 

KB 0.8 2 l 3,500 3170 500 580 294 533 
2 3,600 3480 4$5 560 333 663 
3 3,450 3280 4:/0 550 403" 507 

Avg 3,515 3310 4~2 563 343 568 

K8 o.s 3 1 3,810 3340 4~5 570 443 611 
2 3,850 3170 508 490 419 624 
3 3,950 3140 4~0 495 400 629 

Avg 3,870 3215 4 8 518 421 621 

(ConUnued) 

, 



TABLE 2 (CONTI \M!D) 

Ring Strength, 
Water- Caneressive Strength, esi Briq11ette Flexural Strength 1 e•i Selitting Strength 1 e•l eai 
Cement Round Spec:tmen 2-in. J x 6-in. 6 x 12-in. Stre11gth 3\ x 4\ x 16- 6 x 6 x JO· J x 6-in. 6 x 12-in. 6-in, 12-in, 

Mixture .R!!!2 .1!!?..... No. ~ Cylinders Cylinders e~1 inc:h Belll'Ra inc:h Beams Cylinders Cylinders Rings Rings 

K9 0.9 1 1 J,000 2660 4~8 498 172 585 
2 2,850 2630 390 453 327 624 
3 3,150 2885 4~5 396 157 494 

Avg 3,000 2725 408 449 219 568 

K9 0.9 2 1 3,345 2770 508 466 336 676 
2 3,575 2915 475 525 393 663 
3 3,420 2870. 5~8 544 328 

Avg 3.445 2850 500 512 352 670 

H9 0,9 J 1 3,650 2970 4~8 432 367 598 
2 3,300 2855 5~0 477 263 611 
3 3,350 2855 . 4~7 512 266 611 

Avg 3,435 2905 4~8 474 299 607 

Cl-4 0,4 1 8820 1003 1110 700 988 728 
2 8590 1037 1100 750 962 715 
3 8390 1045 1110 770 975 650 

Avg 8600 1028 1107 740 975 698 

Cl-4 o.4 2 1 8670 1013 980 800 897 
2 8840 1033 1070 850 806 
3 8510 968 1000 520 845 

Avg 8675 1005 1017 723 849 

(Contin
1

.ued} 
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TABLI I (C\)NTillUID) 

Ring Strength, 
Water- Caaere••ive Strength 1 e•i Briqµette Flexural Strensth1 E•i Selitting Strength 1 E•i l?ei 
Cement Round Specillen 2-in. 3 x 6-in. 6 x 12-in. Stre1tgth 3\ x 4\ x 16- 6 x 6 x 30- 3 x 6-in. 6 x 12-in. 6-in. 12-in. 

~ .!!!.!!!! .1!2s- No 1 ~ ex Under• Cxlinders e~i inch Beams inch Beams cxlinders ex linden Rings Rings 

Cl-4 0.4 3 1 8680 .. , .. 1107 1050 680 910 806 
2 8950 -·,• 1045 1120 630 923 8S8 
3 8860 1092 USO 720 936 923 

Avg 8830 1081 U07 677 923 862 

Cl-4 0.4 4 1 8210 952 U40 790 897 767 
2 8480 1043 1130 760 936 923 
3 8680 1047 U80 690 84S 689 

Avg 8460 1014 USO 747 893 793 

Cl-S o.s l l 7140 1003 870 610 819 819 
2 7120 926 900 750 936 71S 
3 7380 968 840 S70 832 780 

Avg 7215 966 870 643 862 771 

Cl-S o.s 2 1 7670 1001 1030 730 793 728 
2 7710 930 990 710 832 S20 
3 7660 997 930 780 84S 

Avg 7680 976 983 740 823 624 

Cl-S o.s 3 1 7710 841 960 700 884 871 
2 7730 926 1010 700 1066 871 
3 7S70 903 970 670 nos 819 

Avg 7670 890 980 690 1018 854 

(C-tin
1

ued) 
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TABLI J (CO\'ITIHUZD) 

Ring Strength, 
Water- caa2re••1ve Strength1 2•1 8r1q1~ette Flexural Strensth1 2•1 s211ttln1 Strensth 1 2•1 !Bi 
Cement Round Specimen 2•1n. J x 6-in. 6 x 12-1n. Stre11gth 3\ x 4\ x 16- 6 x 6 x JO- J x 6-ln. 6 x 12-ln. 6·1n. l2•1n. 

!!!!!!!.!!. !.!.ll2.. ~ No 1 £!!!?!.!... £J:lindera £J:lindera !~i inch Be-• inch Be-• Cilindera CJ: Uncle rs Rina- Rinse 

Cl-6 o.6 1 1 5380 -·,· 867 890 580 923 715 
2 5250 -·,· 794 900 580 936 767 
J 5250 ••,• 832 860 580 806 741 

Avg 5295 -·,· 831 883 580 888 741 

Cl-6 0.6 2 1 5360 725 820 640 845 819 
2 5450 859 850 650 806 780 
3 5590 796 780 790 858 

Avg 5455 793 817 693 836 800 

Cl-6 o.6 3 1 5670 841 920 580 910 
2 5890 774 980 610 897 
3 5730 867 930 610 

Avg 5765 827 943 600 903 

Cl-6 o.6 4 1 5840 895 860 560 910 
2 5750 866 760 630 845 
3 5770 812 790 570 910 

Avg 5785 857 803 587 888 

Cl-7 0.1 1 1 4410 764 780 470 728 637 
2 4380 715 740 430 793 715 
3 4460 650 795 460 793 

Avg 4415 710 772 453 771 676 

(Contio~ed) 

• 



TABLE 2 (COlftlNUBD) 

Ring Strength, 
WA tel'- Comel'eeeive Strength1 e•i lll'iquej:te Plexurel Stl'en1th 1 e•i Selitting Stl'ength1 e•i eet 
Cement Round Specimen 2-in. 3 x 6•1n. 6 x 12-in. Strengj:h 3\ x 4\ x 16- 6x6x30- 3 x 6-in. 6 x 12-in. 6-ln, 12-in. 

!!!!!!!!! !!ll2... -1!2L... No. ~ Cylinders Cylinders _E.!!. inch Be..,.• inch lie•• Cylinders Cylinders Rings Ring• ,-

Cl-7 0,7 2 l 4370 715 830 490 962 858 
2 4590 579 800 480 715 780 
3 4460 630 800 500 845 689 

Avg 4473 641 810 490 841 776 

Cl-7 0.1 3 l 4300 606 730 450 806 624 
2 4680 670 660 46il 754 676 
3 4250 616 660 510 728 

Avg 4410 631 683 473 780 676 

Cl-8 o.8 1 l 3240 614 680 430 728 546 
2 3240 638 650 430 676 572 
3 3240 632 660 420 

Avg 3240 628 663 427 702 559 

Cl-8 0.8 2 l 3240 616 620 420 650 429 
2 3210 620 640 420 676 538 
3 3110 579 670 420 624 468 

Avg 3190 605 643 420 650 478 

Cl-8 0.8 3 1 3120 668 590 410 611 481 
2 3170 646 690 400 624 
3 3110 642 610 360 598 

Avg 3130 652 630 390 611 481 

( Continue,
1

d) 
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TABLE 2 (CO!fllNU!l>) 

Ring Strength. 
Water- Comere11ive Strength1 e•i Briqu,ette Flexural Strength1 e•i Selitting Strength 1 e•i l!Bi 
Cement Round Specimen 2-in. 3 x 6-in. 6 x 12-in. Streqgth J's x 4\ x 16- 6 x 6 x 30- 3 x 6-in. 6 x 12-in. 6-in. 12-in. 

~ !!!.!.2._ _!!2a,_ No1 f!!!!!.!. cxHnders cxlindera ---1?!._i_ inch Beams inch Beem• cxHnders cxlinders Rings Rings 

C2-4 0.4 l l 9050 990 720 936 
2 8800 1030 750 975 
3 8910 1040 740 845 

Avg 8920 1020 737 919 

C2-4 0.4 2 l 7790 960 760 650 
2 8210 950 700 650 
3 8430 900 760 806 

Avg 8145 937 740 702 

C2-4 o.4 3 l 8660 990 800 819 
2 8210 1030 640 728 
3 8270 940 800· 832 

Avg 8380 987 747 793 

C2-S o.s 1 1 6980 940 620 702 
2 7140 890 590 728 
3 7170 950 580 728 

Avg 7095 927 597 719 

c2-s o.s 2 1 7300 820 650 754 
2 7140 800 630 728 
3 7180 840 630 676 

Avg 7205 820 637 719 

(Continl
1

ted) 
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TABLE 2 (~NTINUBD) 

Ring Strength, 
Water- Comereaaive Strength1 e•i Briciuette Flexural Strength 1 eat §elitting Strength 1 e•i es1 
Cement Round Specimen 2-in. 3 x 6•1n. 6 x 12-in. Streingth 3\ x 4\ x 16- 6 x 6 x 30- 3 x 6-in. 6 x 12-in. 6•in. l2•in. 

~ .!!!ll2.... ...!!!!.L.. No1 ~ CJ:linders CJ:lindera ~·i inch Beams inch Beams C!linders C!linders .!il.!!&!.... Rings 

c2-5 0.5 3 1 7080 880 660 845 
2 7130 840 730 832 
3 7320 920 600 858 

Ava 7175 880 663 845 

C2·6 0.6 1 1 5440 750 600 676 
2 5250 710 600 650 
3 5430 780 480 702 

Ava 5375 767 560 676 

C2·6 0,6 2 1 5370 820 52(} 572 
2 5770 710 520 715 
3 5520 790 500 728 

Avg 5555 793 513 672 

C2•6 0,6 J 1 5910 800 590 780 
2 5910 780 600 715 
3 5550 780 620 754 

Aug -5790 787 603 750 

C2-7 0,7 1 1 4590 690 500 728 
2 4610 720 480 624 
3 4640 660 510 676 

Avg 4613 690 497 676 

' 



TABLE 3. SUMMARY OF RING PORTION DATA 

6-in. Rings 
Ring Tensile Nmnber 

Mixture Round Ring Weight, Strength, of Angle between Breaks, 
Number No. No. lb psi Breaks Degrees 

M4 1 1 4.S6 1001 s 12, 100, 83, 98, 67 
2 4.S7 1019 s 34, 74' 86, 86, 80 
3 4 .st* 1079 s 39, S2, 86, 87, 96 

2 1 4.S2 910 6 47, 88, S9, 49, 64, S2 
2 4.49 910 s 27, 81, 90, 88, 74 
3 4.46 1019 s 44, 107, 87, 71, Sl 

3 1 4.S8 832 s 49, 62, 88, 87, 74 
2 4. S6 1118 s 37, 7S, 86, 79, 83 
3 4.S8 1014 6 44, S9, 68, 43, 69, 77 

MS 1 1 4.46 871 s 30, 79, 103, 88, 60 
2 l •• 50 806 4 77, 96, 110, 77 
3 4.SO 897 s 4S, 88, 78, 82, S7 

2 1 4.47 876 s 43, 81, 84, 81, 71 
2 4.52 962 4 79, 88, 100, 93 

M6 1 1 949 5 43, 72, 82, 94, 69 
2 962 5 52, 57, 89, 57, 105 

2 1 4 ,'•3 819 6 30, 37, 38, 96, 84, 75 
2 l;. 56 806 ·s 40, 72, 108, 76, 64 
3 '•. 54 858 5 31, 76, 102, 87, 64 

3 1 4.54 819 6 42, 79, 56, 48, 78, 57 
2 4.53 858 5 . 30, 90, 84, 77, 79 
3 4.54 845 5 41, 94, 91, 75, 59 

M7 1 1 4.50 767 4 85, 90, 91, 94 
2 4.S4 806 5 49, 102, 72, 81, 56 
3 4.53 728 4 40, 142, 100, 78 

2 1 4.51 767 5 32, 72, 88, 89, 79 
2 4.48 689 4 81, 100, 84, 95 
3 4.50 754 4 89, 83, 92, 96 

3 1 4.48 71S 6 35, 42, 45, 111, 69' S8 
2 4.51 676 4 78' 92, 78' 112 
3 4.44 650 5 49, 45, 76, 91, 99 

(Continued) 



TABLE 3 (CONTINUED) 

6-in. Rin s 
Ring Tensile Number 

Mixture Round Ring Weight, Strength, of Angle between Breaks, 
Number No. No. . lb psi Breaks Degrees 

MS 1 1 4.45 637 5 50' 54, 92, 80, 84 
2 4.49 663 5 38, 81, 87, 88, 66 

2 1 4.47 533 5 59, 88, 57, 59' 97 
2 4.45 663 5 32, 71, 103, 91, 63 
3 4.46 507 4 71, 104, 80, 105 

3 1 4.44 611 5 50, 104, 84, 66, 56 
2 4.44 624 5 37, 79, 74, 91, 79 
3 4.45 629 5 41, 52, 99, 87, 81 

M9 1 1 4.39 585 4 76, 92, 100, 92 
2 4.46 624 4 74' 105, 86, 95 
3 4.42 494 4 75, 86, 100, 99 

2 1 4-.46 6-l6- s- 58, 55, 89, sz-, 76-

2 4.58 663 4 73 J 88, 115, 84 

3 1 4.46 598 5 44, 96, 89 J 82, 49 
2 4.45 611 5 46, 57 J 89, 103 J 68 
3 4.47 611 5 43, 49 J 83, 89, 96 

Cl-4 1 1 4.88 988 4 76, 95, 78, 111 
2 4.81 962 5 40 J 78, 117, 75, 50 
3 4.80 975 6 34, 82, 41 J 74, 79 J 50 

3 1 4.80 910 5 46, 105, 84, 60, 65 
2 4. 78 923 4 83, 112, 86, 79 
3 4.90· 936 5 31, 73 78, 95, 83 

4 1 4.89 897 4 66, 95, 93, 106 
2 4.83 936 6 42, 43, 82, 84 J 51, 58 
3 4.80 845 4 68, 104, 106, 82 

Cl-5 1 1 4.80 819 4 8 1, 92, 85, 102 
2 4.75 936 4 51, 146 J 100, 63 
3 4.80 832 4 83, 87, 91, 99 

2 1 4.92 793 5 55, 58, 100, 64, 83 
2 4.89 832 4 71 J 101, 112, 76 
3 4.85 845 ·4 69, 101, 92, 98 

(Continued) 



TABLE 3 (CONTINUED) 

6-in. Rings 
Ring Tensile Number 

Mixture Round Ring Weight, Strength, of Angle between Breaks, 
Number Noo . No. lb psi Breaks Degrees 

Cl-5 3 1 4.91 884 4 58, 87, 101, 114 
2 4.92 1066 4 87, 96, 88, 89 
3 4.95 1105 4 68, 109, 108, 75 

Cl-6 1 1 4.79 923 5 40, 83, 86, 44, 107 
2 4.80 936 4 80, 95, 103, 82 
3 4.85 806 4 79, 94) 104 83 

2 1 4.80 845 4 81, 104, 85, 90 
2 4.82 806 5 18, 87, 105, 88, 62 
3 4.79 858 4 81, 93, 95, 91 

3 1 4.81 910 5 44, 48, 89, 98, 81 
2 4.78 897 3 113, 114, 133 

4 l 4.80 910 4 so-, 7t+) i13, 12~ 
2 4.79 8l~5 4 73, 104, 102, 81 
3 4.84 910 4 70, 74, 97, 119 

Cl-7 1 1 4.75 728 4 76, 113, 94, 77 
2 4. 77 793 5 30, 77, 67, 97, 89 
3 4.80 793 4 80, 89, 98 J 93 

2 1 4.80 962 5 31, 91, 73, 58, 107 
2 4.81 715 5 42, 69, 108, 84) 57 
3 4.79 845 4 63, 94, 110, 93 

3 1 806 5 48, 95, 62, 102, 53 
2 754 5 30, 69, 75, 104, 82 

Cl-8 1 1 4. 71 728 5 40, 64, 89 J 90, 77 
2 4. 71 676 4 77) 109, 87, 87 

2 1 4. 71 650 6 34, 70, 90, 44, 51, 71 
2 4.67 676 5 41, 67, 83, 101, 68 
3 4. 71 624 5 48, 83, 81, 85, 63 

3 1 4.75 611 4 69) 86, 119) 86 
2 4.82 624 5 38, 97, 67, 109, 49 
3 4. 77 598 5 37, 61, 92, 79 J 91 

(Continued). 
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TABLE 3 (CONTINUED) 

12-in. Rings 
Mix- Ring Tensile Number 

ture· Round Ring Weight, Strength, of 
No. No. No. lb psi Breaks Angle between Breaks, Degrees 

Cl-4 1 1 38.10 728 6 44 70 71 47 77 51 
2 37.61 715 7 34 40 50 41 84 73 38 
3 37.95 650 6 47 76 67 49 53 68 

2 1 37.62 897 7 30 30 44 60 36 78 82 
2 37.55 806 7 28 57 57 42 29 58 66 
3 37.95 845 6 40 46 64 60 48 102 

3 1 38.20 806 7 15 51 41 79 73 45 56 
2 37.61 858 8 21 42 46 49 37 54 79 32 
3 37.92 923 6 45 45 79 63 55 73 

4 1 37.68 767 6 22, 90 45 '•4 97 62 
2 38.20 923 6 40 49 72 80 55 64 
3 37.55 689 7 36 80 69 37 60 36 42 

Cl-5 l l 3-7. 9-0 8-19 6 29 84. Ja- sz.· 8Z. 71 
2 38.45 715 6 28 66 60 53 50 103 
3 38.50 780 7 20 44 81 41 71 66 37 

2 1 38.40 728 6 29 117 42 76 41 55 
2 38.61 520 4 57 108 89 106 

3 1 38.85 871 7 18 73 43 52 81 35 58 
2 38.40 871 8 32 40 34 49 37 45 43 80 
3 38.20 819 7 24 67 58 28 75 36 72 

Cl-6 1 1 38.29 715 5 44 95 80 92 47 
2 38.09 767 6 35 48 35 54 90 98 
3 38.20 741 6 35 64 78 37 61 85 

2 1 37.55 819 7 32 35 78 39 48 76 52 
2 38.28 780 4 75 93 89 103 

Cl-7 1 1 37.90 637 3 114 115 131 
2 37.80 715 4 83 95 88 94 

2 1 38.48 858 6 36 90 67 40 73 54 
2 37.80 780 6 33 38 40 100 75 74 
3 38.09 68 9 5 28 83 94 69 86 

(Continued) 
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TABLE 3 (CONTINUED) 

12-in. Rings 
Ring Tensile Number 

Mixture. Round Ring Weight, Strength, of 
Number No. No. lb psi Breaks Angle between Breaks, Degrees 

Cl-7 3 1 36.90 624 5 53 95 69 55 88 
2 36.75 676 6 33 74 65 87 64 37 
3 37.00 728 6 30 42 46 92 83 67 

Cl-8 1 1 36.81 546 4 81 81 95 103 
2 37.00 572 6 24 75 44 57 81 79 

2 1 37.52 429 4 71 106 81 102 
2 37.60 538 4 75 86 105 % 
3 37.05 468 4 74 90 93 103 

3 1 37.18 481 5 41 . 79 95 92 53 

C2-4 1 1 38.25 936 8 29 so 41 58 35 42 45 60 
2 37.70 975 5 40 58 96 89 77 
3 37.95 845 5 41 57 75 82 105 

2 1 37.80 650 5 33, 72 104 95 56 
2 38.10 650 5 37 46 90 104 83 
3 38.25 806 6 45 83 50 47 78 57 

3 1 39.00 819 5 45 72 71 88 84 
2 38.70 728 9 32 40 38 48 34 56 34 41 
3 39.00 832 5 27 76 76 94 87 

C2-5 1 1 38.60 702 6 41 50 61 80 44 84 
2 39.00 728 5 47, 87· 90 82 54 
3 39.00 728 5 56 77 64 95 68 

2 1 38.80 724 6 28 76 80 6l~ 30 82 
2 39.30 728 6 38 86 70 47 39 80 
3 39.60 676 5 41 91 72 93 63 

3 1 39.60 845 7 36 51 41 48 61 46 77 
2 39.50 832 7 31 53 48 48 45 39 96 
3 39.80 858 .5 53 79 71 69 88 

C2-6 1 1 37.t~o 676 5 41 73 86 83 77 
2 37.00 650 4 77 99 96 88 
3 37.10 702 5 56 61 105 77 61 

(Continued) 
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TABLE 3 (CONTINUED) 

12-in. Rings 
Ring Tensile Number 

Mixture Round Ring Weight, Strength, of 
Number No. No. lb psi Breaks Angle betueen Breaks, Degrees 

C2-6 2 1 36.18 572 4 73 101 91 95 
2 36.40 715 4 54 94 112 100 
3 36.90 728 5 37 84 83 82 74 

3 1 36.30 780 6 20 66 26 80 81 87 
2 36.87 715 5 42 73 92 105 48 
3 36!55 754 6 30 64 74 61 45 86 

C2-7 1 1 39 .00 . 728 5 43 97 87 75 58 
2 39.20 624 6 38 82 80 40 77 43 
3 38.55 676 5 30 66 74 95 95 

2 1 39.00 676 6 41 62 51 84 78 4lt-
2 37 .80 611 4 59 71 104 126 
3 38.50 520 5 35 88 92 87 58 

3 1 37.95 624 5 49 106 50 71 84 
2 38.75 611 4 64 89 96 111 
3 39.00 .598 ·5 30 63 108 62 97 

C2-8 1 1 38.30 624 5 44 79 92 85 60 
2 38.50 546 4 84 85 99 92 

2 1 39.05 572 6 25 71 83 77 32 72 
2 39.00 546 4 67 87 100 106 
3 38.70 390 5 51 71 79 76 83 

3 1 38.50 338 5 56 62 94 64 84 
2 38.70 546 4 67 117 98 78 
3 39.00 546 5 52 73 84 54 97 

6 



TABLB--Wl'ntIN-BATCH JI.ND ll!TW!!N-BATCll!S 
COEFFICIENTS OF VAR.IAnON FOR. THE H SER.US T!STS 

Coefficient of Variation Percent 
Pooled Average Tensile Split- ling Tenlion 
Compressive Campreuion Compression T•st Direct Briquette Flexure THt 3\ x ting Teat Teat 6-in. 

Strength at 28 Teat, 2-in, cubes 3 x 6-in1 Cil,1 Test 4~ x 16-in 1 Beams 3 x 6-in1 CI1 1 Diameter Rings 
Water- No. of DaIS age 1 !!al Within Within Within Within Within Within 

Hix Cement Teat 2-in. 3-x 6-in, Batch, Between Batch, Betw\!en Batch, Between Batch, Between Batch, Between Batch, Between 
Serie• ..!!!ll2.. .!!!llh!!. ~ ex linden ~ ~ ~ Batches ..EAt_ ~ ...!!&.t_ ~ ...!!&.t_ !!!£!!!.!. ~ !llih!.!. 

" 0.4 3 11375 9285 6.3 4.9 2.5 4.4 7.9 1.9 4.3 7.1 5.0 9.7 8.4 4.4 

0.5 3 9185 7855 5.6 10.1 2.6 3.9 9.8 11.1 8.3 4.7 2.1 6.7 6.0* 5.0* 

0.6 3 6780 5835 2.1 5.4 2.4 6.5 7.8 2.2 8.5 9.8 7.5 13.2 2.2 8.o 

0.1 3 5450 4635 1.3 5.4 1.5 1.1 7.8 5.6 6.5 15.4 3.9 11.4 5.2 6.1 

o.8 3 3660 3290 1.8 3.4 3.1 2.1 5.5 3.8 1.0 5.4 8.7 10.5 6.4 6.8 

0.9 3 3295 2825 4.6 1.1 3.2 3.2 6.6 10.1 9.3 6.6 24.3 23.1 4.8 8.4 

Ayg Yalau of Coeffleleat of Yarlatloa 3.6 6.2 2.6 3.5 7.6 5.8 7.3 1.2 8.6 12 • .- 5.5 6 ... 

* Calculated using two batches. 



Pooled Average 
Compressive 

Strength 
Water- Ho, of at 28 Days 

Mix Cement Test Age, 2si 
~ ~ ~ 6 x 12-in. cxi.. 

Cl 0.4 4 8640 

o.s 3 7520 

0,6 4 5575 

0,7 3 4435 

0,8 3 3185 

AYI Yalaas of eo.tflelant of Yaristlon 

* Calculated uaing three batches 
** Calculated using two batchea 

(Cont!Jo+aad) 

TABLE• - VITHIH-BA'l'CH AND BB'l'VBBN-BATCHBS 
OOBFFICIBNTS OP VARL\TIO~ FOR THI Cl SEllUS ftSTS 

Coefficient of Variation 1 Percent 
Fle!2ral Test Tensile 

Compression Test 31.i x 41.i x 16 ir~. 6 x 6 x 30 in, Splitting Test 
6 x 12-in. cx1, Beams Beams 6 x 12-in, cx1. 
Within Within Within Within 
Batch, Between Batch, Between Batch, Between Batch, Between 
~ Batches ~ Batchfls ~ ~ ...!!s.:.... ~ 

2,2 1.8 3,4 3,3 3,0 S,l 10.8 4.4 

1.2 3.S 4,3 5,0 3,8 6,8 7.4 7.0 

1,6 4,3 5,9 3,2 4,1 7.5 5,4 8,6 

2,9 0,8 8,1 6,S 3,9 8,6 4.S 3,9 

1.0 1.7 2.6 3.7 4,9 2,6 2,7 4.8 

1.8 2.• •• 9 .. , 3,9 6,1 6,2 5.7 

(Coatl,...d) 

2 

Ring Tension Test 
6 in 1-Dia 1 Ring 12-in1 Di! Ring 

Within Within 
Batch, Between Batch, Between 
~ .l!.!!S!!!! ~ .l!.!!S!!!! 

2,6* 4,4* 8,3 9,3 

7.4 11.4 11.3 15,5 

4.1 3,3 3,5** S.4** 

8,1 4,8 8,9 8,1 

3,8 7.0 7,4 9.1 -5.2 6,2 7.9 9,5 



Pooled Average 
Compressive 
Strength 

at 28 Days 
Mix Cement Tut Al!ie 1 est 

1!.tl.!! .!.!!!!?,_ ~ 6 x 12-in1 £11 

C2 o.4 3 8480 

0.5 3 7160 

o.6 3 5575 

0.1 3 4420 

0,8 3 3365 

A.g Yal ... of Coefflclallt of Yarlatloa 

(Coat .... 4) 

TABLE •-WITHIN-BATCH AND BE'l'W!EH-BATCHES 
COEFFICIENTS OF VARIATION FOil THE C2 SERIES TESTS 

Compression Test 
6 X-12-in. Cyl 1 
Within ,-

Batch, Betve~ 

....!:!r._ Batche~ 

2.8 4.7 

1.4 0.8 

3.1 3.7 

1.2 3.8 

2.6 2.7 

2.2 3.1 

Coefficient of Variation, Percent 
Flexure Test :6 x Tensile Splitting 
6 x 30-in. Beams Test 6 x 12-in, Cyl 
Within Within 
Batch, Between Batch, Between 
....!:!r._ ~ ....!:!r._ ~ 
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Photograph t. 6- and 12-in. ring casting molds. 
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'Photograph 2. Tutlng jlg bate platea and loading bladder•. 



' Photograph 3. Concrete rings, in teat f.ng j lg1 • 



Photograph 4. Assembled testing jigs. 



Photograph 5.' Typical failure of 6-in. M series ring. 



Photograph 6., ure of 6-in. Cl ring. 
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