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pEU DIES Ors AW ING CONCRETE” 
By F. H. JACKSON, Senior Engineer of Tests, and W. F. KELLERMANN, Associate Materials Engineer, U. S. Bureau of Public Roads 

undertaken primarily for the purpose of deter- 
mining the effect of variations in the quantity of 

coarse aggregate upon the strength, density, and other 
properties of concrete pavement slabs which had been 
placed and finished in accordance with normal field 
practice. Experience in the use of multiple sizes of 
coarse aggregate in concrete pavement work in North 
Carolina and other States during the past few years 
has indicated the possibility of increasing the quantity 
of coarse aggregate per unit of volume of concrete 
beyond the limit which had previously been considered 
good practice and in this way producing a denser as 
well as a more economical mixture, provided only that 
the uniformity of the grading of the coarse aggregate 
and therefore its void content was controlled rigidly 
by handling and measuring it in separate sizes. 

It was realized at the outset that an investigation 
of this sort, involving as it did that most elusive 
property of concrete which we call ‘‘workability,” 
could not be performed satisfactorily in the laboratory. 
In spite of strenuous efforts on the part of many 
investigators, no satisfactory laboratory test for work- 
ability has as yet been developed. Furthermore, this 
whole matter of workability is tied up so intimately 
with methods of handling and finishing used on the 
job that it is impossible to set up any laboratory 
standard which will give more than comparative 
results. In other words, a concrete which by some 
laboratory standard may be rated as “unworkable” 
may be quite workable under certain job conditions. 
For this investigation the percentage of visible honey- 
comb in the concrete, as revealed by a careful examina- 
tion of the slabs, all of which were constructed in 
accordance with standard field practice, together with 
the uniformity of strength as determined by testing 
beams taken directly from the pavement, has been 
used to measure the uniformity and therefore the 
workability of the concrete. On this basis any con- 
crete mixture which can be so handled as to produce 
a uniform homogeneous slab without unduly raising 
labor costs or reducing efficiency in operation is 
“‘workable”’ concrete, and any concrete which can not 
be so handled is not workable, in spite of any rating 
which it may receive by some arbitrary test. 

Most of the information which we have regarding 
the properties of concrete at’the present time has been 
obtained in the laboratory on small-sized beams and 
cylinders. While these data are of great value in 
helping us to understand some of the fundamental 
relationships governing the quality of concrete, as, 
for instance, the relation between water-cement ratio 
and strength, we must realize that it is the finished 
structure with which we are primarily concerned and 
that we are not in a position to make the best use of 
laboratory test data until we know to just what extent 

y ‘HE tests which are reported in this paper were 

1 The bureau desires to express its appreciation of the courtesy extended by the 
following companies in loaning the equipment indicated in each case for use during 
the construction of the test pavement: 

National Equipment Co., 27E paver 
Blaw-Knox Co., Ea ycarutien: bin with weighing batcher and steel road forms. 
Heltzel Steel Form & Iron Co., 2-compartment bin with weighing batcher and 

teel road forms. 
Lakewood Engineering Co., 

finishing machine. 
. W. French Co., Ord double-screed finishing machine. 

Duquesne Slag Products Co., crushed slag. 

69202—31 

Lakewood combination single screed and tamper 

tests on molded specimens measure the quality of the 
concrete in the structure. This investigation furnished 
van excellent opportunity to study these relationships, 
both for crushing strength, through the use of molded 
cylinders compared with cores drilled from the pave- 
ment, and for transverse strength, through the use of 
molded beams compared with large beams taken from 
the pavement. 

PROJECT DESCRIBED 

In order to develop information along these lines, the 
Bureau of Public Roads during the summer of 1929 
constructed an experimental concrete pavement 9 feet 
wide and approximately one-half mile long, using 
standard construction methods and appliances through- 
out, except that provision was made for creating planes 
of weakness to permit the removal of the pavement in 
sections for test purposes. The pavement was built 
at the Arlington Experiment Station of the Depart- 
ment of Agriculture at Arlington, Va., on the right 
of way of an abandoned electric line. "This provided 
a graded, well drained, level subgrade which proved 
ideal for the purpose. 

A total of 265 sections, each 9 feet in length, was 
constructed. The program called for the construction 
of six sections per day, three sections of each of two 
proportions, using a given type and gradation of coarse 
ageregate and method of finishing. In each group of 
three the water content was varied so as to produce 
a variable consistency ranging from the driest mix 
which it appeared possible to place without undue 
effort on the part of the finishers to a consistency 
approximating a 2 to 3 inch slump. No effort was 
made to produce wet consistencies such as have some- 
times been used in the past, because it was felt.that 
the dangers. of overwet concrete are sufficiently well 
known and require no demonstration. On the other 
hand, the water-cement ratio method of proportion- 
ing, the adoption of which is being strongly urged, 
encourages the use of dry concrete, so that it seemed 
desirable to study mixtures of this sort rather than the 
wet consistencies which are recognized as undesirable 
by everyone. 

MATERIALS AND PROPORTIONS 

In order to cover adequately the question of type 
of coarse aggregate as it affected the workability of the 
concrete and therefore the limiting quantity which 
might be used with safety, a siliceous limestone having 
a rather sharp angular fracture and a bank gravel con- 
taining some crushed fragments were used in the tests. 
In addition, a limited number of sections were laid 
with blast furnace slag as coarse aggregate. 

The cement was a standard brand Portland, meeting 
all requirements of the American Society for Testing 
Materials. It was shipped by car direct from the mill 
to the site of the work and all of the cement came 
from one bin. The results of physical tests of this 
cement are given in Table 1. 

The fine aggregate consisted of sand from the 
Potomac River, having a fineness modulus of 2.65. 
Average test data are givenin Table 1. It was realized, 
of course, that the grading and other characteristics of 
the sand used in these experiments would have a marked 
effect upon the amount of coarse aggregate which could 

145 



146 PUBLIC ROADS Vol. 12, No. 6 

TABLE 1.—Physical properties of cement and fine aggregate 

1. Portland cement: 
Fineness, percentage retained on 200-mesh sieve - - - 
Time of set (Gillmore)— 

14. 7 

Initial: 0 Os See ee oe eee 3 hours, 8 minutes. 
Bing 3 oe ee ees 6 hours, 3 minutes. 

Steal westrormcsOun des: a= === === Satisfactory. 
Normaliconsistency, sper CON ee =a eee aoe 2.6 
Tensile strength (pounds per square inch, 1:3 

Ottawa sand mortar)— 
At daysile. Sa re Sea ee oe eee oe. Bi 
AGe23' dave co sete cote sa hee oe ee ee oe tees 400 

(Results are average of 14 samples tested.) 
2. Fine aggregate: 

Sieve analysis !— 
Total retained on %4-inch screen, per cent_---- 1 
Total retained on No. 10 sieve, per cent -- ---- 14 
Total retained on No. 20 sieve, per cent-_ __-_-- 32 
Total retained on No. 30 sieve, per cent------ 45 
Total retained on No. 40 sieve, per cent-_-_---- 69 
Total retained on No. 50 sieve, per cent_----- 86 
Total retained on No. 80 sieve, per cent_----- 94 
Total retained on No. 100 sieve, per cent_ -_-__-- 96 
Total retained on No. 200 sieve, per cent-_-_-- 97 
Siltrandsel ayer Cry Celi are eee ener rn oe 2.8 

AT DATEM Gy SPECIE GeO Vil Ui Veey en ee 2. 65 
Weight per cubic foot (dry-rodded), pounds------- 102 
Absorption (Rea’s method), per cent__----------- O), 7 
VOlds) per: Certs asin ee ee ee ee ee ee ses 38 
Organic matter (color test) _.-____--._.-.-.- Satisfactory. 
Strength ratio— 

(Cavs ieee ous 20 Es eee Se ee ae ee ee 96 
DSTA VS ea ees eee ae ee ee 113 

Description: Sand consists essentially of angular quartz 
grains, containing some chert, feldspar, and mica. 

1 Sieve analysis is average of 96 samples tested. 

TABLE 2.—Physical properties of coarse aggregates 

Weight | 
. Specific | Absorp- Wear | per cubic Toi 

Type of aggregate gravity tion foot (dry Voids 
: rodded) 

Per cent | Per cent | Pounds | Per cent 
Gravelxerading7A =e see 2. 67 OFZ } 14.3 { 108 35 
Gravel, grading B___.-_-__-__--. 2. 64 - 43 ‘ 105 36 

Stone, grading eA eee ee 2.72 12 \ eel { 102 40 
StoneneTadingeb = sees PAP 2, 101 41 

Slag twee 2 aes A eee DAY. fle te eek 1252 87 44 

1 Not standard test; made with crushed rock. 

TABLE 3.—Gradings of coarse aggregate 

Per cent by weight passing round-open- 

Aggregate wae 7 mas ee! 

24-inch | 14-inch | 34-inch | 34-inch 

Gravelisees- a ae eee ee A 100 50 25 0 
AD Tie caw ote SOE PER ee eS Bie 100 60 0 

CONG ac fee tenance Ree A 100 50 25 0 
D028 383525 5 ee ee B 100 37 10 0 

Slagsca sea eie See ee aren, ere A 100 50 25 Q 

be used. It is well known that in general the finer the 
sand the higher the percentage of coarse aggregate by 
volume which may be employed without exceeding the 
limits of workability. However, it was obviously im- 
possible to study any great range in fine aggregate 
gradations in a program such as this. It was decided, 
therefore, to use a single sand of average gradation with 
varying percentages of coarse aggregate, beginning at a 
value sufficiently low to insure a well-oversanded mix 
for the particular type of sand selected and increasing 
the amount of coarse aggregate by definite steps until 
a distinctly undersanded mix, as judged by laboratory 
standards, had been obtained. 

The results of the physical tests of the three coarse 
aggregates are given in Table 2. The limestone was 
obtained from Martinsburg, W. Va.; the gravel from 

Fredericksburg, Va.; and the slag from Birdsboro, Pa. 
Each aggregate was ordered shipped to the job in three 
separate sizes, as follows: \-inch to %-inch, %4-inch to 
14-inch, 14-inch to 2%-inch. The separated sizes were 
combined by weight to give the combined aggregate 
gradations indicated in Table 3. 

PER CENT PASSING 

2a iz 2 
SCREEN SIZE-INCHES-ROUND OPENINGS 

Figure 1.—\GRADINGS OF COARSE AGGREGATES AS DESIGNED 

Iz og 23 

It will be noted that in the case of the gravel and the 
crushed stone two gradings were employed. Grading 
A is the so-called straight-line grading, showing an even 
distribution of sizes from the maximum down to 
¥-inch. Grading B in the case of the gravel ranged in 
size from \-inch to 14-inch, with a surplus in the finer 
sizes. This grading was used because of the economic 
importance of this type of gravel in certain sections of 
the country. Grading B for the crushed stone showed a 
deficiency in the finer sizes and was used to simulate a 
condition often met with in practice whenever a demand 
exists for these finer sizes for bituminous work, resulting 
in a tendency to rob the concrete aggregate of these 
sizes. The sieve analysis curves for the combined 
gradings are shown in Figure 1. 

MORTAR-VOIDS ANALYSIS MADE 

In the preparation of this report an analysis was 
made of the base mix, 1: 2: 34, used in these tests 
according to the Talbot-Richart mortar-voids theory.” 
Results of mortar-voids tests on the sand used, which 
were made by Professor Richart, of the University of 
Illinois, form the basis of this analysis. According to 
the mortar-voids theory, for materials similar in 
quality, the strength of concrete is a function of the 
ratio of the volume of voids to the volume of cement in 
the mix. The theory also holds that, for the type of 
plastic mix ordinarily employed in construction, the 
void characteristics of the mortar constituent may be 
used in investigating the probable strength of the con- 
crete. This is possible because, for such mixes, the 
volume of mortar is greater than the volume of voids in 
the coarse aggregate, and the voids in the concrete 
may therefore be considered as made up of the sum of 
the air and water voids in the mortar. The results of 
the mortar-voids analysis are omitted from the present 
report for lack of space. 

In the method of designing concrete described by 
Talbot and Richart the maximum quantity of coarse 
aggregate to use is determined by means of the ratio 

b, in which 6 is the absolute volume of coarse aggregate 

in a unit volume of concrete and 6) is the absolute 
volume of coarse aggregate in a unit volume of coarse 

? Bulletin 137, University of Mlinois Engineering Experiment Station, 1923. 
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aggregate. This ratio expresses directly the bulk first received two separate sizes of coarse aggregate 
volume (absolute volume plus voids) of coarse aggre- 
gate which is present in a unit volume of concrete. 
Since the voids in a given volume of coarse aggregate 
are always increased by the addition of mortar, the 
volume of resulting concrete will always be larger ‘than 
the bulk volume of coarse aggregate used, and the ratio 

K will always be less than 1. In designing concrete 
0 

mixes the practical application of this theory involves 
the determination of 6 for a given by on the basis of an 
assumed value for the ratio, the magnitude of which 
will vary with the several conditions affecting work- 
ability, such as type of coarse aggregate, methods of 
placing and finishing, etc. A number of State highway 
departments are using this ratio in designing their 
paving mixtures, the value being based, in most cases, 
upon field practice. For this reason the values for 

i corresponding to the various arbitrary mixes selected 
0 

for this study have been calculated and are given in 
Table 11. The value of the ratio for each mix has 
been calculated on the basis of the average amount of 
water used in the various sections in which the mix 
was employed. 

CONSTRUCTION METHODS OUTLINED 

Batching materials —Although the basic proportions 
were determined by dry-rodded volumes, all of the 
materials for each batch, with the exception of water, 
were weighed. The ageregates were weighed in regula- 
tion batchers; the cement was weighed in the original 
sacks on platform scales. In order to handle the coarse 
aggregate in three sizes, two 2-bin batcher plants were 
used. One of these handled two sizes of coarse aggre- 
gate, while the other handled the third size and the 
sand. The batcher plants were of different make, one 
being provided with an automatic dial for indicating 
the weight and the other with a beam and rider. The 
latter was equipped also with an automatic tell-tale 
for indicating over or under weight. The weighing 
hoppers on both batchers were so arranged that any 
excess material could be conveniently removed. A 
view of the batcher plant layout is shown in Figure 2. 

As the bins were filled, sieve analyses were made of the 
separate sizes of coarse aggregate and these data later 
used in determining the weights of each size necessary 
to give the theoretical grading required. It was ascer- 
tained from these analyses that certain of the sizes 
contained appreciable quantities of material which 
passed the smaller screen designating that particular 
size. However, the percentage of fines in each size 
did not vary to any extent from day to day, so that, 
a correction having been established for the undersize 
material, it was not necessary to change it often. 

Filling of the sand hopper was not begun until the 
morning on which the material was to be used. In this 
way variations in moisture content within the hopper 
were eliminated to a large extent. Moisture deter- 
minations were made as the hopper was filled, and these 
percentages were used in calculating the weight of dry 
sand required for each batch. As the sand was deliv- 
ered into the skip of the mixer, additional samples were 
taken and these samples sent to the laboratory for 
mechanical analysis and a check on the moisture content. 

Hauling material from batching plant to mixer —The 
materials were conveyed from the batching plant by 
dump trucks, each truck hauling one batch. The trucks 

from one batcher, then pulled under the second batcher 
for the third size and the sand, and then passed by the 
cement house where the cement was loaded in sacks and 
partial sacks. Immediately prior to the approach of 
the trucks to the mixer these sack were opened and the 
cement spread over the aggregate. Canvas spread 
over the damp sand in the trucks prevented loss of 
moisture during the interval between loading and 
dumping into the skip of the mixer. 

Construction of test slabs—The concrete was laid as 
a pavement 9 feet in width, 7 inches thick, and on a flat 
subgrade which had been very carefully prepared. In 
order to insure uniform subgrade conditions, single-ply 
felt tar paper was placed on the subgrade prior to laying 

FIGuRE 2.—PROPORTIONING PLANT USED IN CONSTRUCTION 
or TEST SECTIONS 

the concrete. ‘Transverse headers 9 feet apart separated 
the sections, each of which therefore had a volume of 
47 cubic feet, or just a little less than the volume of two 
standard-size batches of a 27E paver. As the concrete 
was actually to be taken up and tested, three 2-inch by 
2-inch wooden separators were placed between the head- 
ers In such a manner as to create longitudianl planes of 
weakness and to divide each 9-foot by 9-foot section 
into four slabs each 27 inches wide by 9 feet in length. 
These 2-inch by 2-inch strips were placed at the center 
of the 7-inch section, and, being dry when placed, ab- 
sorbed sufficient moisture from the concrete to cause 
swelling, with subsequent longitudinal cracking in the 
concrete. A view of the subgrade showing the separators 
in place is shown on the cover. A completed section 
appears in the background. Before the concrete had 
set, a line of %-inch holes was punched across each sec- 
tion 2 feet from each end. Immediately prior to test- 
ing, plugs and feathers were inserted in these holes and 
the 2-foot end strips broken off. Thus there were ob- 
tained from each section four slabs approximately 27 
inches wide by 5 feet inlength by 7inches in depth. These 
slabs were tested in flexure by a method described later. 

Mixing concrete—For mixing the concrete, a new 
27E paver was employed. It was equipped with a 
tank for measuring water, which was filled by gravity 
from an auxiliary tank mounted on top of the mixer. 
The auxiliary tank had a greater capacity than the 
measuring tank and provided a means of supplying the 
mixer with water while hose connections to the water 
line were being changed. The use of the auxiliary 
tank also relieved the measuring tank of all pipe-line 
pressure, thereby making water measurements more 
positive. 

All batches were mixed for one minute, the mixer 
being provided with a timing device and indicator bell. 
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The mixer ran between the side forms, and the first 
batch for each section was deposited in such a manner 
as to fill one-half of the section for its entire length. 
After the second batch was deposited the mixer was 
moved forward and the next section prepared by plac- 
ing the tar paper, headers, and separators while the 
section just placed was being finished. Figure 3 shows 
the first batch being dumped. Figure 4 shows the 
finishing machine beginning the operation of spread- 
ing the concrete. At the beginning of each day’s run 

Figure 3.—Dumpine First Batcu 

a preliminary one-half batch was run and discarded, 
in order to place the inside of the drum in the same con- 
dition for the first batch as for all subsequent batches. 
Mixing operations for each day were continuous, so 
that it was not necessary to repeat this operation. 

Determining weights for each batch.—The quantity of 
concrete required for each section plus that necessary 
for the control specimens amounted to about 51 cubic 
feet. It was decided to make two 27 cubic-foot batches 
for each test section. ‘This was accomplished by com- 
puting the quantities of the constituent materials on 
the basis of absolute volume for each mix. The only 
change necessary was an adjustment in water content 
at the mixer in order to have three consistencies for 
each proportion. This did not necessitate any change 
in the weights at the batching plant as the water-cement 
ratio used in the computations was that required for 
the driest consistency. It did result, however, in 
slightly higher yields for the wetter consistencies. 

Finishing —Two finishing machines were employed 
for finishing the concrete, a combination single screed 
and tamper, and a double-screed machine. In the 
first round of tests the tamper was used with the single- 
screed machine while in the second round the screed 
was used without the tamper. The double screed was 
used in each round of tests. In the tables and charts 
the single screed with tamper is referred to as type A, 
the single screed without tamper as type B, and the 
double screed as type C. Both machines were equipped 
with belts so that no hand belting was necessary. 
Figures 5, 6, and 7 show typical views of the finishing 
operations as performed by type A, the single screed 
and tamper, and type C, the double-screed machine. 
Figure 5 illustrates, for the two types of machine, the 
typical appearance of the concrete before the first 

TaBLE 4.—Schedule of test sections giving type of coarse aggregate 
and finishing machine used on each section 

ROUND 1 

Section Nos Coarse aggregate Finishing 
machine 

12182 oe ee Gravel, grading Al 22222 22. ae TIS Al 
LO OS\ Ae aetane = See oe Grayel, grading Beet ee eee ee 
34> Lae eae Gravel, ‘gradingsA"2*=ae see eee ae ee ses Tape. C.2 
52-082 b 2 bate 2 eten yee Gravel erading: Biles. = eee ee eee Do 
G9-83h ren eee es aoe Crushed’ stone, grading 2A se. ee eee Type A. 
84-075 20S eee Crushed stone; grading ‘Boas eee eee Do. 
O8=11 20 a. OR @rushed' stone, grading (Area see eee Type C. 
L322 (eae cee eee Crushed. stone, grading) Basses eee Do. 

ROUND 2 

128-1452 Sean a oe ae Gravel, grading Aca. 2 ae ae een ee Type C 
146-160 52 ee eee Gravel, grading Byiss 282 eCs eee eee Do. 
L61—1 7/8 See eer Gravel; grading Asses eee ee ees Type B.3 
179-193 Soa ee eee eee Gravel; grading BU_> 2 ae ee eee Do. 
194-2088 222 7 ee Crushed’ stones grading At aa seen anes Do. 
209-2232 2 eee geen @rushed stone; erading) Dae semana eae Do. 
224-938 See ee Crushed stone, grading Ags se ee ee ee eee Type C 
230-253 ao eee Crushed: stone; grading (Bas. sas eee Do. 
254-2602 scene eee Crushedislag grading *A- 2a oee st eee eee Do. 

1 Single screed with tamper. 3 Single screed without tamper. 
2 Double screed. 

Figure 4.—FINISHER SPREADING CONCRETE 

passage of the finisher and the appearance after the 
passage of the screeds. Figure 6 shows the final 
appearance of the section after belting. A finish of 
this character was obtained on practically all sections. 
Figure 7 illustrates the finishing operations in detail. 

The machines were operated according to the sched- 
ule given in Table 4. 

In general, the number of passes of the finishing ma- 
chine was limited to three, with the idea that this would 
be about the economic limit from the standpoint of 
production management on an actual job. However, 
no more finishing was done, in any case, than was nec- 
essary to secure a satisfactory surface finish. Com- 
plete notes were taken giving the number of passes of 
the finishing machine over each test section, the number 
of times the concrete was tamped in the case of type A 
machine and the amount of hand work, if any, neces- 
sary. These notes are tabulated in Table 12. 

OCuring.—Wet burlap was applied to the pavement as 
soon after laying as the surface would permit. This 
burlap was kept wet during the day on which the pave- 
ment was laid. On the following morning the burlap 
was removed and a layer of earth about 2 inches deep 
was applied. This earth was kept wet for 10 days, 
after which it was left on the slab but not wet down. 
Fourteen days prior to testing the ecrth was wet down 
and kept wet until the individual sect ons were tested. 

Vol. 12, No. 6 
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» 

Type A finisher in operation on 1;2:434 crushed stone concrete, grading A,slump 2. ‘Type C finisher in operation on 1:2:414 crushed stone concrete, grading A, slump 1% 
inches inches 

Figure 5.—FINISHING OPERATIONS ON SECTIONS 83 AND 107 

CONTROL TESTS CONDUCTED FOR EACH TEST SECTION 

Four beams and four cylinders were made as control 
specimens for each test section. The beam molds were 
7 by 7 by 30 inches in size, four to a gang, and were 
madeof wood. The cylinder molds were 6 by 12 inches, 
were of steel, and rested on machined base plates. 
These plates in turn rested on a wooden platform which 
also served as a base for the beam molds. The plat- 
form was placed on a level bearing about 4 feet from the 
roadway, thus permitting sufficient space for the finish- 
ing machine and workmen on the test section. Very 
little water was lost from within the specimens. This 
end was accomplished by using two thicknesses of felt 
paper between the beam molds and base and heavy 
grease between the cylinder molds and plates. Wet 
burlap was placed over the test specimens to prevent 
loss of water by evaporation. 

The concrete for the control specimens was taken in 
the following manner: After the first batch was dumped 
from the mixer a sample weighing about 350 pounds 
was shoveled into two water-tight pans, in equal parts. 
A second sample similarly divided was taken after the 
second batch was dumped, placed in the pans together 
with the samples from the first batch, and the two 
samples in each pan thoroughly mixed with shovels. 
Great care was exercised to obtain representative 
samples. Slump and flow tests were then made, beams 
and cylinders fabricated, and the excess concrete 
returned to the test section. In making the beam 
specimens’ the following procedure was _ followed: 
The molds were filled in two layers, each layer being. ‘ 

rodded 75 times with a %-inch steel rod, bullet-shaped on Figure 6.—TypicaL APPEARANCE OF FINISHED SECTIONS. 
the end, and then spaded on the sides andends. After Top, Type A FrnisHerR; Borrom, Tyrer C FINISHER 

ee 
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Type A finisher Type C finisher 

Figure 7.—TyYpicaL VIEWS OF FINISHERS IN OPERATION 

the second layer was completed the top was struck off 
and finished with a wooden float. The cylinders were 
made in three layers in accordance with the practice 
of the American Society for Testing Materials and 
finished with a wooden float. After about 22 hours the 
specimens were removed from the molds and placed 
by the side of the test section. They were covered 
with wet earth at the time the slab was covered. 

The slump tests were made in accordance with the ten- 
tative method of test for consistency of Portland cement 
concrete of the American Society for Testing Materials. 
The flow tests were made on a 30-inch flow table, the 
test consisting of 15 drops of }-inch in 10 seconds, as 
described in the publication, ‘‘A.S. T. M. serial designa- 
tion C 39-27, Standard Method of Making Compression 
Tests of Concrete.’ The values are given in Table 5. 

Two of the four control beams were tested at 28 days 
and the other two at 9 months. The corresponding 
cylinders were tested at 28 days and 10 months. All 
control specimens were immersed in water for 24 hours 
before testing to insure uniform moisture content. 

In the case of the 28-day cylinders the specimens were 
removed from the subgrade at an age of 11 days and 
brought to the laboratory to be capped. They were 
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then returned to wet-earth storage until 24 hours 
before testing. The 10-month cylinders were handled 
in the same manner except that they were removed 
from the subgrade one month before testing instead of 
17 days as in the case of the 28-day specimens. 

Flexure tests were made on a 100,000-pound universal 
testing machine, the idle crosshead speed being 0.05 inch 
per minute. The beams were tested with the bottom 
as molded in tension, span 27 inches, load applied at 
the third points. 

slab. The load is applied by means of a ball-bearing 
ratchet jack D and is distributed to the third points of 
the span by a structural frame E. For determining 
the magnitude of the applied load a pair of heat-treated 
steel beams C is inserted between the head of the jack 
and the reaction beam A. The combined deflection of 
the two beams is measured with a micrometer dial 
reading in ten-thousandths of aninch. The load-deflec- 
tion characteristics of the beam combination having 
been determined in advance by calibration, it becomes 

| 
| 

FIGURE 9.—TESTING SLAB FOR FLEXURAL STRENGTH 

SPECIAL APPARATUS CONSTRUCTED FOR TESTING SLABS 

Because of the large number of flexure tests to be 
made on the 27 by 60 inch slabs it was quite impracti- 
cable to make the tests in the laboratory, and field 
testing was mandatory. The importance of the data 
given by the flexure tests was such that accuracy 
commensurate with that obtained in the laboratory 
was essential. For these reasons special consideration 
was given to the items of accuracy and mobility in 
the design of the apparatus for making these tests. 

The general design was such that the machines 
could be quickly disassembled into units which could 
be picked up and moved by hand; and, yet with a 
designed load capacity of 20,000 pounds, the total 
load on the specimen could be determined within about 
25 pounds. 

Figure 8 shows a side elevation of one of the testing 
machines. It consists of a structural steel base frame 
which supports a transverse rocker bearing F and roller 
G on which the slab to be tested is supported. At the 
center of each side member of the base frame a vertical 
tension member is attached by two easily removable 
pins. Passing transversely across the slab at the upper 
end of these two tension members is a steel beam A, 
which takes the reaction when a load is applied on the 

a simple matter to translate the dial readings into terms 
of total applied load. This method of measuring load 
has been used previously (see Pusiic Roaps, vol. 7, 
No. 2, April, 1926) and has proved to be very satis- 
factory. To assure an even bearing of the knife edge 
located in the center of the upper beam against the 
reaction a cylindrical bearing block B was provided. 

In order to take care of the number of tests which had 
to be made, two complete machines and an extra base 
frame were built. This permitted the load-applying 
equipment to be shifted, after the slab failed, to an 
unbroken specimen set up for test on the extra base, 
greatly expediting the work. 

TESTS OF PAVEMENT SLABS DESCRIBED 

As previously explained, the installation of planes of 
weakness during construction had caused the formation 
of three equally spaced longitudinal cracks in each 
9-foot slab, so that there were available for testing four 
slabs each 27 inches wide and 9 feet long. Each of 
these slabs was reduced in length to 5 feet just prior to 
testing by breaking off a section 2 feet in length from 
each end. These end sections were discarded entirely 
because it was felt that, because of the resistance 
offered by the header boards to free movement of the 
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concrete, the material in the end sections might not be 
truly representative. 

Since the test slabs weighed approximately 1,000 
pounds each, it was necessary to use a special rig for 
mounting them on the testing machine. A number of 
A frames sufficiently long to span the entire test section 
and equipped with trolley and chain hoist were 
employed for this purpose. Four clamps_ slipped 
under the edges of the slabs near the corners and con- 
nected with the chain hoist by means of chains pro- 
vided with hooks proved entirely adequate for handling 
these slabs. 

A uniform bearing across the entire width of slab at 
E, F, and G was obtained by using plaster of Paris and 
thin metal strips. Rubber strips were substituted for 
plaster of Paris at E whenever the top of the slab was 
smooth enough to permit it. 

The specimens were tested by applying the load by 
hand as shown in Figure 9. The magnitude of the load 
at failure was determined by measuring the deflection of 
the calibrated beams with the micrometer dial, also 
shown in the figure. It was necessary to note the maxi- 
mum reading of the dial, as the hand returned to zero 
the instant the slab broke. It was not difficult to 
catch this reading, since the hand on the dial would 
move very slowly as the maximum loading was 
approached. In general, two observers read the dia] 
independently and checked their readings after failure 

CORES DRILLED FROM PAVEMENT 

The breaking of the four test slabs of each section 
produced 8 half slabs. Cores were drilled from 2 of 
these 8 pieces, and the cores were tested for absorption 
at an age of approximately 9% months. The specimens 
were boiled in water for 5 hours and then dried in an 
oven at a temperature of about 160° C. to constant 
weight. Additional cores were drilled from the broken 
slabs and tested in compression at 15 months. These 
cores were immersed in water for 24 hours before testing. 

In order to provide specimens for durability tests, 
additional cores from a number of typical sections were 
drilled for each mix and are being subjected to alternate 
freezing and thawing at this time. A report covering 
this phase of the investigation will be issued later. 

TEST RESULTS ANALYZED IN DETAIL 

The data resulting from these tests are presented 
both in tabular and in graphic form. The results are 
shown in detail section by section and are also sum- 
marized in various ways in order to bring out certain 
relationships which appear to have been established. 

The discussion is developed along the following lines: 
Certain general relationships which appear to exist be- 
tween the strength and uniformity of the concrete and 
each of the variables which have been introduced are 
first considered. This preliminary analysis is followed 
by a discussion of the detail results for the purpose of 
ascertaining to what extent the results for individual 
sections deviate from the average trends and to deter- 
mine if possible the reasons for such deviations. The 
following variables are discussed in the order named, 
the three coarse aggregates, gravel, crushed stone, and 
slag being considered separately in each case: 

1. Relation between strength of concrete and mix. 
2. Relation between strength of concrete and variations in 

cement factor resulting from change in mix. 
3. Relation between strength of concrete and variations in 

water-cement ratio resulting from change in mix. 
4. Effect of type of finishing machine. 

5. Effect of grading of coarse aggregate. 
6. Effect of honeycomb in slabs on modulus of rupture for 

each type of finishing machine. 
7. Relation between honeycomb in slabs and mix. 
8. Relation between honeycomb in slabs and consistency. 
9. Uniformity of concrete. 
10. Absorption tests. 

The detailed data of the tests arranged section by 
section in the order of laying are shown in Tables 5 
and 6. These tables contain all of the data from which 
the tables and charts showing average values were pre- 
pared, with the exception of the material relative to 
uniformity, honeycombing, and absorption. 

TaBLE 5.—Proportions and consistency of concrete 

ROUND 1, GRAVEL AGGREGATE, GRADING A, TYPE A FINISHER 

bead an 
| cal ce- 

Sn Date laid | Propor- | Water- Slump in apg Sat 
Section No. (1929) tonsa cement | ~ aaighies Flow tor in 

3 ratio : sacks per 
cubic 
yard 

:2:314| 0. 85 2a eee 5.56 
22:314) . 82 14) 125 5. 59 
:2:314| . 83 Ugo See 5. 58 
12:4 - 90 it ee ee 5.16 
32:4 | . 87 pe ee eee ee 5.18 
Ee - 93 1342s eee 6.12 
:2:44% - 90 14 125 4. 86 
12:44% . 86 1 122 4. 89 
:2:444| . 99 2% 144 4.78 
12:434 1. 00 4 155 4. 64 
12:484) . 95 3 150 4. 68 
12:434 . 87 1 125 4.74 
$220) . 92 134 130 4. 57 
re Vs Be : ve 4. 50 
S2255 | : 4. 53 
:2:514) - 96 234 138 4. 42 
22:514)| -91 1% 132 4. 46 
12:514 1. 03 434 164 4.37. 

ROUND 1, GRAVEL AGGREGATE, GRADING B, TYPE A FINISHER 

} 

NK an oS, ee PE Be July 15 1:2:3% 0. 89 124 5. 54 
20 ee es See do: 1:2:314 . 93 214 144 5. 50 
OVS a wr a ea (ye 1:2:3% 90 | 14 127 5.53 
Doe a ee ee On seas 1:2:4 - 85 1% 127 5, 24 

1:2:4 92 2 132 5.17 
1:2:4 96 2% 136 5.14 
1:2:444 94 14 117 4. 86 
1:2:44%4 1. 01 134 138 4. 80 
1:2:4% 1. 05 3 135 4.76 
1:2:434 1. 05 2 139 4. 63 
1:2:434 99 2 139 4. 68 
1:2:434 96 1% 119 4.70 
1:2:5 1. 04 2 138 4.52 
1:2:5 92 34 120 4.61 
1225. 96 1 116 4.58 

ROUND 1, GRAVEL AGGREGATE, GRADING A, TYPE C FINISHER 

LY hae eee tae el (oA A oe July 18 1:2:3144 0. 86 1 123 5. 54 
S532 eo Ueee eee pecdO eee 1:2:3144 - 90 2% 138 5. 50 
3632 eee Sed0n i 1:2:34% . 87 134 134 5. 53 
BT ieee clas Meee DES, 1:2:4 . 86 84 128 5.19 
BS se ees ee eee Sidon 1:2:4 - 93 1 123 5.12 
Gl ele = ht Re WT Ba a6 (ee 1:2:4 . 94 1%4 130 5.11 
40S ee ee ee ae July 19 1:2:44% .91 1% 120 4.85 
gb Bagg Oe AT ee hoc SS d0e = 1:2:44% - 88 1 122 4. 87 
Li Miah. at Been aig ones B= dO ee 1:2:444 .97 184 130 4. 80 

1:2:434 . 90 il 118 4.71 
1:2:434 . 98 134 125 4. 64 
1:2:434 1. 03 1% 144 4.61 
1:2:5 93 114 115 4. 56 
1:32:35 1. 00 2 122 4.51 
122°5 1. 03 3 144 4.49 
1:2:514 . 93 134 130 4.44 
1:2:544 90 yy 111 4, 46 
1:2:514 1. 03 24% 140 4. 37 

| 

ROUND 1, GRAVEL AGGREGATE, GRADING B, TYPE C FINISHER 

DD ne Soa ate July 23 1:2:314) 0. 84 34 125 5. 60 
Lin el Se Se =o ae eee aed do: 1:2:3% 89 1% 135 5. 54 
4 ee ere ee eee oe dokee 1:2:314) 93 | 234 143 5. 50 
Ds Ae eee cele do==--= 1:2:4 88 1% 127 5. 21 
iG Bes Sao We ee (stare ee 1:2:4 95 214 140 5.14 
Dita en as oe eo eee (oes 1:2:4 99 3 142 5.10 
O8 aoe eae ee July 24 1:2:444 93 1% 128 4. 86 
LA iy A eS i ey a LS Ci Ce 1:2:44% 98 34 126 4, 82 
sl GSS eee Steen ee C0 1:2:44% 1. 04 2 142 4.77 
(oe ee ee aa AS hE doses 1:2:434 14 122 4.70 
623 eRe Saree Ree Se dog!..-| 1:2:484 1. 03 244 134 4. 65 

i ae 
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TaBLE 5.—Proportions and consistency of concrete—Continued 

ROUND 1, GRAVEL AGGREGATE, GRADING B, TYPE C FINISHER— ROUND 2, GRAVEL AGGREGATE, GRADING A, TYPE C FINISHER— 
Continued Continued 

sre siege | Theoreti- 
cal ce- | cal ce- 

Section N Datelaid) Propor- | (valet: |stumpin| pow | arin” Section No Date laid) Propor- | Qy atone Slump in ae era oe Oe (1929) tions ratio | inches pace er * | (1929) tions Patio} = (uemacbios aisha ae pee 
cubic cubie 
yard yard 

oe ee July 24 | 1:2:434 1.10 3 146 a 50m baer ose | Aug. 14] 1:2:4% .98 2 148 4.79 
3 ee as July 25| 1:2:5 1. 02 34 122 4 SA gr 136 eke ae ae te Sardoses. 1:2:414 92 234 147 4. 84 
a ee i as Wedgie 1:2:5 1.10 2 132 Vig Bye eae hg ae a dose. 1:2:434 ‘91 134| 123 4.70 
ti Se ie GOs ee 1:2:5 Hag 8) 3 148 PN) gb Es sc Sa eo I don 1:2:434 . 96 we" 138 4. 66 

5 TaN -..do..---| 1:2:5%4 1. 05 2 131 A S0mr 1aptee e e e dons 1:2:434 1.02 214 151 4. 62 
i a erty ek 1:2:5%4 98 0 115 Agen 140 ew eee | Aug 15 1:2:5 193 144 118 4.56 

| {ies ee 6 ee rh ae 12:5 “99 2 | 144 4.52 
1 EI FED Baal dg! 1:2:5 1.02 234 130 4.49 

ROUND 1, STONE AGGREGATE, GRADING A, TYPE A FINISHER  143__.__.............|... do_..| 1:2:5% ‘94 re 130 4. 43 
_S Vas Sas vEAP ri: ve eee eae lee dose lerl-2-bl, :98 14 119 4. 40 

as aes Be a. ao yb eS do 1:2:514 1.03 24 142 4,37 

1:2:314 “81 1% 125 5.81 ; 
igi arent 1S i 5.88 ROUND 2, GRAVEL AGGREGATE, GRADING B, TYPE C FINISHER 
1:2:4 ‘90 24 132 5.36 
12:4 - 80 73 112 5.47 146 Aug. 16| 1:2:31%41 0.84 1 122 | 5. 60 
1:2:4144 88 4% 120 BaD 1 4 ee RE ae SED «9-31 1 | : 147M Es eaoese. 1:2:31%4 ‘89 1% 132 | 5.54 
Se a %%4 ae > 4s OCS Net Gas ee lear dosas a) §as2:3i¢ 194 234 148 5.49 
14:44 . i = 22: 1 

1:2:4%4] 185 %l 120 BOM ice eae A ces a “ ee ase nae 
1:2:4/% - 90 1% 123 B06 W tei sebee so seh 2 lo doula e i-254 ‘97 2 129 | 5, 12 
1:2:4% - 94 24 134 SOAS) TRO MR a Se eteees 5 | Aug. 19| 1:2:414 1.03 2 133 4.78 
1:2:434 .87 % 115 A505 1eGhen a ARO ote || eal “98 1% 123 | 4.83 
1:2:434 .91 1% 120 4.91 mye | 1:2:41 1 124 | 4 2:4) ipsaee ie ote Sie ts d Sedossn 4 .99 ‘81 
1:2:484 .99 2 133 SSUES inn aienons BU Ea! NES i doLaa 1:2:434 94 1 111 | 4.72 

eee ee ee 156 R ee, eS Read gst Ls 4% 1.00 2 127 4. 67 

ROUND 1, STONE AGGREGATE, GRADING B, TYPE A FINISHER —118------------------ ert Rica rama te ee re 
BU pepe eb eee Olas 1:2:5 07 1% 129 | 4.49 

Ua en oe July 30] 1:2:3% 0.85 2 138 5,81 160------------------ '~--d0_--_- 1:2:5 1.18 234 148 4.45 
85 RS ---do dan 1:23:34 .81 of! 116 5.86 
Se eee a OO ae pas . 89 132 5. 

he en July 31 ue "87 4 124 aoe ROUND 2, GRAVEL AGGREGATE, GRADING A, TYPE B FINISHER 
Sheets = ott 22 Sse pedo = 1:2:4 91 134 138 5.39 
a ee RE eee 1:2:4 ‘94 2 146 5.3 
UQ@werie recente n nse edo. == 1:2:414 . 89 6, 130 5. o GD ee ae ee Aug. 21 1:2:34%4 0.83 34 124 | 5. 58 

ee pedo 1:2:414 . 94 2 128 I) WP oe ce E=-doue= 1:2:314 . 88 1 120 5.52 
ipl eee Fae ae donee 1:2:444 97 234 144 ik; | MGB. 2= ese ede be 22372 - 93 2 136 5. 47 
(ee ie ae Aug. lj 1:2:4% 89 0 120 isan | Gea Ba ee et O ee 1:2:4 90 1% 124 | 5.15 

72:41 Ghia seat ed Ou 1:2:4 95 2144 132 | 5.10 ae ae, 1:2:414 195 1% 132 5.05 
Op mnaT ES 19-2 E ido ae 1:2:414 .99 1 150 any Wes ce Soe 36M | 12:4 - 88 1 127 5.17 
ee oa SAcce 1:2:48 “92 1 134 RiGree OTe. oe en ae Aug. 22) 1:2:44 88 1 115| = 4.87 
9 d eth, 1.05 V4 1 4 168 do 1:2:44% 92 1% 118 4. 84 
"ie ace be ere pics| Sang oe = 100s ee eee dR 08 kT 

as aoe oe eee Ones 14:4% a A, 

ROUND 1, STONE AGGREGATE, GRADING A, TYPE C FINISHER a Soom sse8S2 cases eae — ion iy oe 4 a i He 
et eo aan BatOOL eS 234% 6 | a 

a ee eee ee ek Aue 23 eas if us 3 es | : a 
1:2:314 0. 83 1 118 ihc tg Wont. Se BER ee ed O0ssa52 1:2:5 29 5 

ens Pele DUR) aacte ech ceeescome mere Ae eee gem 103 oul as | ae 32: z 5. 81 Gee eee See ot Ono 1L£50%4 a “A ; 

1:2:4 "85 4 120 yak bp es aes Side es 1:2:514 “98 1 130 4. 40 
ar Be a ve 5. He bly fe pee een eR oe See Pedos == 1:2:514 . 94 1% 125 4,43 
2: ‘ 6 145 5.30 

1:2:4144 . 87 1% 122 5. 23 

rai oF it, i oe ROUND 2, GRAVEL AGGREGATE, GRADING B, TYPE B FINISHER 
12:44 5 2 % 

1:2:41%4 ‘91 14 128 5.05 
1:2:44% 95 234 130 SeOO0@ 1 70k aaa ee ee Aug. 26 1:2:3144 0. 89 2 133 5. 54 
1:2:444 .99 2% 142 AN 7am 180) Mace ee, Se Sed os 1:2:3% . 85 1 126 5. 59 
1:2:434 192 % 112 LOR IStik sae ee cdo 1:2:314 94 24 139 5.49 
1:2:434 +99 1% 125 Ry. Ei wap eee Oe itdoss a 1:2:4 97 2% 147 5.12 
1:2:434 1,04 214 150 ASO 19358 6 ones ee Se ida ws 1:2:4 92 145 133 5.17 

1A ee ae to (aYeneae 1:2:4 .87 4 ll 5. 
IRS teen Stee Oe | Aug. 27| 1:2:4% 1.04 314 138 4.77 

ROUND 1, STONE AGGREGATE, GRADING B, TYPE C FINISHER 196__.............. sac ee 1:2:414 “98 194 137 4. 82 
= {S7A Bis oS Sate er Ouee 1:2:44% .94 134 124 4, 86 

IL SSteeee eS eee ees ee dOs 1:2:434 1.05 2 145 4. 63 

ieee Sas] He) BR wesc ee ee ee ees cd 2 * 1902 oe ee eee we dO= =. a : 4, - 

1:2:8/4 -92 3 155 0.72 Bhi01 vag eee ee Mug. 28) 1:2:5 1.18 4 146 4.45 

tia | cer| il dak | ag 122 scoseeeeeeceee ---d0--| 1:25 | Lor} | 1g) 4.49 
ot . 4 103, severe tee to ee dosse 1:2:5 1.0 E 

1:2:4 194 134 142 5. 36 
1:2:4 , : Se 
13:44 OL 2 146 5.33 STONE AGGREGATE, GRADING A, TYPE B FINISHER 1:2:444 .85 1 118 5.29 ROUND 2, D 3 : ‘ 

1:2:41% 89 \% 117 5. 10 
1:2:41% 195 114 138 5.05) 404 Aug. 29|  1:2:3% 0. 88 1% 134 | 572 
1:2:414 “98 3 160 pe ae eee - 19.352 21; 156 | 5, 67 ee a 10k ee eee erdole et 1 28he .92 14 | 5. 67 
Lona - 96 244 147 AiOlM, soghoa se es idotecsl| “122:386 197 4 155 5. 61 
Oe 24 ae oC URE Git cena eae “Tldo..-.|  1:2:4 "95 214 146/ 5.30 
1:2:434 1.03 3 180 SLs eet ade tae midale cle it 0-4 90 1% 131 5. 36 

109 Sire es aS doen 1:2:4 1. 00 te 157 | 5.25 

ROUND 2, GRAVEL AGGREGATE, GRADING A, TYPE C FINISHER 200------------------ feral Rapoens, om 24 Pe ae 
Di Face gep E S ao idem 1:2:44 +89 2 128 | 5.21 

ni ee ATICNO SMe leosos . 85 jl 2 : ONS seers ote ee sO Ea PAL 22405 . 99 234 169 | 4.97 

133 cs pain eee reps 12;3%0 ' 83 6; a : re 1 a oe eS eee BOs ely 2:46 . 94 244 147 | 5. (2 
~------------- Banas 2 ; OR men ee ee es | oe ale isa 4d6 . 89 134| 137 5. 07 1) ace eee ee doz 1:2:314 .90 2 130 5.51 | 

£9: 1 De ke a Sept. 3| 1:2:434 1. 04 3% 143 | 4. 80 re, Pc a dost 1:2:4 195 24 152 5.10 
AS ea dps 1:2:4 89 26 121 5.16 207----~-+----------- ---do---.)  1:2:4%4 - 99 24 146 ae 
RDM a ee | dom 1:2:4 “86 1 124 iB 10 me cUO eee eet oeme ae eae peedOeess 1222484 - 93 1% 131 | 4. 89 
“lr 2a ae Aug. 14| 1:2:4% .88 1% 132 4. 87 | 

69202—31 Je 
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TaBLE 5.—Proportions and consistency of concrete—Continued 

ROUND 2, STONE AGGREGATE, GRADING B, TYPE B FINISHER 

Vol. 12, No. 6 

ROUND 2, STONE AGGREGATE, GRADING B, TYPE C FINISHER 

Section No. 

TABLE 6.—Results of strength tests 

Théoreti- Theoreti- 
cal ce- Te cal pe 

;. Water- : ment fac- - 5 ater- : ment fac- 
Date laid} Propor- Slump in : : Date Jaid| Propor- Slump in ; 

: cement . Flow tor in Section No. . cement A Flow tor in (1929) tions matin inches sacks per (1929) tions ratio inches sacks per 

cubic cubic 
yard | yard 

Sept. 3 1:2:3% 0. 92 214 150 5.72 page ey Bae Sept. 10 1:2:314 0. 84 2 142 5. 82 
---d0---.)  1:2:3/4 - 87 27 135 5.79 vogiieeegst eae Ail 5.) TeeRBYA . 87 4 147 5.78 
---do----|  1:2:3%8 - 84 2 a Dele tena ae AST Dal) Gino 192 234 158 5.72 
Beer Same aes - 96 2, ve ete Rs eek Sept. 11| 1:2:4 87 114 123 5. 43 
SEED pee, he 1% Pao) ott eens ink, (Sin es B27 92 14 134| 5.38 
---d0.--.|  1:2:4 - 87 14 137 ey a)? eee ES “T"do.---|  1:2:4 :97 134 154 5.33 
---d0----|  1:2:4%4) 1.00 2% 160 Bde) 945 eet “7do.__.|  1:2:44% "89 114 123 5. 25 
es d02aa2 1:2:44%4 - 95 1% 138 5. 19 246 eS eee Le does 1:2:44 94 2 130 5. 20 

seidOc nse 1:2:414 . 90 134 142 5. 24 947 Se eee Pr do2e-4 1:2:4144 . 84 i 120 5. 30 

Sept. 5} 1:2:4%4) 1.05 3% 166 406) 2048 toed aa mies Sept. 12) 1:2:44% “92 yi 128 5.07 
---d0.---)  1:2:4%% - 99 2% 162 5. oe 240 SOG Ee eke Se dokeseiy 1228414 . 88 2 133 5.11 
See lp) eee ae 24 a be S50 oper see Pe doston| il:as46 .99 3K 145 5.01 
eG 0 on Ae. NS : Oy Raph aoe ecgen 106.22.) ~ 132:4% 90 4 128 4.96 
---d0.---|  152:4% 94 14 144 fy oe pe Se 96 2 138 4.91 
eee poe : Ee Bane RAE Goth ed a (eee De ede 84 . 98 24 145 4. 89 

E AGGREGATE, GRADING A, TYPE C FINISHER 

ROUND 1, SLAG AGGREGATE, GRADING A, TYPE C FINISHER 
Sept. 6 1:2:3% 0. 97 4 161 5. 61 
ERO F foe 1:2:3% - 92 ths 156 . oy 

---d0---.)  1:2:374 - 85 4 130 76 254 Sept. 13 | 1:2:3 0. 87 146 12 Ted0o---] e247]! 00] BRNO | 9 5 See oe ig cl asmieiglie sn] 0 t1s¢) unease 
---G0.---}  1:2:4 - 92 2% 143 5.28 Pease. ee bee “"7do.__.|  1:2:3%4 " 93 a4 115 5 96 
---d0_--- 1:2:4 - 87 1% 130 5. 39 25 (eee ee BVSS(6 Feenege 1:2:4 Ate % 108 5. 57 
Sept. 9 1:2:44% . 89 14% 132 Bi 21) Gong Wen ae Lh dl Teper 92 9 124 5 BL 

---d0.---)  1:2:4%4 - 04 2 143 Oe ORO eee oe Ud0t a5 lod eas 99 2% 138 5.43 
Bae cera wi bee el ape Sev | Caliper iaa S Sept. 16| 1:2:44/ 94 144135 5.34 
tig eae ae 3 : 4 ; PM ee SR oe Seok ep c||\ TPR, . 99 134, 114 5. 28 
---d0.-~- 1:2:4% 97 234 133 4. 99 262" Be nee Xe eee A 1:2:44%4 . 92 1 118 5. 36 
edOreas 1:2:414 1. 02 244 138 4. 95 263 Dae Sek bee ee las (LO ae oe 1:2:4% . 98 134 130 5. 15 

Sept. 10 1:2:4% . 93 2 131 4.89 26401 Es eee we dobar ae 1:2:4% 1, 03 2% 128 5.10 

P00 ae 1:2:434 . 99 234) 145 4. 84 265 ake 1:2:414 95 14 130 518 
s5200 82 oti 122245410 104 314 166 4,80 Toe ener tocar acc: ter ance : 

ROUND 1, GRAVEL AGGREGATE, GRADING A, TYPE A FINISHER ROUND 1, GRAVEL AGGREGATE, GRADING A, TYPE C FINISHER 

Modulus of rupture in pounds Compressive strength in 
per square inch pounds per square inch 

Section | Propor- 
No. Hees Beams Cylinders 

Slabs, Cores, 
9 months 15 months 

28 days |9 months 28 days |10 months 

Rt Pere n 1:2:3% 434 479 542 3, 085 3, 980 5, 320 
yee mip 1:2:3% 468 581 573 2, 940 3, 900 4, 780 
nee ee 1:2:3% 508 582 504 3, 300 4, 460 4, 920 
cE Sh 1:2:4 427 515 554 2, 900 3, 940 4, 660 
Sree 1:2:4 392 525 532 3, 260 4, 480 5, 120 
G22 ee 1:2:4 434 471 520 2,475 3, 460 3, 950 
Y at eee 1:2:4% 478 501 529 2, 785 3, 910 4, 700 
toe ee eee 1:2:44%4 489 549 575 2, 940 3, 950 5, 400 
Qasr 1:2:4% 442 491 544 2,410 3, 600 4, 290 
OSS¢ 22 1:2:434 404 453 530 2, 250 3, 160 4, 240 
Li eee 1:2:434 448 490 564 2, 495 3, 260 4, 440 
Ls pede ees 1:2:434 460 434 497 3, 145 3, 680 4, 420 
tone e ee 1:2:5 452 471 557 3, 130 3, 880 4, 320 
LASS aee 1:2:5 454 458 529 2, 330 3, 130 4, 270 
Loe eee 1:32:35 484 455 562 2, 690 3, 240 4, 140 
NGS cee Se 1:2:54%4 448 409 500 2, 340 3, 210 3, 920 
Wh ces Sa 1:2:54%4 456 526 453 2,975 3, 720 4, 420 
LS Seats ee 1:2:514 388 460 535 2, 100 3, 040 3, 900 

ROUND 1, GRAVEL AGGREGATE, GRADING 

1:2:34% 446 
1:2:3% 491 
1:2:344 527 
1:2:4 518 
1:2:4 556 
1:2:4 457 
1:2:4% 510 
1:2:44% 489 
1:2:4% 470 
1:2:434 458 
1:2:434 440 
1:2:434 491 
T3225. 399 
1:2:5 469 
1:2:5 462 

B, TYPE A FINISHER 

624 
661 
602 
614 
593 
653 
605 
585 
554 
519 
561 
506 
478 
660 
642 

609 
590 
580 
542 
559 
561 
466 
593 
566 
541 
503 
468 
519 
430 
447 

3, 310 
3, 515 
3, 590 
3, 580 
3, 730 
2, 970 
3, 660 
3, 200 
3, 210 
2, 540 
3, 415 
3, 500 
2, 470 
3. 440 
3, 305 

5, 000 
4, 520 
4, 530 
4, 580 
4, 670 
4, 420 
4, 450 
4, 160 
3, 800 
3, 740 
4, 420 
4, 410 
3, 040 
4, 750 
4, 410 

4, 900 
5, 100 
5, 260 
5, 120 
5, 080 
4, 360 
4, 660 
4, 960 
3, 940 
4, 660 
4, 150 
4, 620 
4, 140 
5, 170 
4, 770 

Cores, 
15 months 

eS 

BESESEESSESSSSESSS Se a 

Modulus of rupture in pounds Compressive strength in 
per square inch pounds per square inch 

Section 
No. Beams Cylinders 

Slabs, 
9 months 

28 days | 9 months 28 days |10months 

at Be eres 1:2:314 482 662 583 3, 360 4, 600 
3b eae 1:2:3144 534 679 547 3. 315 4, 540 
Ries ewe aoe 1:2:34% 544 701 583 3, 360 4, 310 
Sisto 1:2:4 510 682 594 3, 535 4,010 
hl ee 1:2:4 523 670 611 3, 165 4, 080 
30 See 1:2:4 494 690 508 3, 260 3, 920 
40. a eeee. 1:2:44% 522 500 452 3, 280 3, 980 
AL Se ee 1:2:44% 441 485 518 3, 430 4, 740 
49 3ee Aone 1:2:44%4 426 525 540 2, 755 4, 040 
43 ee eee 1:2:434 441 573 537 3, 215 3, 600 
CT Nees 1:2:434 448 488 535 3, 185 3, 820 
45 Se eee 1:2:434 461 487 543 2, 750 3, 700 
EGP ne Oa 1:2:5 411 479 537 3, 095 3, 540 
CY Rapee ose ae 1:2:5 405 516 483 2, 570 3, 340 
455 a ae 13235 396 538 520 2, 430 2, 800 
AQine een 1:2:544 393 509 464 2, 885 3, 370 
50 See 1:2:544 386 562 432 3, 305 4, 380 
DD hese aes e 1:2:514 397 428 565 2, 490 3, 470 

ROUND 1, GRAVEL AGGREGATE, GRADING 

REN 

SESUSIESESEN 

Rt Aaa PPE PP PP Pw HHO AA 

555 
588 
491 
427 
519 
495 
490 
503 
470 
496 
407 
469 
371 
475 
474 
496 
436 

569 
633 
553 
566 
513 
545 
579 
562 
511 
599 
530 
495 
483 
544 
590 
524 
593 

447 
571 
572 
585 
555 
579 
451 
516 
551 
537 
536 
547 
413 
477 
535 
501 
448 

3, 985 
3, 760 
3, 480 
3, 525 
3, 325 | 
3, 270 
3, 645 
3, 335 | 
3, 145 
3, 715 
2, 970 
2,785 
3, 075 
2, 805 | 
2, 645 
3, 110 
3, 175 

| 

4, 300 
4, 280 
4,110 
4, 190 
3, 980 
3, 900 
4, 370 
4, 280 
3, 740 
4, 200 
3, 750 
3, 410 
3,810 
3, 450 
3, 190 
3, 880 
4, 110 

B, TYPE C FINISHER 

a 
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TaBLE 6.—Results of strength tests—Continued 

ROUND 1, STONE AGGREGATE, GRADING A, TYPE A FINISHER 

Modulus of rupture in pounds Compressive strength in 
per square inch pounds per square inch 

Section | Propor- 
No. tions Beams Cylinders 

Slabs, Cores, 
|9 months 15 months 

28 days | 9 months 28 days |10 months 

Gee 1:2:3% 611 716 732 3, 430 | 4, 390 5, 410 
7A V6 eee ae 1:2:3% 614 810 725 3, 830 | 4, 600 5, 190 
lees es 1:2:314 721 822 690 3, 990 5, 020 | 5, 200 
(pe aa 1323454) 702 735 687 3, 795 | 4, 430 5, 010 
Jp ee 1:2:4 632 751 697 3, 720 4, 500 | 4, 860 
eae ae 1:2:4 705 793 632 3, 890 4, 710 5, 190 
iijeg ae 1:2:4144 637 791 725 3, 380 3, 980 4, 920 
Gastaec = 4 1:2:4144 580 788 | 660 2, 685 3, 500 | 4, 500 
eee ae 1:2:4144 643 860 708 3, 575 4, 130 5, 040 
i 1:2:414 691 880 670 | 3, 650 4, 080 5, 340 
iL ee 1:2:414 647 777 700 3,330 4, 140 4, 780 
SU ee es 1:2:413 526 738 711 3, 020 3, 970 4, 540 
fot | aa 1:2:484 506 754 657 | 3, 070 3, 720 4, 580 
ot. 1:2:434 474 786 681 2725 4, 050 | 4,910 
cn Se 1:2:434 510 752 678 2, 420 3, 080 4, 050 

STONE AGGREGATE, GQGRADIN GB, TYPE A FINISHER 

SESS 

1 
1 
1 
1 
1 
1 
Ds 
1 
1 
1 
1 
1 
1 
1 Ca otlawtlaatlsatlaatatanticed tt) PARR 

541 640 742 
556 713 653 
591 608 683 
592 724 714 
571 678 702 
769 631 711 
568 729 695 
652 739 732 
577 703 666 
590 746 684 
506 769 628 
587 742 654 
607 791 678 
561 603 613 

3, 385 3, 930 4, 760 
3, 480 4, 670 4’ 480 
2; 940 3, 860 4) 400 
3, 445 3, 900 4, 210 
2) 910 3, 770 4” 460 
2, 755 3, 430 4, 200 
3, 380 4, 010 4, 760 
2; 935 3, 890 4, 520 
2; 590 3,320; 4,180 
2) 865 3, 840 4, 760 
2, 655 3,310 4,710 
2, 905 3, 180 4 410 
3, 110 3, 920 4, 620 
2; 035 3, 060 3, 330 

STONE AGGREGATE, GRADING A, TYPE C FINISHER 

DS eee 1:2:3% 655 869 670 3, 960 4, 530 4, 960 
ee 1:2:314 679 807 714 3, 910 4, 380 4, 620 
“pee 1:2:314 686 865 694 4, 180 4, 680 4,910 
apiece ea. 1:2:4 686 786 702 3, 370 4510 4,780 
hi ean 1:2:4 628 727 725 3, 245 4, 300 4, 600 
it ee 1:2:4 599 762 676 3, 565 4’ 190 4, 600 
Here 1:2:44 591 772 652 3,720 4, 520 4’ 620 
(te 1:2:414 609 739 747 3, 810 4, 040 4,730 
106, 5222.0. 1:2:414. 783 749 662 3, 420 4” 440 4, 920 
Rae ce 1:2:41%4 643 715 694 3, 395 4,560 5, 490 
ROR a 1:2:414 695 727 739 3, 125 4110 4. 870 
R002. 1:2:41%4 588 727 670 3, 055 3, 640 4070 
Vise... 1:2:484 549 641 712 3, 330 4, 160 4, 630 
fie): 1:2:434 553 698 690 2) 940 3, 600 4, 670 
yi ee 1:2:434 532 577 672 2; 030 2,740 4, 220 

ROUND 1, STONE AGGREGATE, GRADING B, TYPE C FINISHER 

i 1:2:314 569 613 685 3, 350 3, 850 4, 860 
i 1:2:314 621 654 703 3, 010 3, 760 4) 770 
repie. <2 1:2:314 514 521 644 2,790 3, 620 4, 550 
“ep coped 1:2:4 559 719 664 3,045 4, 220 4310 
Rye. 1:2:4 608 622 602 3, 370 4, 180 4 800 
Tisha ks. 1:2:4 566 635 | 676 2) 680 3, 140 4, 640 
Hoe... 1:2:4% 538 613 713 2) 595 2; 900 4, 410 
cea 1:2:414 457 686 645 3, 140 3, 630 4, 620 
ee 1:2:414 522 672 640 3, 355 4, 040 4,720 
eee 1:2:414 559 703 583 2; 890 3, 460 4, 420 
fen hee 1:2:414 484 682 670 2, 330 3, 070 4° 200 
ene 1:2:414 586 650 666 2, 580 2) 880 3, 880 
Dire 2 1:2:434 511 621 625 2) 545 3, 340 4, 100 
P62. 1:2:434 576 | 715 666 2, 780 3, 580 4, 500 
Cy aa 1:2:434 637 480 | 666 2; 010 2; 320 4, 030 

ROUND 2, GRAVEL AGGREGATE, GRADING A, TYPE C FINISHER 

RK 

PSSESERENEN 

Pa RSS StS SS SSSR OCLC) ee palia cigeiaits Sie Sukee Spa sires be keel ee "eel ees (0c Soares WHHW HH HH NYNNNHNNHKHNKHNNDY SSS 

469 502 | 540 
430 492. 536 
475 466 576 
443 440 543 
476 530 556 
412 498 440 
449 493 | 505 
475 516 | 512 
463 460 528 
490 450 426 
471 446 501 
476 470 557 
514 498 544 
452 440 | 547 
519 490 | 553 
488 468 532 
452 478 543 
477 488 535 

3, 415 4, 050 4, 520 
3,525 | 4,140 4’ 380 
3, 145 3, 920 4, 260 
2; 905 3,760| 4,350 
3, 030 3, 440 4, 270 
3, 260 3, 920 4,760 
3, 150 3, 410 4, 220 
3, 020 3, 450 4, 220 
3, 425 3, 890 4, 080 
3, 255 4° 000 4° 270 
2,725 3,320} 4, 160 
2; 280 2,990, 4,010 
3,125 | 3,740 4, 420 
2,715 | 3, 380 3, 920 
2790 3, 100 3, 940 
3,020 3, 640 4,610 
2,975 | 3,470 3, 970 
2; 520 3,060 3, 860 

ROUND 2, GRAVEL AGGREGATE, GRADING B, TYPE C FINISHER 

| 

Modulus of rupture in pounds | 
per square inch 

Compressive strength in 
pounds per square inch 

| 

Section | Propor- | eee 
No. tions Beams Cylinders 

Slabs, LA s:Toe | Cores, 
9 months | '15 months 

28 days | 9 months 28 days 10months| 

| o -| 

LAG Sot A 1:2:34% 520 649 568 | 3,915 4, 860 | 4, 620 
MY (Be ee ee 1:2:3% 516 482 579 3, 585 | 4, 550 4, 370 
48 ce5 2 1:2:31% 519 490 621 3, 680 | 4, 460 4, 510 
[49h ees 1:2:4 484 548 439 3, 830 4, 970 3, 950 
1508E Sa 1:2:4 497 552 568 3,765 | 4,610 4, 450 
LOS 2202 1:2:4 518 482 556 3, 370 4, 200 4, 400 
1b ote sees 1:2:41% 450 502 541 | 3, 065 3, 670 3, 840 
1b3e. 1:2:4144 461 563 512 Shey 4, 100 3, 830 
ire Boe see ee 1:2:44% 475 526 519 3, 175 4, 060 4, 000 
LOOM ae 1:2:434 472 526 469 3, 750 4, 260 4, 400 
es eS 1:2:434 470 535 464 3, 255 4, 080 3, 960 
VV (eas see Se 1:2:434 440 482 454 2, 765 3, 580 3, 600 
NGS Sree cess 1:2:5 426 521 540 3, 220 3, 980 3, 840 
Looe. see 1:2:5 466 497 476 2, 620 3, 440 3, 940 
iE ts ai 1:2:5 440 578 561 2, 715 3, 760 3, 720 

ROUND 2, GRAVEL AGGREGATE, GRADING A, TYPE B FINISHER 

iM eee 1:2:34 
16 2eee eee 1:2:3% 
1632225522" 1:2:3% 
1642 ks 1:2:4 
1G5teee Se 1:2:4 
166E2eS 2 1:2:4 
LO Tese eo 1:2:4144 
168222 o225 1:2:414 
1695-2 1:2:4144 
ne {ee 1:2:434 
Lyale Saas 1:2:434 
M2 = 1:2:434 
ee 1:2:5 
1 ee 1:2:5 
ifr see sae 1:2:5 
76S eras 1:2:5144 
i ig fs ES 1:2:514 
17S ees 1:2:544 

492 550 605 
526 571 641 
533 538 545 
488 536 614 
538 518 574 
532 565 623 
509 494 609 
515 481 558 
466 495 623 
520 540 558 
488 516 555 
496 536 559 
465, 509 567 
478 1391 554 
456 443 524 
439 470 578 
422 492 514 
476 508 540 

3,900 | 4,620 4, 370 
3,610| 4,380 4, 480 
3,215} 4, 030 4, 730 
3, 065 4, 320 4, 560 
3,500} 4,030} 4, 380 
3, 820 4,600} 4, 600 
3, 150 4,000| 4,940 
3,225| 4,080; 4,520 
2,915| 3,740 4, 360 
3, 205 3,980} 4, 060 
3,220) 4,050, 3,810 
2,840 | 3, 700 4, 160 
2,020 3, 000 3, 720 
2,265| 2,780; 3,940 
2; 860 3, 680 4, 420 
2, 515 2, 980 3, 800 
2, 130 2,840} 3,980 
2; 325 3, 440 4, 130 

ROUND 2, GRAVEL AGGREGATE, GRADING B, TYPE B FINISHER 

1a 1:2:314 488 597 640} 3,460| 4,470 4, 170 
sere 1:2:34% 490 606 552] 3,800] 4,880 4, 480 
isivea 1:2:314 446 526 608 |  3,255| 4,240 4, 080 
EY ee 1:2:4 470 526 600} 3,210] — 3,980 4, 350 
18d Nees 1:2:4 461 544 564| 3,525| 4, 460 4, 260 
134 eee 1:2:4 530 552 531| 4,140] 5,040 3, 780 
shee 1:2:414 475 516 574| 2,780] 3,640 3, 840 
196) set Ts 1:2:444 542 468 584| 3,130] 4, 060 4,010 
ISTe ee 1:2:414 508 523 504} 3,410] 4, 200 4, 070 
1885 4s 1:2:484 490 546 580 | 2,860] 3,860 3, 760 
ISO ues 1:2:434 506 494 560 | 3,105] 4, 100 4, 220 
100 1:2:434 474 508 451| 3,100| 3, 490 4,020 
10ge cots 1:2:5 432 478 545| 2,250] 3,240) 3,770 
Lonel 1:2:5 452 486 482| 2.510} 3,540 3, 960 
10Sterene 1:2:5 399 469 510| 2,525| 3,710 3, 680 

ROUND 2, STONE AGGREGATE, GRADING A, TYPE B FINISHER 

ogee 1:2:34%4 772 706 716 | 3,450} 4,820 4, 890 
i06ceis oe 1:2:314 692 710 736 | 3,540} 4, 430 4,770 
196 eee 1:2:314 639 646 748 | 2,975 | 3,830 4,740 
197 ahha 1:2:4 710 700 766 | 2,865) 4,000 4, 830 
1 pee 1:2:4 662 747 702| 3,170| 4,340 4, 686 
Toes oats 1:2:4 620 696 743 | 2,815 | 3,780 4, 810 
200 ae 1:2:414 643 602 665 | 2,905 | 3, 820 4, 650 
I ec 1:2:414 602 634 778 | 2,425 | 3,300 4, 370 
02s teas 1:2:414 575 628 676 | 3,355 | 4,420 4,760 
DOG 1:2:4% 632 568 741| 2,845 | 3, 660 4, 620 
04 ee 1:2:414 626 590 685 | 2,910; 4,000 4,730 
piece ue 1:2:414 620 714 684 | 3,185 | 3, 980 4, 860 
206 Seas 1:2:434 618 718 683 | 2,340] 3, 260 4, 140 
207 ees 1:2:434 633 694 731 | 2,680| 3,560 4, 280 
pt ae a 1:2:434 593 711 702 |  2,760| 3,660 4, 380 

ROUND 2, STONE AGGREGATE, GRADING B, TYPE B FINISHER 

Pi, ete 1:2:3% 604 597 727| 2,890} 4,110 4, 360 
S10 ees 1:2:314 602 676 714| 3,000} 4,080 4, 580 
hehe 1:2:344 703 746 670 | 3,300! 4,290 4, 740 
eral 1:2:4 620 749 686 | 2,750 | 3, 260 4, 390 
Pieter eae 1:2:4 593 688 716 | 2,710| 3,460 4, 120 
Bid ea 1:2:4 616 760 | 716 | 2,950 3,780 5, 000 
fig Rae 1:2:44 577 704 736| 2,070} 2,840| 4, 080 
10s 1:2:44 565 737 708 | 2,740| 3,600} 4, 350 
oie 1:2:414 590 714 | 638 | 3,000} 4,150 4, 260 
2166 oor 1:2:414 576 621 696 | 1,830; 2,830 3, 660 
idk 1:2:414 566 592 | 716 | 2,020} 2,560 4, 200 
Ys eee 1:2:44% 609 772 703 | 2,700} 3,570| 4, 200 
ee Nee 1:2:484 565 700 | 734| 1,590! 2,040 3, 670 
eee 1:2:484 622 756 701| 2,410} 3.000) 4, 400 
DE RSD a 1:2:434 632 750 651| 2,900] 3,400 4, 700 

1 One beam only. 
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TABLE 6.—Results of strength tests—Continued 

ROUND 2, STONE AGGREGATE, GRADING A, TYPE C FINISHER 

TaBLE 7.—Water-cement ratio, cement factor, and strength tests 3 

GRAVEL, GRADING A 

Modulus of rupture in pounds Compressive strength in 
per square inch pounds per square inch 

Section Propor- Canes 
No. tions Beams Stabe: ylinders Cores 

28 days | 9months 9 months 28 days |10 months 15 months 

1:2:314 603 680 691 2, 750 3, 500 4, 420 
1:2:31% 567 735 736 2, 890 3, 940 4, 460 
1:2:31% 603 686 730 2, 930 3, 820 4, 660 
L254 646 706 752 2, 700 3, 320 4, 180 
1:2:4 598 682 691 2, 870 3, 640 4, 420 
1:2:4 593 684 700 2, 920 4, 380 4, 450 
1:2:414 584 812 662 3, 220 4,410 4, 800 
1:2:414 588 790 723 2, 900 4, 060 4, 410 
1:2:44%4 543 772 737 2, 480 3, 760 4, 500 
1:2:414 614 651 687 2, 980 4, 140 4, 580 
1:2:41% 586 812 701 2, 690 3, 820 4, 300 
1:2:414 504 728 650 2, 430 38, 360 4, 200 
1:2:434 556 656 700 2, 880 4, 020 4, 290 
1:2:484 590 716 665 2, 510 3, 720 4, 320 
1:2:484 557 626 772 ss 2, 140 2, 930 3, 940 

Xaet 

ROUND 2, STONE AGGREGATE, GRADING B, TYPE C FINISHER 

230 eee 1:2:31% 660 802 726 3, 170 4,260 | 4,690 
DAO eee ee 1:2:3% 577 684 761 2, 850 4, 020 4, 320 
GAs eee i 1:2:3% 662 631 690 2, 540 3, 520 4, 840 
DADS eee 1:2:4 636 772 739 3, 060 3, 860 5, 150 
D243 eens 1:2:4 608 678 702 2, 700 3, 770 4, 880 
p7.¥ More ae 1:2:4 623 686 708 2, 430 3, 260 4,720 
DAD ee eee 1:2:414 629 698 691 2, 720 38, 840 5, 180 
VAG Eee ee 1:2:414 578 704 726 2, 190 3, 570 4,760 
DAT oath e 1:2:444 665 762 605 3, 290 4, 440 5, 000 
245 eae ee 1:2:4% 664 696 726 2, 350 3, 080 4, 900 
249 See 1:2:4% 656 711 675 2, 730 3, 200 5. 080 
25) Uae amen 1:2:41% 553 596 724 2, 090 2,770 4,690 
PAE ae 1:2:434 610 698 611 ‘2, 770 3, 120 4, 930 
Piy ek SS 1:2:434) 554 675 700 2, 370 3, 120 4, 760 
Dhoee eas 1:2:434 565 734 701 2, 360 2, 920 4,760 

ROUND 1, SLAG AGGREGATE, GRADING A, TYPE C FINISHER 

254 ce 1:2:314 623 618 650 3, 160 4, 290 4, 860 
Peele) wee 1:2:3144 598 620 679 3, 300 4, 040 4, 940 
DOG sates 1:2:314%4 604 584 603 3, 740 4, 500 4, 890 
25 eee ee 1:2:4 598 586 642 3, 480 4, 660 4, 880 
268 see e eee 12234 579 630 592 3, 080 4, 220 4, 190 
250 ee 1:2:4 603 623 668 2, 620 4, 150 4, 440 
260 52-es 1:2:4144 553 616 635 2, 830 3, 860 4, 660 
Dhl sense 1:2:414 551 624 636 2, 530 3, 760 4, 760 
yy ee 1:2:4144 618 646 650 3, 130 4, 460 5, 110 
Doostee saa 1:2:44% 570 593 592 2,770 3, 780 4, 660 
2642-2 eee 1:2:4144 516 580 653 2, 600 3, 520 4, 700 
PI ie oe Ae 1:2:41% 547 620 576 2, 950 4, 300 4,710 

RELATION BETWEEN STRENGTH OF CONCRETE AND MIX 

The average results of strength tests on the concrete 
for each grading of aggregate for each mix are shown in 
Table 7. The average results of all tests for each aggre- 
gate are plotted in graphic form in Figures 10, 11, and 
12. Each plotted value in these figures represents the 
average of all tests for the particular mix and type of 
ageregate indicated. In the case of gravel and stone, 
each point therefore represents the average of tests on 
24 sections, except the 1:2:5% mix, gravel, which rep- 
resents 14 sections, and the 1:2:4% mix, stone, which 
represents 23 sections. In the case of slag, each point 
represents the average of tests on only three sections. 
Twenty-eight day and nine-month tests on control 
specimens for each section are the average of tests on 
two beams and two cylinders. The tests on the slabs 
are the average of the four beams taken from the sec- 
tion and the tests on the cores are the averages of 
tests of two cores drilled from the section. Each point, 
therefore, with the exceptions noted above, becomes 
the average of 48 individual tests in the case of the 
beams, cores, and cylinders and the average of 96 indi- 
vidual tests in the case of the pavement slabs. 

Let us first examine Figure 10, on which the results 
for the gravel concrete are plotted. <A fairly consistent 
decrease in both flexural and compression strength is 
noted for increases in the percentages of coarse aggre- 
gate in the mix. It will be observed, however, that, 

Theo- | Modulus of rupture in |Compressive strength in 
Wat retica] | pounds per square inch | pounds per square inch 

Remon ae ae B Gulind ‘ : actor eams ylinders 
Proportions ee lineacks Slabs, Gore 

volume) (Pie | 28 9 9 28 10 15 ub 
dard days |months months days |months months 

IRAE BY Poe eae 2 0. 86 5. 53 492 567 565 3, 350 4, 240 4, oH 
ey. See ee -91 5.15 472 554 547 3, 180 4, 000 4 
Lea 4 ee eee . 92 4. 84 473 499 541 a 040 | 3,900 4 500 
129-43 eee ee . 96 4. 67 467 490 530 2, 880 3, 600 4, 230 
Teo 5e ess Sees 98 4.52 458 477 540 2, 680 38, 300 4,180 
Je 2h 51g eee . 97 4.41 435 483 516 2, 630 3, 380 4,140 

GRAVEL, GRADING B 

[22315 o ene ee 0. 89 5. 54 506 582 578 | 3,620] 4,520 4, 570 

ee erie eee eee eee SIN 7 ae a * 5 | > 
1:90:47. oes 1,01). 4,67 468 525 509 | 3,140 3 040 | 4, 150 
Te 2c tie wee eee 1.05 4.51 439 536 494 | 2,800 , 690 | 080 
Ooh eee 1. 02 4. 42 466 558 475 3, 140 4, 000 | 3. 980 

STONE, GRADING A 

[2305s ee eases 0. 87 §. 73 | 654 ibe oe 3, 480 4, 330 4, site 
152 4 ea eee 91 5.35 648 30 06 | 3,240 4,180 4 
e224 ee ee . 92 5.18 | 615 744 700 | 3,160 4 030 4 680 
IQ 41 ee eeeees 94) 5.02 | 614 718 694 3, 050 3, 960 4, 700 
Le OsAS fa fa sores af 4, 86 556 694 695 | 2,660 | 3,540 4, 370 

| | 

STONE, GRADING B 

- 

1283) 5a as 0. 87 5. 78 600 ube a 3, Ce 4, 000 4, ee 
DE Ge eae Se te 91 5. 39 614 695 694 | 2,900} 3,680 4, 57) 

ee RG) Se) a] Ge] Bash) as) oa BLING SDR aS ° F 7 A 

12°43 ane eee .97 4.90 584 684 668 | 2,450 | 3,070 4 350 

SLAG, GRADING A 

pERP Ie Eee cas hae 0. 87 5. 90 608 uy Mi 3,400 | 4, 280 4, 900 
T2540 ara es . 93 5. 50 593 61 634 | 3,060) 4,340 4, 500 
120-1 0 | &BE 574 629 640 | 2,830| 4,030/ 4,840 
cA Vesa sees 99 5.14 544 598 607 | 2,770 | 38,870 4, 690 

1 Except where otherwise indicated, each value is the average for 12 sections in the 
case of gravel and stone and 3 sections in the case of slag. 

2 2 sections only. 
311 sections only. 

whereas the flexure specimens show about the same 
percentage of decrease for the slabs at nine months as 
for the beams at 28 days and 9 months, the cores tested 
in compression at 15 months show a somewhat smaller 
rate of decrease than the cylinders at either 28 days or 
10 months. It will be observed also that the percentage 
of increase in strength from 28 days to 9 months in the 
case of the beams and from 28 days to 10 months in the 
case of the cylinders is approximately the same for all 
mixes, although the average percentage of increase is 
greater in the case of the compression tests. A very 
close agreement is shown between the results of beam 
and slab tests at nine months for all mixes. The data 
indicate that in general the results of tests on beam 
control specimens may be considered to represent very 
closely the strengths of the slabs. However, these are 
average relations and it will be shown later during the 
discussion of the individual test results that such close 
agreement does not apply under all conditions. 

Unfortunately it was impossible to test the cores at 
the same age as the 10-months cylinders, so that an 
accurate comparison in compression can not be made. 
The observed increase in cylinder strengths from 28 
days to 10 months would indicate, at least in the case of 
the richer mixtures, a probable further increase to 
approximately the strengths obtained from the cores at 
15 months. It is difficult to predict just what the rela- 
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Figure 10.—RELATION BETWEEN STRENGTH OF GRAVEL CONCRETE AND M1rx 

tion would have been for the mixes containing larger 
quantities of coarse aggregate, because of the fact that 
the cylinder strengths decreased with increase of coarse 
ageregate at a somewhat greater rate than the core 
strengths. In general, the data from the gravel con- 
crete group seem to indicate that the results of tests on 
molded cylinders are a fair indication of the crushing 
strength of the concrete in the pavement. ~ 

The corresponding values for the crushed stone 
concrete are shown in Figure 11. The same general 
trends are noted as in the case of the gravel concrete. 
The average reduction in flexural strength for a cor- 
responding increase in coarse aggregate content does 
not, however, appear to be as great. For instance, in 
the case of the crushed-stone slabs, an increase in coarse 
aggregate from 3} to 4% parts resulted in a decrease in 
modulus of rupture of only 26 pounds per square inch, 
or approximately 4 per cent. (See also Table 7.) The 
corresponding reduction for the gravel concrete was 52 
pounds per square inch, or about 9 per cent. A similar 
increase in the amount of coarse aggregate reduced the 
crushing strength of the stone concrete cores 380 pounds 
per square inch, or 8 per cent, and the gravel concrete 
460 pounds per square inch, or 10 per cent. There is 
not the same agreement between results of 9-month 
beam and slab strengths for the stone concrete as for 
the gravel concrete. This is particularly true of the 
1:2:4% mix. In the case of stone concrete the relation 
between flexural strength and mix is more consistent 
for the slabs than for the beams, possibly because of the 

difficulty of molding uniform beam specimens of com- 
paratively small section (7 inches by 7 inches) when an 
angular aggregate is used. 

Comparing now the results of compression tests on 
the stone concrete, as shown in Figure 11, with the 
corresponding values in Figure 10, one will observe that 
the difference between cylinder strengths at 10 months 
and core strengths at 15 months is considerably greater 
than for the gravel concrete, although, as in the case of 
the gravel concrete, the rate of decrease with increased 
percentages of coarse aggregate is greater for the cylin- 
ders than for the cores. Since the average curing con- 
ditions and other factors which might affect the rate of 
increase in strength were similar, it seems reasonable to 
assume, in the case of the stone concrete, that the 
cylinders would not have increased in strength between 
10 and 15 months at any greater rate than the gravel 
concrete. This would indicate the possibility that in 
the case of the crushed stone concrete, the core strengths 
at a given age might have been somewhat higher than 
the control cylinder strengths. The difference, if any, 
would have been relatively small. 

Relations between the strength of the slag concrete 
and mix are shownin Figure 12. As has been indicated, 
each value in this case represents the average of tests on 
three slabs only, the only variable for each proportion 
being the consistency. Type C finisher only was used 
with A grading for the slag. In spite of the fact that 
the results are not so consistent as for the other aggre- 
gates, the same general trends may be observed. The 
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most puzzling deviations are the beam tests at 9 months 
for the 1:2:3% and 1:2:4 mixes. There appears to be 
no explanation for these low values, nor for the erratic 
results in compression for the 1:2:4 mix at 10 months 
and 15 months. It seems reasonable to assume that 
these erratic results are purely accidental and that much 
more consistent values would have been obtained had 
a larger number of specimens been tested. 

RELATION BETWEEN SA toate a CONCRETE AND CEMENT 
FACTOR 

The average results for flexural and compressive 
strength which have just been discussed from the stand- 
point of mix are plotted in Figures 13, 14, and 15 against 
the cement content in bags per cubic yard of concrete 
resulting from the arbitrary proportions which were 
used. It seemed desirable to study the data from this 
standpoint because of the difference in cement factor 
for a given nominal mix caused by difference in the voids 
in the coarse aggregate. Reference to Table 2 will show 
that, for the same grading, the gravel contained 5 per 
cent less voids than the crushed stone and 9 per cent 
less voids than the crushed slag. These differences are 
reflected in a variation in yield of concrete to the extent 
of approximately 0.2 bag per cubic yard in the case of 
gravel compared with crushed stone and about 0.35 
bag per cubic yard in the case of gravel compared with 
slag. (See also Table 7.) This difference is, of course, 
due to the fact that the base proportions were deter- 

mined by bulk volume. For identical proportions by 
absolute volume the yields would have been the same 
regardless of the differencein void content of the different. 
aggregates. 

Certain interesting relationships may be pointed out. 
For instance, from Figures 13 and 14 it is seen that for 
the flexure specimens and for the cores the decrease in 
strength with reductions in cement content progresses 
at a fairly uniform rate, whereas in the case of the 
cylinders, the rate of reduction in the strength of the 
concrete increases as the cement content is reduced. 
This applies to both the gravel and the stone concrete. 
For a variation in coarse aggregate from 3) to 4% parts, 
which is the extreme range for the stone concrete, the 
average decrease in flexural strength of slab (the 
average including both stone and gravel concrete) is 
about 6 per cent (see Table 7). The corresponding 
average decrease in cement content is approximately 
15 per cent. The same increase in coarse aggregate 
reduced the average crushing strength of the cores 
about 9 per cent with the same decrease in cement fac- 
tor. Attention is called to the fact that the reduction 
in strength with increasing quantities of coarse aggre- 
eate in the mix is, according to the water-cement ratio 
theory, caused by the dilution of the cement paste, 
which in turn is brought about by increasing the water 
content in order to maintain workability. This phase 
of the matter is discussed in the next section. 

~ 
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RELATION BETWEEN STRENGTH AND WATER-CEMENT RATIO 

The effect on strength of change in the water-cement 
ratio brought about by increasing the quantity of 
coarse aggregate is shown in Figures 16 and 17. The 
values for water-cement ratio indicated in these charts 
are approximate net water ratios after correctng for 
absorption of water by the sand but without making 
any correction for absorption by the coarse aggregate. 
The coarse aggregates were assumed to be in a saturated 
surface-dry condition when used and hence no correction 
should be made in calculating the net water ratio. 
On the other hand the total amount of water used in 
the concrete as reported in Table 7 was determined 
by adding the total water carried by the sand to the 
quantity introduced at the mixer. This would of course 
require a correction to take care of absorption in the 
sand. Based on 0.7 per cent absorption this correction 
amounts approximately to 0.02 so that the net water- 
cement ratios shown on the charts are 0.02 lower than 
the average values calculated from Table 7. 

It was found impossible to determine accurately the 
absorption in the slag. Niether does it appear possible 
to assume that the slag was in a saturated surface dry 
condition when used. For these reasons values for 
net water ratio for the slag concrete were not calculated 
and no chart is shown for this material. 

Examination of Figures 16 and 17 reveals the conven- 
tional relation between water-cement ratio and strength. 
It will be observed also that, for a given water-cement 

ratio, the crushing strengths of the stone concrete cores 
are approximately the same as those of the gravel con- 
crete cores, whereas, in the case of the control cylinders, 
the gravel concretes show considerably higher crushing 
strengths than the stone concretes. The difference 
appears also to become greater as the water-cement 
ratio increases. 

In flexure the crushed stone concrete, for equivalent 
water ratios, is considerably higher in both beam and 
slab strength, probably because of certain aggregate 
characteristics inherent in these particular materials. 

EFFECT OF TYPE OF FINISHING MACHINE 

The average values for modulus of rupture of the 
slabs and crushing strength of the cores have been 
plotted by types of finishing machine in Figures 18 and 
19. The data were taken from Tables 8 and 9. In 
these charts each plotted value represents the average 
of tests on six test sections, in the case of types A and 
B finisher, and twelve test sections in the case of type C 
finisher, except for the 1:2:54 mix, gravel concrete, 
and the 1:2:4%, mix, stone concrete. 

According to these curves, the type B finisher giyes 
higher results in flexure than either type A or type C. 
In compression on the other hand, type A is high and 
type B low. These comparisons apply to both types 
of aggregate although the high values for both flexure 
and compression are more pronounced in the case of 
the gravel concrete than for the stone. It will be re- 
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called that the flexure tests were made on the slabs 
with the load applied on top and with the bottom in 
tension. It seems rather difficult to explain just why 
type B finisher should have given values for modulus 
of rupture higher than either of the other types. This, 
it will be recalled, was a single-screed machine and there 
seems at first sight no reason why it should have com- 
pacted the concrete any more thoroughly than the 
double screed. However, the screed on the type B 
machine was tilted slightly by raising the front of the 

screed about one-half inch, whereas the screeds on the 
type C machine were flat. The tilted screed might 
possibly have a tendency to compact the concrete 
slightly more than a screed of the type C design. 

In order to determine whether the relatively high 
values of modulus of rupture for type B finisher might 
have been due to some other factor, as for instance 
more favorable curing conditions, the average results 
of theslab tests for each mix, grading, and type of finisher 
have been compared directly with the average results 

TABLE 8.—LHffect of type of finishing machine on strength of gravel concrete } 

MODULUS OF RUPTURE OF SLABS AT 9 MONTHS, IN POUNDS PER 
SQUARE INCH 

COMPRESSIVE STRENGTH OF CORES AT 15 MONTHS, IN POUNDS 
PER SQUARE INCH 

Finisher used Finisher used 

| 

Grading Pick Type C Grading Pies Type C 
Tyve A, | Type B, Type A, | Type B, 
round 1 | round 2 - round 1 | round 2 

Round 1} Round 2 Round 1/| Round 2 

+9-Q1 

ap ee aa ae Ea 1:2:314 5,010) 4,530; + 5,000] + —4, 390 
DS eS PE 1:2: 432 530 557 538 495 A 1:2:44% 4, 800 4, 610 4, 440 4,170 

125 549 58 513 Fie Te Chas OF La he 1k 1:2:434 4,370} 4,010] 4,380 4, 150 
1:2:514 496 544 487 | 537 1:2:5) j| 4,240 4, 030 4, 370 4, 090 
1:2:344 593 600 530 589 1:2:5%4 4,080) 3,970] 4,370 4, 150 

1:2:414 542 54 506 524 1:2:4 4, 850 4, 130 4, 420 4, 270 
Be ae Ae eee ers, 1:2:414 4, 520 3, 970 4, 400 3, 890 1:2:434 504 530 540 $469 TP Rieeus os") 2 Jen e 1:9:45 1:2:5 465 B12 475 | 526 12:434 4, 480 4, 000 4, 120 3, 990 

NGL 3 1:2:5 | 4,690 3, 800 4, 000 3, 830 
422; B74| m0 nm -==nma|nn marae a LN oon atesta 13:64 \.5 coed. he 4:3, 080 | ce suena 

1 Except where otherwise indicated, each value is the average for 12 specimens in 
the case of modulus of rupture and 6 specimens in the case of compressive strength. 

2 Average of 11 specimens. 
3 Average of 8 specimens. 
4 Average of 4 specimens. 
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TABLE 9.—Effect of type of finishing machine on strength of stone concrete ! 

MODULUS OF RUPTURE OF SLABS AT 9 MONTHS, IN POUNDS PER 
SQUARE INCH 

Finisher used 

Propor- 
Grading tions | pype A,| Type B, myped 

round 1 | round 2 Round 1| Round 2 

1:2:3% 715 733 693 719 
1:2:4 672 737 701 714 

Dots donee Re ee eee ee 1:2:44%4 698 706 687 707 
1:2:44% 694 703 701 679 
1:2:434 672 705 691 712 
1:2:3% 693 704 2 677 726 
1:2:4 709 706 647 716 

1Bh aj 2 ek ee ee ie a ee 1:2:44% 698 694 666 674 
1:2:4% 655 705 640. 708 
1:2:434 3 646 695 652 671 

1 Except where otherwise indicated, each value is the average for 12 specimens in 
the case of modulus of rupture and 6 specimens in the case of compressive strength. 

2 Average of 11 specimens. 

for the corresponding control beams. The ‘strength 
ratios,’ obtained by dividing the average slab strength 
by the average beam strength are used to express the 
relative efficiency of the different finishers. These 
“strength ratios” are given in Table 10 for each type of 
machine, type of ageregate, and grading of aggregate. 

It will be observed that in the case of the gravel con- 
crete and also in the case of the stone concrete, grading 
A, type B finisher is still high. However, there appears 
to be no trend in the case of the stone concrete, grading 
B. Another point of interest is that in the case of the 
gravel concrete, grading A, there is a tendency for the 
slabs to show higher strength in proportion to the 

69202—31——3 

COMPRESSIVE STRENGTH OF CORES AT 15 MONTHS, IN POUNDS 
PER SQUARE INCH 

Finisher used 

Grading Propor- TypeC 
tions Type A,| Type B, pee ae 

round 1 | round 2 | Round 1] Round 2 

1:2:3% 5, 270 4, 800 4, 830 4, 510 
1:2:4 5, 020 4,770 4, 660 4, 350 

ONT ed et RAE ne 1:2:414| 4, 820 4, 590 4, 760 4, 570 
1:2:4%4| 4, 890 4, 740 4, 810 4, 360 
1:2:434] 4, 510 4, 270 4, 510 4, 180 
1:2:3% 4, 550 4, 560 4, 730 4, 620 
1:2:4 4, 290 4, 500 4, 580 4, 920 

Bee eee ace eee eee 1:2:414 4, 490 4, 230 4, 580 4, 980 
1:2:4% 4, 630 4, 020 4,170 4, 890 
1:2:434 4 3, 980 4, 260 4, 210 4, 820 

3 Average of 8 specimens. 
4 Average of 4 specimens. 

beams with increasing amounts of coarse aggregate. 
This applies to all types of finisher. On the other 
hand, for the gravel concrete, grading B, the reverse 
seems to be true except for finisher B. The tendency 
for the gravel concrete, grading B, to honeycomb, par- 
ticularly in the leaner mixes, with consequent falling 
off in slab strength, probably accounts for this. The 
effect of honeycombing on strength is discussed later. 

In the case of the stone concrete there appears to be 
very little trend as regards the effect of increasing per- 
centages of coarse aggregate except that for grading B 
the 1: 2:°3 mix seems to give relatively high strength 
ratios for all three types of finisher. 
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TABLE 10.—Ratio of flerural strengths of slabs to strengths of cor- 
responding control beams at 9 months 4 

Proportions 

Type of Coarse Aver- 
finisher aggregate age 

1:2:314) 1:2:4 |1:2:414]1:2:414/1:2:434) 1:2:5 |1:2:544) 
| 

Ache eee ee Gravel-A_| 0.99] 1.06 |._----- LOT a medel pale GER LON Med Oveiee et09 
Buc econ re (0 a} See 1.08 12s |e ees 1,22 1.05 1,19 Ve AM 1.138 
Cet fees do__ .99 Odes epee 1.03 ESOT We L08a) 15 05a 1202 

A ver 

age GOs seuewinle 2 103 42a eee 1.09 1,15 1. 08 1. 08 

| ea ees We Gravel-B_| .94 Son eeas - 93 . 95 (hol eee - 90 
Peeps. + peo doer sesh ELA 04 dG ee 1,10 1, 08 Tye es See 1. 06 
Cree = § dosti HOO Ws a 03 522 eee - 96 95 Od see ee .98 

Aver | 
age SCO et 99 OO sees 1, 00 98 93 |- 98 

[eat Soe ce Stone-Acr | oOlMe S6ale me SOal le STal ue Soil sees laa re . 88 
BS eee ee GO sts ee OF 1.03 1.14 1.13 DL OQu sea ae a 1.07 
Crees, ox oO: eee ae - 93 . 98 . 90 OUI O08 shee | Se LS Le .97 

A ver | 
Agel | -2d0.e eel Oe - 96 -97 -98 OU ies ee Rs ja meee -97 

Ate Pei! Stone-B_-| 1.06] 1.05] .96) .87] .98 |-2---.- ee 23 .97 
yo eee ee ee aay le OOu mr OG . 97 1. 06 , Ou sees ject oe 1.00 
O Fas tc tne COE See | 09 1. 00 98 1. 00 LEU Adl DS eee) eee eee 1, 02 

A ver- | 
ApeL|L Cd. eee LeO7i ane 00 .97 .98 B07 i) Bute oe I Se eA 1.00 

1 Values obtained by averaging ratios given by individual sections. 

In general it may be said that, aside from a slight 
advantage in favor of the type B finisher, the analysis of 
the data indicates that the three types of finishing 
machine give essentially the same results and also that 
beam strength is a fairly good indication of the actual 
flexural strength of the concrete in the structure. In 
this connection, however, attention should be called to 
the discussion on the effect of honeyecombing which is 
given in a subsequent part of the report. In this dis- 

cussion the fact is brought out that this relation does 
not apply in the case of very dry mixes which honey- 
comb on placing. 

In connection with the discussion on finishing, Table 
12 gives the number of passes of the finisher and, in the 
case of type A, the number of passes of the tamper for 
each section, together with notes on workability and 
finish made during construction. ‘These data may be 
used in connection with a study of the detailed test results 
plotted in Figures 33 to 37. 

EFFECT OF GRADING OF COARSE AGGREGATE 

The average effect of grading of the coarse aggregate 
upon the slab and core strengths of the concrete is 
shown in Figures 20 and 21. The data were taken from 
Table 7. The concrete containing the well-graded 
coarse aggregate shows somewhat higher strength 
values than that containing the more poorly graded 
aggregate, although the differences are not very great. 
For mixes containing more than 4% parts coarse aggre- 
vate there appears to be a tendency for the concrete 
containing the small size gravel (grading B) to decrease 
in flexural strength at a greater rate with increasing 
amounts of aggregate than the large-size material. As 
has been noted, this is no doubt due to the tendency of 
the poorly graded concrete to honeycomb in the leaner 
mixes. Attention should also be called to the fact that 
a wider variation in strength results from changes in 
consistency in a given mix than from the average 
variations due to changes in grading. This may be 
verified by analyzing the data for the individual sec- 
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Figure 16.—RELATION BETWEEN STRENGTH OF GRAVEL CONCRETE AND WATER-CEMENT RaTIO 

tions as shown in Table 6 and in Figures 33 to 37, inclu- 
Sive, as well as in Figures 25, 26, and 27. This is par- 
ticularly true for the mixes containing from 3% to 44% 
parts coarse aggregate. For the mixes high in coarse 
ageregate the tendency of grading B aggregate to pro- 
duce honeycomb results in a considerable difference due 
to this cause. 

FACTORS INFLUENCING HONEYCOMB IN SLABS STUDIED 

In order to analyze the manner in which honey- 
combing is affected by the several variables which 
have been introduced into this study, as well as to 
bring out the effect of honeycombing in slabs upon 
flexural strength, a series of charts have been prepared 
which will be discussed in the following section of this 
report. 

The percentage of honeycomb in each test slab was 
determined by averaging two values, the percentage of 
the total area of the bottom of the slab showing honey- 
comb and the percentage of the total area of the cross 
section at the break which showed honeycomb. It was 
felt that this method gave a reasonably satisfactory 
a of the homogenity of the concrete in the test 
slab. 

The relation between average percentages of honey- 
comb in each mix for each type and gradation of coarse 
aggregate is shown in Figure 22; and the corresponding 
average relation between honeycomb and consistency 
as indicated by slump tests, is shown in Figure 23. A 

similar relation between honeycomb and consistency 
but with the values classified by types of finisher is 
shown in Figure 24. In these figures each point rep- 
resents the average of the percentages of honeycomb in 
all the sections having the particular combination of 
variables involved. The data are taken from Table 13, 
which shows the percentage of honeycomb for each 
section and Table 5, which gives the slump and flow 
test values for each section. In the case of Figures 22 
and 23, the plotted points do not always represent the 
average of tests on the same number of slabs because 
of the fact that the same slumps were not always 
obtained on each of the three sections in each group. 
In drawing in the average lines each point was weighted 
in accordance with the number of tests which it 
represented. 

These figures are of interest in showing (1) that the 
average amount of honeycomb increases slightly with 
increases in the percentage of coarse aggregate in the 
mix (fig. 22); (2) that where the small-size gravel 
aggregate containing an excess of fine material was 
used the average amount of honeycomb was consider- 
ably increased (fig. 22); (3) that the average amount of 
honeycomb was increased by decreasing the slump 
(fig. 23); and (4) that honeycombing was somewhat 
decreased by the use of type A finishing machine (fig. 24). 

One of the most interesting features in connection 
with the occurrence of honeycomb in the concrete is 
the effect of B grading in the gravel mixes. Reference 
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to Figure 1 will show that this material was graded 
from 1 4-inch to \%-inch with 60 per cent passing the 
%-inch screen. ‘The void content was 36 per cent, dry- 
rodded, or 1 per cent greater than the A grading. 
This would seem to be a small difference in voids for 
so wide a variation in grading. However, repeated 
tests showed that these values were correct. 

Reference to Table 11 will show that the values for 
the ratio of 6 to b) and for the mortar-voids ratio 
(volume of mortar as determined by adding the absolute 
volumes of cement and sand and the volume of water, 
divided by the volume of voids in the dry-rodded 
coarse aggregate) were substantially the same for 
corresponding mixes using A and B grading. More- 
over, the values for these ratios in the 1:2:4 mixes 
using gravel are just about the same as for the 1:2:3% 
mixes using crushed stone. On the assumption Tet 
these ratios are significant in controlling workability, 
this would indicate that the workability of the two 
gravel concretes should be about the same and also 
that the 1:2:4 gravel concrete should have about the 
same workability as the 1:2:3% stone concrete. 
Referring, however, to Figure 22 and assuming that the 
presence of honeycomb in the finished structure is a 
reasonably satisfactory measure of the workability of 
the concrete going into the structure, we find an aver- 
age of about 1 per cent honeycomb in the 1:2:3% 
stone concrete, about 1 per cent in the 1:2:4 ape 
concrete, gr ading A, ain over 6 per cent in the 1:2:4 

TaBLE 11.—Mortar-void ratio and - for all proportions ! 
0 

Average | Theoreti- 
Mortar- Propor- | water- cal ce- : b Coarse aggregate tions Caen almeent Midrtp a ta 

ratio factor Le 

Sacks per 
cubic yard 

1:2:3% 0. 86 5. 53 2.13 0.717 
d 1:2:4 91 5.14 1.8 . 762 

Gravel, grading A; 0=0.65; 1:2:41% 92 4, 84 1.68 . 806 
voids 35 per cent. 1:2:434 96 4. 66 1. 63 . 820 

Le2so . 98 4. 52 1.55 . 838 
1:2:514 97 4.41 1.47 . 858 
1:2:31% 89 5. 54 2.09 . 719 

; 1:2:4 92 §.17 1.85 . 766 
Gravel, grading B; bo=0.64; |} 1:2:414 99 4. 81 1. 69 . 802 

voids 36 per cent, 1:2:434 1.01 4. 66 1.61 . 820 
1:2:5 1. 05 4. 51 1.55 . 835 
1:2:514 1. 02 4.41 1. 46 . 858 
1:2:34% . 87 6.738 1. 86 . 743 

Stone, Grading A; 6o=0.60; 1s224 91 5. 35 1. 66 . 792 
voids 40 per cent. 1:2:44% - 92 5. 18 1. 56 . 816 

1:2:4% . 94 5. 02 1.49 . 836 
1:2:434 OL 4. 86 1.43 . 854 
1:2:34 . 87 5. 78 1.81 . 749 

Stone, grading B; 60=0.59; 1:2:4 91 5. 39 1.62 . 798 
voids 41 per cent, 1:2:444 92 §. 22 1. 53 . 822 

1:2:41% -95 5. 05 1. 46 . 841 
1:2:484 .97 4.90 1.39 . 862 
1:2:34% .87 §. 91 1. 69 . 766 

Slag, grading A; bo>=0.56; voids 1:2:4 . 93 5. 50 1. 52 - 815 
44 per cent. 1:2:444 95 5. 33 1.44 . 838 

1:2:4% 99 5.14 1.38 . 857 

1 Computations were made on the basis of 38 per cent voids for sand and 50 per 
cent voids (assumed) for cement. 
2The mortar-voids ratio for a given mix is obtained by dividing the sum of the 

absolute volumes of cement and sand plus the volume of water by the volume of 
voids in the dry-rodded coarse aggregate. This term should not be confused with 
the same term as used in the discussion of the mortar-voids theory. 



August, 1931 

MODULUS OF RUPTURE 
POUNDS PER SQUARE INCH 

800 

700 

500 

400 

PUBLIC ROADS 

x xX TYPE -A 
O©——-© TYPE -B 
@----- -@ TYPE -C 

SLABS—9 MONTHS 
aa ——— 13 

ae Ge 
O 

ft 

© 2 

Wo 
re 
x oe) 
YG 
Ww “” 

Pe fie 
y) Ww 
y) & 

uJ 
nae 
az 
=> 
OO 
O © 

—| -In ols |< 

o Ni kis eke Ap 
a“ a“ a wv ar nu 
-- ~ oe ~- -- a 

MODULUS OF RUPTURE 

MIX 

165 

CORES— ISMONTHS 

MIX 

Figure 18.—REvLATION BETWEEN STRENGTH OF GRAVEL CONCRETE AND TYPE OF FINISHING MACHINE 

x XxX TYPE -A 

O——-—© TYPE -B 
e------ @TYPE-C 

800 

ae a8 

700 ae 2 g= 
uJ att 

: eg <{ 
5 a s) 

g ag lJ 
oc BOO ze [ve 
uJ y) uJ 
fo, Oe 

7) ” 
a ee 
Zz 52 

6 500 2 5 
oO On 

400 

CORES => MONTHS 
5500 

Fiaure 19.—RELATION BETWEEN STRENGTH OF STONE CONCRETE AND TyPr OF FINISHING MACHINE 



166 PUBLIC ROADS Vol. 12, No. 6 

O———O GRADING-A — @——® GRADING-B 

SLABS-— 9 MONTHS CORES-— ISMONTHS 

MODULUS OF RUPTURE 
POUNDS PER SQUARE INCH COMPRESSIVE STRENGTH POUNDS PER SQUARE INCH 

25 2:54 
MIX MIX 

FicurgE 20.—INFLUENCE OF GRADING OF CoARsSE AGGREGATE AND Mrx Upon STRENGTH OF GRAVEL CONCRETE 

©O———O GRADING-A — @——® GRADING-B 

SLABS-9 MONTHS CORES —IS'MONTES 
800 

Ir re 
O LO 

ees. FRING iz 

man Zw 
is (ee WwW oO 
25 i ax 
r2 i 2) 

: ae Lee WwW 

WwW v”) 

WwW 
aye me 
ra) Oo 
of =e 5 > =5 500 05 

Oo Og 

400 
—|N a 

Nu a 

MIX MIX 

FiGuRE 21.—INFLUENCE OF GRADING OF CoARSE AGGREGATE AND Mr1x Upon Srreneatu or StonE ConcRETE 



August, 1931 PUBLIC ROADS 167 

GRAVEL GRAVEL STONE STONE SLAG 

GRADING A GRADING B GRADING A GRADING B GRADING A 

= 

< ee Ww 
U 

ft ee 
lJ 
ao F, 
1 

5 
Oo 
1o) 
> 

Ww 3 | 

Oo 
aE 

| I t a5). 4) p45 45 35054 4S S54 45 35 4 «34 

PARTS OF COARSE AGGREGATE 

FIGURE 22.—RELATION BETWEEN HONEYCOMB AND MIx 

GRAVEL GRAVEL STONE ~ STONE SLAG 

GRADING A GRADING B GRADING A GRADING B GRADING A 

HONE YCOMB~PER CENT 

SLUMP-INCHES 

FIGURE 23.—RELATION BETWEEN HONEYCOMB AND SLUMP 

gravel concrete, grading B. Even the 1:2:3% con- 
crete, gravel grading B, showed 4 per cent honeycomb 
in spite of the fact that this was a distinctly oversanded 
mix, when analyzed either by mortar voids or fineness 
modulus theories. In the latter connection it may be 
noted that, for a 1:2:3% mix, the volume of fine 
aggregate is 36 per cent of the sum of the volumes of 
fine and coarse aggregates. This is more sand than 
would be called for by the fineness modulus theory for 
these particular aggregates. 

These tests also indicate that the slump test can not 
be used to compare workability of concretes in which 
different gradings of coarse aggregate are used. Thisis 
illustrated by reference to Figure 23. It will be seen 
that for a given slump, say one inch, the amount of 
honeycomb in the case of grading B gravel was much 
higher than for any other combination. 

These data appear also to demonstrate that the use 
of any function depending directly upon the void con- 
tent of the coarse aggregate, such as the ratio b/b, or 
the mortar-voids ratio, does not necessarily control the 

workability of the mix as determined by the uniformity 
and freedom from honeycomb of the concrete in the 
structure. They also indicate that, for a given coarse 
aggregate type and grading, there is a distinct relation 
between the consistency of the concrete as measured 
by the slump test and the percentage of honeycomb 
which is apt to develop under the methods of finishing 
now in common use. 

EFFECT OF HONEYCOMB ON FLEXURAL STRENGTH OF SLABS 

It will be of interest now to study the influence of 
honeycomb upon the strength of the concrete. In 
Figures 25, 26, and 27, there have been plotted the 
results of flexure tests on the individual sections 
arranged by types of finisher and type and gradation 
of coarse aggregate. Values for strength have been 
plotted as follows: Open circles designating all slabs 
having less than 1 per cent honeycomb; crosses, all 
slabs having 1 to 10 per cent honeycomb; and solid 
circles, all slabs having more than 10 per cent honey- 
comb. The three values in each vertical line denote 
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tests on the three sections in which the concrete varied 
only in consistency. 

In order to bring out the interrelated effects of honey- 
comb, strength, and consistency, these figures should be 
considered in connection with the detailed results 
shown in tabulated form in Tables 5, 6, and 13 and in 
graphic form in Figures 33 to 37, inclusive. Reference 
to the detailed charts will show a very close relation 
between honeycomb and consistency in all cases. 
The concrete in each group of three having the lowest 
water-cement ratio is almost invariably the concrete 

having the lowest slump and the largest percentage of 
honeycomb, if any. 

If we refer again to the charts showing relation be- 
tween honeycomb and strength (figs. 25, 26, and 27), we 
find that the data indicate conclusively the danger of 
permitting any condition which will tend to the forma- 
tion of honeycomb. In the whole group (265 sections) 
there are 19 sections having more than 10 per cent 
honeycomb, 15 of which were in the gravel, B grading, 
group. In all but four cases the badly honeycombed 
section was distinctly lower in strength than the other 
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sections of the same group. The same relation exists ing the average strength of the control beams corre- 
for the slabs showing from 1 to 10 per cent honeycomb. sponding to those slabs. 
There were 119 such sections. In only 26 of these was ‘These data indicate, in general, the tendency of the 
the strength of the honeycombed slab as high or higher slab strengths to decrease with respect to the strengths 
than any section in the group showing less than 1 per 
cent honeycomb. These results emphasize again the DY EES C 
danger of using very dry concrete with our present ROUND-| 
methods of finishing. 800 

MODULUS OF RUPTURE 
POUNDS PER SQUARE INCH 

A number of interesting detail comparisons may be 
made by reference to Figures 25, 26, and 27. For 
instance, it will be noted that there was almost a com- 
plete absence of honeycomb in the sections containing 700 
gravel, grading A, and finished with type A machine. 2 (0) 
(Fig. 25.) The corresponding group using stone had a ag + to 
considerably larger number of slabs showing from 1 to 
10 per cent honeycomb. Concrete, gravel, B grading, 600 
also showed somewhat less honeycombing when finished 
with type A machine than with either of the other types, 
although, as has previously been pointed out, the 
amount of honeycombing in general was much greater 010 
for grading B than for grading A. (Fig. 25.) The type 
of finisher appeared to make little difference in the case 
of the stone concrete, sections finished with each type 400 
showing about the same amount of honeycomb. 

The average strength level on the other hand is some- GILAD, LIN Gage 4 
what higher for type B finisher than for the other types. lo -I<¢ —In 

In order to form some idea as to the effect of honey- ™” < y t 
combing on the relation between the strengths of the . " “* ; 
slabs and the strength of control beams tested at the rN] N N N 
same age, Figures 28, 29, and 30 have been prepared. 2 - Ne oe 
These figures indicate for each of the three degrees of oe a ot 7 
honeycombing and for each type and grading of aggre- MIX 
gate, the average modulus of rupture for the slabs and 
the average modulus of rupture for the corresponding © LESS THAN 1%. HONEYCOMB 
beams. It will be understood that each point in this + 1 TO 10%. HONEYCOMB 
case represents the average strength of all slabs having r 97 -—V ; Manu C ie (get: 
the amount of honeycomb within the range indicated, ana a SA Cacenne Mage ones se 
with the corresponding values for the beams represent- Type C Frnisuinac MAcuINnE 
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of the control beams for increasing percentages of slabs show less than 1 per cent honeycomb the average 
honeycomb. There are a number of individual values slab strengths are as high as or higher than the beam 
out of line, but the trend is easily followed. It is inter- strengths, whereas the reverse is generally true for the 
esting to observe that in practically all cases where the slabs showing more than 1 per cent honeycomb. 
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TaBLE 12.—WNotes on finish and workability 

Nim ||. | 
Fi ber a 
2 passes g 
‘2 of | 5 
& | screed | ‘S| Finish | Workability Remarks 

3 e 
oO ~ 

[=| Lod 

Bis|ai§ 
BH |e /a|Z 

A Saleen tie Goods-=— Good? ireeese 
A Agteese ee 2ne OO sees aire Sees : : 
A eet all OOG eeeeee nae oe dome Maximum workable stiff- 

ness. 
A 3 |_..-| 2} Very good_| Good-.._-.-- : 
A Aes eS 00d es airs Some patching. 
EN pe ce ose bee VOry COOd 1. GOOd. cesses 
A Sell PAY Ce ake le dos =.= : 
A eons || Walreee se Palrrse ss oee Maximum workable stiff- 

ness; some patching. 
anes Good se=--=| mC OOd seee= ee 

Stiff consistency. 

Somewhat harsh. 

Do. 
Difficult to handle. 
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TABLE 12.—WNotes on finish and workability—Continued 

Num- > 
a ber 2, 
© passes | § 

d a of 8 
Section | & | sereed |S | Finish | Workability Remarks 

Soars | 
Biel|yg]8 
ial a | o|] 3 
i= | FH | As Z 

Oise nee Cc ed Gel [ese MW ee Good C. A. rolled under belt. 
BO. cee eee C 3 Fo omens eset o fy Meee 2 he do eee 
bt! eee Onin? aa | eres Rees Va fie eee Mea doze =: 
AQ ORAS le Sol een eae donee o- eee docen-<2 Do. 
4 COS Dui eileen] a GOs ese (OP eee Do. 
¢ DANE delle Cc Qallano. (sees \CLOOdzaae Goode es— 
4320 55.2 C 20S s |e (eH BI eee es Fairies soos Some patching. 
UV acre i C 2H. Good Very good__- 
Abt se 8s: C 2 2 d 

465 eee C 6| 4 Slight segregation. 
Veo ee Cc 3 3 
Aa Cc 3 3 
49 Sree C 31/4 Harsh, some segregation. 
Uy 3 oan C 3) 3 Dry, rather harsh. 
heme ee C 2 2 

S202 esca. C 3 4 
ie eee ae C 2 2 
54s oe C 2 3 
Doves C 3 3 
OGe ee -C 3 3 
ay Gis fee 2 Cc DANS aes Ou een Goode. =: 
OS a eee C Dl Pal Pees Mee Ke eye ees ole pee donee 
is Wea Cc Ee ee el ers Coe el Ee 2 oe aes 
60cs= 2-5 C Sulesa tees ace GON ene se lea ee doze 2-= 
Ce) pe RS C A #837 22-3 Sedo reese s- Bairs Ses 222 Some patching. 
62 ee C 23. [aoe Sed Oceees. 2 Goodeee=o= 
63.22.2028 C CFM AS a sr rel E86 Capa See Pee a COs cess Little mortar in front of 

; screed. 
64252 e ace Cc Qi Wee eos MMOs en esos d0s2ss2== C. A. rolled under belt. 
Ghee Cc SiS) eee Mairi. 20s Harsh. 
SCS C4) 2) 3) |-s-- Good2ea=== C. A. rolled under belt. 
672 oe C Dither ss Sir See ee Harsh. 
O8z2e5 ss Cc Sule oul oe Unworkable| Very harsh, segregated. 

A eyisseaiy At Very good__. 
A Sf lisS] 3 Goods C. A. rolled under belt. 
A Oa Bees: Very poor_--| Part of surface rough. 
A Sia) uh OOGE = ssaas C. A. rolled under belt. 

Tie ee ee A pda) ies mea eH) Very good__. Do. 
(f ORES A Sule es eel: O0daseeaaa Do. 
(Desess a A Silene Med oes Ose nae meee dOz2222-. C. A. rolled under screed 

and belt. 
(een A Seca 2 |e x0 ees a Very good_-.| Too dry when belted. 
[Nien a A By ese) Pou a axayi fa gin ® COT Saas Very dry. 
(Seeeeee ASN Season | ee Okt aene 8 eee Very dry, some patching. 
{ft aoe a A Ses Lal eM aire Soe 2s\ Good 22s 2-2 C. A. rolled under belt. 
SOMarEee A Sale| arle | Good sae |ase= Onaee: 
poy teas eae A Salone | on OOK as aa Unworkable 
SQ Peers: A Soe | ole aires tee Mairse eee. Some patching. 
So see A Suess |e Goods Goode 

84 eee A AEN EN a ate ee Very good.--| Belted too dry. 
Spee A SEeea WE 22-0 eee air -2S2s- 22 Some patching. 
SOsv sneer A 5 eee lan OOC ware ee Very good__- 
8/22 A So Seee eee eOUCDee Alp ae were. Do. 
Sheers A 2 a poet |e | i 
SO aes A Ch | See ee 

90" Seaee A ACS Somewhat harsh. 
poe seta A Boel = 24 
Pa A Sy eee 
032 A x Th ee Be (ey 
Ue ha ty sa A Beisel au Do. 
Ti oe A Siler met 
OGM ee A Saeed sa ROUP hee OOree ae | Rough patches. 
OTe ees A Sie | On| sGoodiate =. Goodmeesse= Rather wet. 

08. een CUES Ales 
ah, eo ORiea tre J 
100 See Cc 3| 3 Some patching. 
LOLs C 2 3 
LO22 2 C 2 2 
L032 ee C 2) 3 
iy ees Cc 3| 3 C. A. rolled under screed 

and belt. 
HOY ts Cc 238 
LOG SS. C 2 3 
107si625 Cale 2 nes 
LOS saeeee C 2 3 
LOO Sean C 2 es 
10h eee C 3/ 3 Somewhat harsh, 
ih hlSe sone C 2) 3 
yh Wyo a C 2 3 

dE oe C 2) 3 
4S C Nal 5 
OW Nofees eee C 2 3 
L1G See C 2 3 
Pijeee see OMe s2 3 
LIS sss: C 2AeS 
Oe ee C 2 2 
1202 ee Ses C Da ay 
yf ew C 3 3 | A 
1200s Cen ee3 | Some patching. 
5 Ls Ys ges oS (O7e i) 25al| 83 | 
124 o CHE *2 2 d | 4 
1255 Sy C Se, ee any Ere Ce ee) eee A douase Some segregation. 
1262222 C SiMoseaes pee Oneae ue Weir eee Do. 
by See C Pee Sapeeenie 2 0ss pecele esas do aos Do. 
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TABLE 12.—WNotes on finish and workability—Continued 

Num- 4 
Ss ber a 
© | passes | g 
q 3 

4, Qa of a) 

Section | “g | sereed | ‘S| Finish | Workability Remarks No. a ag | RRS as 125, 
(=) ES fe) | 

Bei 3|8 na) i o 

H |e |e | 4 

128 sees C hes eee GOOG aamaee Good=eaaaaas 
12922 C Aen) Al OE A ie Oe AEN ees Sas 
LO ee C PIA Sie meeC6 Koroye ep Goodseaaaa=s | 
bs Wee a! Cc PIR A | SE 6 Vaya tate Del bere oneeaa=s | 
132 ueeew Ore OMS PRISE eles oe os ndomreae 
BBE so C PH ee Rereel| oko Hair eee | 
134-382 C PASI rasa me MDE peel pk eh aes dosceea 
Sheeeea C Dee | aoe COOU aaa COO dsaaaee 
136-302 C PENA DY Went sl Ree tu (cote pees | ecostze 
IS fae C aS eon See e ear m | aishahe Se eee 
alate fai co a | MKC) 2 y Aan Beets BES fe epee Gidodeesseees 
a0 oe ee C dpa el seen Meera (oyna Sepa lee _does 
140 PRR lene Siete ne VOUS eee ek eee ees 
141 oe, C Py | PA Nn S|| CB oye be COO CEaeeeees 
147 eee (OM Weert CONES HIE en ese | sete udomaae 
143s tee C 27 Po iipse= |e Osene aineee2 see 
4g eet C 2 2 Ne een CO ge eee doce: 
145 ee Cc 20-2 12s eed oss Goodaeeaees 

WAG Cc El 8} | Too dry. 
1 Vee C 2 2 
14632033 C 7) 8 
140E8 = C 2 3 
150 Rees C 2 2 
jy ieee oe ies) 2 2 
Lb 2eAS Gea 2 2s 
153= (On ijn 2 
164s C 2 2 
55s ee C Silas Unworkable in spots. 
L5G een C 2 2 
Ay poe s C 2 2 
1582 os C Sally i 
159: eee C 2 3 
6022s C ZA2 

LG Lae ees B 4 | .| C. A. rolled under belt. 
1622.4e82 B 4 Do. 
LGoos ee B 3 
164. es B 3 Do. 
LOS Seen ees B 3 Do. 
L6G SSeS B 3 
16 (eee B 5 Harsh. 
L6SE see ey B 3 
L692 B 3 
LOC eS 3 Hand finishing necessary. 
Lita B 3 
L722 B 3 
Listes B 3 
LW, eee B 3 Some segregation. 
75 Sa B 3 Hand finishing necessary. 
L7G eee B 3 Some segregation. 
i ie oe B 3 | 

(spose te B 4 Harsh. 

B 3 
B 3 | 
Boies: 
Ba 3 | 
Bei .34) 
By) 4 ees ees Roush eam Poorman Hand finishing necessary. 
B Oi eae ees COO C aeas Goda 
B re) aca Sees Fo (yee ees 1) doz tyr 
B |e ee eee Mare ayes oye aire ee 
B Sil eRe alae <dOuaeenees Very good_-- 
B yy rd ee rs (ays eed airs 
B On| Pe es eee SS EO 5 eee ence Gopseseae 
B BI eeeS Mice Bee Clos oe | Very good_-- 
B 6 Re eee 6 ie inG OOdseeenees 
B Syleee el ae Seed Ore eee Haines ee 

B 4 |___.|___.| Rough____| Unworkable 
B Oi) eae | CLOOd See Goodaeses== 
B = i cee Patines Penn ohne 2 etal PA Re dos ae 
B 3. | ears | See eed earns eee dose: 
B Pri Seen ere | Ee eee Fair___--.--| Two extra screeds on half 

| of section. 

UNIFORMITY OF CONCRETE ANALYZED 

It will be recalled that the value for the modulus of 
rupture of each test slab was obtained by averaging the 
results of tests on the four slabs which made up the 
section. A study of the variation in strength among 
the four slabs should give some idea, therefore, of the 
uniformity of the concrete within the section. 

Table 13 gives for each test section the results of 
flexure tests on the individual slabs, together with the 
percentage variation of each slab from the average for 
the section and the average percentage variation for the 
section. ‘This latter figure may be used as the index of 

Num- Pe 
a ber a 
2 passes | 9 
q 3 

A 2 of ~ 

Section | “& | screed | ‘3 | Finish | Workability Remark No. a re 
ro) ne & 
o dq An 

Bis)3\4 
H |e l|a|Z 

190ce= a B Oy fees See GOOd==ees NG OOde=sanem 
200ESa228 B Biel Peek fe San | mtr e Ko yee ane rae doses 
20 Seeaae B Sees e Ae edo.) Eales s dom aeae== 
2022 2ee 3 B 33) | re alee eer ea ees eae doses. 
Ds here BY Mei eaeaiess eed re aule Se edo 2ae 
Gi ope B ou eeed eo ceed Seen tek al eee 
20522552 B 3 |____|----| Rough__..{ Unworkable 
200 eeee= B Sea so CL OOG aes Gooden 
207 eats Bist Sdlaceul ate GhO Hadeec baad? a4 
208 222ee= B 4) eee Saat oughee as Balrs Sao seee Some patching. 

200 Fees B 3 Lesa 2=22 0 Goodseee. ease doseees 
210 see B Spe el Se eae Mair eee OOP seca ‘ 
OV seem B 45 || oal Poors oe Unworkable | Patching necessary. 
12 seeee B Gi ju Raa! (Exevorel 5 = Very good___ 
DBP eae B Bie eee lh Sedo meees Goode 
O14 sees B 4a eee oes | Maire eee Shalt eee ee Do. 
215 a SLMS |Esas Goode eres Goodaasa= 

oe 3) (DEaT cease dO nese sere ON ee- 2 ‘ ee 
31722 B 31) eeeaea— ae eOoOneeses= Unworkable| Third of,{surface hand 

finished. Lage ae, 
218.265 B 8S |lEcese|eserl| (Crores — === Goodmesas=s Boren, wet, some segrega 

ion. 
PIO) 5, se B 3 ee loca 2 dOveseees looses GOnaenes Do. 
oO) mae B 3a eees eres OOLeS Poors ==s ane due to_segrega 

; ion. 

22 eee B 3) Gees aon OO sees in CLOOCneaaaas Harel wet, some’ segrega 
ion. 

PD mee B Suleees|-=oo [a= 00 =e eee Haire eyeneen. Eateling: due*to segrega: 
ion, 

223 ee B 20 aly Loreal) || WiGiAy ome =- Do. 

Gopi = C Oe) 92 acy) Croyle Very good-.. 
DO Sate Oa 1 lie x ena Nk Lokal Pel ens ado aetda 
2262 C 2) 9: oon do ss Fier airs a aeeae 
D0 faa C De Oo ae as dO kaa GOO Ese sas 
228 Tee C 2 Ocoee seed OSS eeoateeee dO aeeeee 
290 a C 2 Mees a ee Ea eee Hairs ese 
va0eeeees C Di VSiite eee dose -esaeeee doss 
03 aie C Qi 2a Sees LG oodes ees Goodeea=== 
23) sae C Dit Oe EAL Om merase Very good--- 
230 C DH NADY [fae ae Vee Sokal Be ep Goods 
234 e OR ph ees secae pea eel (See ss oe Saeees 

dose eet. dose ses 
pee C : : eo al ee dower Bairces ee Rather harsh. 
23 tee C | 90) LOT exe 3 5-5 || Coole ses 
238ceetee Cc Fils Or eae eee dommeas Very good_-. 

230 ees Cc Og 2 Wael Dare Hairsaessa.- 
0 Cc 22) eel eR Goodeaa== Good 222-==- 
24 eee C 2a oe |e Oe ee Very good_.- 
DAD Seen Cc ihe 24 |eees en dO seee ae Raines 
Be denote C Sale 2 alee eee dommes Good=222--2 
2Ad Sees C Dhl o eae Oe eee le .--0022--—— 
GINS oe C D2 I OFA Se eas Gy see oe Bair ere aoe 
DAG ee C Di he) ane eee LO meree eal COO Seema 
DA ene C Dale Sa nee POU g Hemera OOD RE ae ee 
PAS s Seas Cc Dy) 6) te nal Crowle | Col aac 
DAG SR eeas C FiheeDy ee we RE doseeers Phair l= eae 
200 bee » Z| eee ee 1 Oe ee Good@s=e=== 
Ait te ee C TH ya ell Se Aro Ko pe te 2 Kain sane 
202 eeaeee C 2 om a are Foe oa aS do saes 
PA a C 2 OMNES = 02 Sates |eee ee dos 

254.2 25b C Di Th ee Be dOkeeosleae 2 dOsasee2 
250s C eee |e d Ome a Good essa id 
256 sosaee C 22) ean Hough Seea|s b OOreeease Hand finishing necessary. 
PE eto t Cc Dall 42 lmeeee |e OOr ae aae Very poor-_-_- Do. ? 
258252 C 2 oleae |G OOde saab k alr sega se Some patching. 
259 eee C ei eee ee Oe a CL OO eres 
20 C 2 OR een hair Sear Kairs=- een 
20. seeee C Ohi meee GOOdee =a Good ee aaaas ; 
202 see Cc OQ less helt ey ele LO Ober teee Patching necessary. 
2032 C 2 eo eee | GOOG sateen GOOd aeanae 
2042226 C 2 Dilber see Ose see 22-5 dogaae== 
260s C 2 eee Pesala aites seal) OOheaaeaes Do. 

uniformity for the section. In Figure 31 the average 
percentage variation in strength for all of the gravel 
concrete sections and all of the stone concrete sections 
for each proportion have been plotted. It will be seen 
that there is a reasonably consistent reduction in uni- 
formity with increase in coarse aggregate content for 
both types of coarse aggregate. The average deviation 
varies from about 4 per cent to about 7 per cent for the 
entire range. By breaking these average values up 
into group averages corresponding to grading of aggre- 
gate, type of finisher, etc., similar results are obtained. 
The difference between the effects of A and B grading in 
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Figure 31.— UNIFORMITY OF CONCRETE: AVERAGE PERCENTAGE VARIATION OF MopuLus oF RuptTuRE OF INDI- 
VIDUAL SLABS FROM AVERAGE Mopvutuus oF RUPTURE FOR THE SECTION OF 4 SLABS 

the gravel which is so marked as regards honeycombing 
‘does not appear from the standpoint of uniformity. 
Neither can any consistent difference in uniformity be 
observed as the result of using the different methods of 
finishing. Each method gives about the same average 
degree of uniformity. 

However, study of Table 13 indicates some relation 
between honeycombing and uniformity. For instance, 
the average deviation for the 19 sections showing more 
than 10 per cent honeycomb is 9.2 per cent against a 
grand average of 5.4 for the entire series. Conversely, 
the 127 sections having less than 1 per cent honeycomb 
showed an average deviation of only 3.8 per cent. 
These values are given to illustrate trends only as there 
are several cases where honeycombed slabs show good 
uniformity and vice versa. The trend, however, is in 
the direction which would naturally be expected and 
further illustrates the importance of guarding against 
danger of honeycombing in the construction of concrete 
pavements. 

TABLE 13.— Variation in modulus of rupture, of individual slabs 
from average for the section of 4 slabs, and percentage of honey- 
comb 

Modulus of rupture in pounds Percentage variation from 
per square inch average 

Section eee Honey- 
No. rn ie comb 

ver- ver- 
if 2 3 4 age 1 2 3 4 age 

Vereteo85 539 545 552 531 542 0.6 0.6 1.8 2.0 1.2 
Vi iors 586 562 535 608 573 2.3 129 6.6 6.1 4.2 
ke 508 | 498 | 514] 497} 504 Sale 12h) £2 Ollewk aoe 14 
il 532 582 523 577 554 4.0 Oud 5.6 4.2 4.7 
a 429 457 538 702 532 | 19.4 | 14.1 1.1 | 32.0 | 16.6 
Gee EL 481 547 611 540 520 7.5 5.2 slez/ 3.8 4.6 
pee 531 | 493] 558] 5385 | 529 fl 6283) O26) o Lads) 3.4 
umes aS 587 | 574! 552] 585] 575} 2.1 SOROS Esp ew : 
UL. 556 | 534] 509] 576| 544) 2.2] 1.8] 6.4] 59] 4.1 : 
1) 3 542 500 542 537 530 2.3 Bata eso. 1.3 2.9 0 
1 561 512 586 597 564 | .5 9.2 3.9 5.9 4.9 0 
0 680 | 398 | 487] 523 | 497 | 16.7] 19.9) 2.0) 5.2/ 11.0 3.8 
ie ee 515 501 589 624 557 7.5 | 10.1 6.7 | 12.0 8.8 EL 
ae 500 | 562} 525] 530| 529| 5.5] 6.2 .8 Pe Qalenaee 0 
ie em 556 539 565 587 562 ld Gy ei ot ABs) 4.4 2.5 0 
Gyo ee 483 | 505| 500) 511{/ 500| 3.4; 1.0! 0 ries ON 0 
b(n AAT aN 4a DI 488") 467 || 453 8) le ie ae OW 42 5.2 
ifs ae: ae 506 | 539] 542; 553] 5385] 5.4 reels OulmeosA aie. fo. 7 0 

| 

TS 2 ge 611 | 565 | 613] 647] 609 3] 72] .7] 62] 3.6 .9 
ie 627) 2570 I O80.) 578i 00) |, God 14 3, alm ed 2c Onn ss L 0 
24h eee 599'| 548)  672:) 602) 580) 3.3) 5.5) 14 |, 3.8} 3.5 0 
27 557 | 629] 582| 4990| 542] 2.8) 2.4) 7.4] 7.9) 6.1 2.9 
24, Se 558 569 560 547 559 2 AS Skt eee eke Bal 3.2 

TaBLE 13.— Variation in modulus of rupture, of individual slabs 
from average for the section of 4 slabs, and percentage of honey- 
comb—Continued 

Modulus of rupture in pounds Percentage variation from 
per square inch average | 

Section _| Honey- 
No. | _ | te | comb 

ver- ver- 
1 2 3 4 age 1 PATS As 4 4} age 

| Pe cen 
7), Wists a heek 547 546 577 575 561 2.5 250 2.9 2.5 | 2.6 0 
DATS re eye eee 471 488 459 448 466 Pek 4.7 1.5 3.9 2.8 6.3 
2Oe eee ne 549 580 651 591 593 7.4 222 9.8 .3 4.9 AS 
V4 (eee 588 572 547 557 566 3.9 pa 3.4 VGH PEs) -6 
Wee fase Sion ae 483 571 563 547 541 | 10.7 5.5 4.1 ise 5.4 2 
4 see Pe 443 532 511 525 503 | 11.9 5.8 1.6 4.4) 5.9 5.8 
30S SU 509 491 415 455 468 8.8 4.9 | 11.3 2.8 7.0 19.2 
5p lee ee oe 498 586 499 494 519 4.0 | 12.9 3.9 4.8 | 6.4 .6 
By His Ka Se ps hy 442 409 431 439 430 2.8 4.9 ay? 2.1 2.5 | 25. 4 
335 2 o ee 476 481 | 470 362 447 G50 5.1 | 19.0 9.6 12.9 

Gy ee ee Peed 569 591 | 600 573 583 2.4 1.4 2.9 edi 2.1 0 
Shh ae cone 502 517 | 554 613 547 8.2 655) 1530) 12:15 6.8 0 
Ries ee 567 569 | 600 596 583 2.7 2.4} 2.9 PRIN IG) 0 
Rif degen ote Fee Ae 626 552 | 592 607 594 5.4 tok 3 2.2) 3.8 1.2 
Bf. Meee eee 484 567 494 500 511 6237) 21:.0 3.3 PAD N Ct 5 
OOS aeee mee 627 | 500; 483) 520) 508) 3.7] 16) 4.9] 2.4) 3.2 il 
406s seer 3 510 387 | 393 516 452 | 12.8 | 14.4 | 13.1 | 14.2 | 13.6 2.1 
cy Bae ois es 535 517 451 570 518 3.3 soil deseo 20.0 6.6 1.0 
4095 ase 512 | 545 | 547) 557) 540] 5.2 OR lad Mel res O 0 
Ch ie ee §21 603 | 583 441 537 3. Ol 12.3; 8.6 | 17.9 | 10.4 4.3 
44 ee 541 552 510 536 535 Vig 3.2 4.7 <2 20 0 
452 eee 570 554 | 458 588 543 5.0 2.0 | 15.7 Scones: 0 
46:52 es 548 540 536 525 537 2.0 -6 2 2.2 1.2 3.9 
Ce where ee 8 504} 501 | 485) 441 | 483) 4.3) 3.7) .4] 87] 43 2.8 
4808 oe 547) 402'| 502'} 540'|- 520) 5.2) 5.4) 3.5) 3:8.) 45 0 
40 Ces 535 539 361 419 464) 15.3.) 16: 2))| 22.2 9.7 | 15.8 6.6 
50. aise= 504 532 281 411 432 | 16.7'| 23.1 | 35.0 4.9 | 19.9 16.2 
Sissateee 574 546 544 595 565 1.6 Gea! epi ff Oouage 0 

52 531 | 470 | 447 | 339 | 447) 18.8] 5.1] O | 24.2) 12.0] 20.5 
613 565 | 596 510 571 7.4 Le 44 | 10:7 | 5.9 8.2 
613 558 | 565 552 572 (ay? 2.4 1.2 3.51 3.6 0 
600 593 605 542 585 2.6 1.4] 3.4 TV EME 7.5 
561 480 | 576 601 555 1.1] 13.5] 3.8] 8.3 6.7 1.2 
597 577 | 585 556 579 Sal hee ale LOO A Oem ok .4 
500 366 | 480 459 451 | 10.9 | 18.8 | 6.4 1.8 9.5 9.8 
579 539 | 513 435 516 | 12.2 4 Salt) We Oul LO. 7 8.2 4.8 
577 544 | 516 566 551 4.7 1.3 6.4 | 2.7 3.8 0 
565 509 545 528 537 5.2 5.2 1.5 ue 3.4 6.2 
539 462 | 556 | 587 536 -6 | 13.8 3.7 9.5 6.9 3.2 
538 538 564 546 DAT NG PG al acco Laem ate 1.6 0 
498 | 422 | 268 463 413 | 20.6 PAD) Weta Il (i Ee ta bes) 24.5 
558 417 | 438 493 477 | 17.07) 12.6" 8.2 3.4 10.3 7.0 

Cheese 504 511 | 539 586 535 5.8 4.5 ea All TALES 5.1 -5 
[iV pene eee 512 495 542 454 501 2.2 1.2 8,2 | 9.4 5.2 4.8 
68:2 ease 410 | 471 | 479| 482) 448; 8.5] 51] 69] 3.6] 6.0 17.8 

| | 

60a aaa 762 | 736 | 755 | 677 | 7382] 4.1 ON Os Lall veO, 1o.8 0 
(Olea 715 723 | 732 730 725 1.4 -3 1.0 AY | 8 0 
(plese. 590 729 735 705 690 | 14.5 5.7 6.5 252 (Ae 2.2 
be aS 755 | 648 | 669] 675 | 687) 9.9] 6&7) 2.6) 1.7) 5.0 1.2 
Tee 5, ae T06 jor 405 ai) 9200", 674 | 687 5 Lat rd BATS 250 teed 0 
(Tes Begs 516 | 664] 714] 636 | 6382| 18.4] 5.1] 13.0 .6| 9.3 8.4 
Osea ee 790 715 | 659 736 725 90); 1.4 9.1 1.5 5.2 5 
1 {ees 567 685 | 746 643 660 | 14.1 3.8 | 13.0 2.6 8.4 0 
Uae eae 683 | 687 | 724 | 739 708 | 3.5) 30] 23) 44) 3.3 ya | 
(Soa. ee 721 559 780 621 670 7.6 | 16.6 | 16.4 7.3 | 12.0 6.5 
WR potty at ate Se 739 ' 730] 655! 675!) 700} 5.6] 4.3;.64] 36) 5.0 2 
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TaBie 13.—Variation in modulus of rupture, of individual slabs from average for the section of 4 slabs, and percentage of honey- 
comb—Continued 
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per square inch average 
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GRAVEL SLAG 

ABSORPTION 

PER CENT (BY WT.) 
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FIGURE 32.—RELATION BETWEEN ABSORPTION OF Cores AT NINE Montus AND TYPE oF FINISHING MACHINE 

RESULTS OF ABSORPTION TESTS DISCUSSED 

In order to develop information which might be of 
assistance in studying the relative durability of the 
various mixes, a series of absorption tests was made on 
6-inch cores drilled from the test sections. These tests 
were made in accordance with the standard method 
calling for 5-hour immersion in boiling water, as speci- 
fied by the American Society for Testing Materials. 
The average percentage by weight of water absorbed 
for each proportion and for each type of finishing 
machine is given in Figure 32. The average absorption 
is about 5.5 per cent for all conditions with the excep- 
tion of the slag concrete, which averages about 7.5 per 
cent, and the stone concrete finished with type A 
finisher, which shows about 5 per cent. There is a 
sight tendency for the absorption to decrease with 
increasing quantities of coarse aggregate. 

These tests are being supplemented now with a series 
of freezing and thawing tests on a similar series of cores. 
It is hoped that it will be possible to present a report 
covering this portion of the investigation at an early 
date. 

STUDIES OF INDIVIDUAL TEST SECTIONS 

In order to make it possible to study the manner in 
which the several variables which were being investi- 
gated affected the relative strength of individual sec- 
tions, it was considered advisable to plot the results of 
tests section by section. This has been done in Figures 
33 to 37, inclusive, in which the results of the various 
strength tests on each section have been indicated, 
together with the mix, slump, water-cement ratio, and 
averge percentages of honeycomb. In each group of 
three sections the concrete having the lowest slump 
appears to the left and the concrete having the highest 
slump to the right. In each group of three sections 
lines have been drawn between the plotted values of 
compressive strength and modulus of rupture to indicate 
the trend of variation of strength with increasing slump. 
These curves should not be looked upon as indicating 
a quantative relation, since the abscissa does not repre- 
sent a variable. The various trends to which atten- 
tion has been called may easily be traced throughout 
the entire series by reference to these figures. There 
are several points to which attention is especially called. 

1. For each group of tests a very distinct relation 
exists between the consistency of the concrete as meas- 

ured by the slump test and the water-cement ratio. 
Almost invariably it will be found that, in each group of 
three sections, a direct relation exists which indicates 
that the slump test is a very good measure of the rela- 
tive amount of water in a given concrete, even within 
the rather narrow limits covered by this study. 

2. In general, the additional water required to main- 
tain workability in the mixtures containing high per- 
centages of coarse aggregate does not result in an 
increase in slump. The upper, left-hand panel of 
Figure 33 is an exception to this rule. 

3. The crushing strength of the concrete in the 
individual sections follows, in general, the water-cement 
ratio law. Exceptions may be observed in certain 
instances, many of which may be explained by the use 
of concrete which is too dry to be workable. It must 
be remembered, of course, that in these charts each 
point represents the average of only two tests in the 
case of the control specimens and the cores and four 
tests in the case of the slabs. Individual variations 
from the general rule are therefore not surprising. 

4. There is a marked tendency for the flexural 
strength of both beams and slabs to fall off for the dry 
mixes. The tendency is more marked in the case of 
the slabs, probably because of the fact that under the 
standard method of molding employed for the control 
beams it was possible to fabricate more uniform speci- 
mens with the drier mixes than by the methods employed 
in placing the slabs. This tendency is illustrated by 
reference to sections 3, 17, 25, 32, 50, 71, 85, 122, 149, 
180, 211, 230, and 247. 

5. In 60 out of a total of 89 groups of three sections 
each, the section having the highest water-cement ratio 
showed a slab strength as high as or higher than the cor- 
responding section in the same group having the lowest 
water-cement ratio. Attention is called to the fact 
that in each group of three sections the range in water- 
cement ratio was only sufficient to produce a variation 
in consistency from dry to medium and that in no case 
was the water-cement ratio high enough to produce con- 
crete of wet or sloppy consistency. 

It should also be noted that whereas the drier mixes 
would for the most part be rated as workable by lab- 
oratory standards, such mixes were not in general 
found to be workable under the methods of placing and 
finishing pavement slabs now commonly used. The 
dry mixes may therefore be considered as lying outside 
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of the range of plastic mixes to which the water-cement 
ratio law applies, and this fact accounts for the falling 
off in strength. 

6. In these same 60 groups, the section in each group 
having the lowest water-cement ratio was honeycombed 
in all cases. On the other hand, in 40 out of the 60 
groups, honeycomb was entirely absent from the section 
having the highest water-cement ratio, with 13 out of the 
remaining 20 showing less than 1 per cent honeycomb. 

7. The slump for the driest mix in each group aver- 
aged from one-fourth inch to 1 inch, while the slump for 
the corresponding section in each group having the 
highest water-cement ratio averaged from 2 to 3 inches. 

The above indications point emphatically to the dan- 
ger of using mixes of less than 2-inch slump in concrete 
paving work with the methods of finishing in common 
use to-day. The use of medium consistencies such as 
were obtained in these tests with a 2 to 3 inch slump 
will not only give as high or higher slab strength than 
the drier mixes but will greatly decrease the tendency 
to honeycomb and thus will promote uniformity. 

8. In general, the presence of honeycomb in the slabs, 
although very seriously affecting the flexural strengths 
of the slabs themselves, was not accompanied by lower 
crushing strengths of the cores drilled from the slabs. 
Neither was there any relation between the extent of 
honeycomb in the test slabs and the amount of honey- 
comb in the cores drilled therefrom. These observa- 
tions lead to the conclusion that neither the crushing 
strength nor freedom from honeycomb of cores is neces- 
sarily an indication of the homogeneity of the concrete 
in the slab. 

CONCLUSIONS STATED 

For the materials, proportions, and methods of plac- 
ing used in these tests the results of the investigation 
justify the following conclusions: 

1. For a constant sand-cement ratio an increase in 
the quantity of coarse aggregate beyond the limits 
ordinarily employed in practice decreased the strength 
of the concrete in the pavement substantially in pro- 
portion to the amount of additional water required to 
maintain workability. 

2. For corresponding increases in the water-cement 
ratio the percentage of reduction in flexural strength 
was somewhat less than the percentage of reduction in 
crushing strength. 

3. The workability and uniformity in strength of the 
concrete was decreased in proportion to the amount of 
coarse aggregate added. 

4. The workability of the concrete was greatly 
reduced by decreasing the maximum size and at the 
same time increasing the amount of fines in the gravel 
coarse aggregate, even though the corresponding varia- 
tions in the percentage of voids in the gravel and in the 

value of M for the concrete were small. 
_ 

5. For the gravel concrete the reduction in work- 
ability for any mix caused by the use of the poorly 
graded gravel was greater than the reduction in work- 
ability caused by increasing the percentage of coarse 
ageregate in the concrete containing the well graded 
material. (See fig. 22.) 

6. For a given consistency as measured by the slump 
test, different gradations of gravel produced different 
degrees of workability. (Fig. 23.) 

7. For a given gradation of coarse aggregate the 
consistency as determined by the slump test measured 
the workability of the concrete. 

8. For a given proportion, higher slab strengths were 
obtained with concrete having a medium consistency 
(2 to 3 inches slump) than with very dry concrete (% 
to 1 inch slump). 

9. In order to obtain satisfactory uniformity and 
freedom from honeycomb it was necessary to use a 
consistency corresponding to a slump of approximately 
2 to 3 inches. 

10. The various types of finishing machine employed 
in these tests gave approximately the same results. 

11. For concrete reasonably free from honeycomb, 
the strength of the control beams appeared to be a 
satisfactory measure of the strength of the correspond- 
ing pavement slab. 

12. Neither the amount of honeycombing observed 
in the drilled cores or the crushing strengths developed 
by the drilled cores measured the extent of honeycomb 
in the pavement slabs or the flexural strength developed 
by the pavement slabs. 

RECOMMENDATIONS 

On the basis of the information produced by these 
tests, the following recommendations are made: 

a. That all specifications for concrete for pavements 
contain a definite requirement covering consistency. 
The slump test is recommended for this purpose. 

b. That the use of paving mixes showing less than 
2-inch slump should be discouraged. 

c. That specifications for consistency of paving con- 
crete to be finished by any of the methods now in use 
be revised when necessary to provide that the concrete 
have a consistency corresponding to a slump of from 
2 to 3 inches. 

O 
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