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THE EFFECT OF MATERIALS AND METHODS OF 
PLACING ON THE STRENGTH AND OTHER 

BROleRiiopnOaecONCRE TE BRIDGE 
FLOOR SLABS 

REPORT OF A COOPERATIVE INVESTIGATION CONDUCTED BY THE PORT OF NEW YORK AUTHORITY AND 
THE UNITED STATES BUREAU OF PUBLIC ROADS 

By L. W. TELLER, Senior Engineer of Tests, and G. W. DAVIS, Associate Engineer of Tests, United States Bureau of Public Roads 

N THE field of highway bridge engineering one of 
the most important developments of the times is the 
trend toward increased span lengths. This develop- 

ment has been made possible, in a large measure, by 
new materials, new methods of construction, and new 
knowledge which have been made available to the 
bridge engineer within the past few years. While the 
general tendency toward greater span lengths has been 
evident in the design of many types of bridges, it has 
been particularly noticeable in that of suspension 
bridges. A span of 1,800 feet is a thing of the past; one 
of 3,500 feet has recently been opened to traffic, and 
another of much greater length is already planned. 

With such great span lengths the possibilities for 
economy through a reduction in the dead load caused 
by the weight of the floor system are of such importance 
as to merit the designer’s most serious consideration. 
Nearly three years ago, when the design for the giant 
bridge over the Hudson River between Manhattan at 
One hundred and seventy-eighth Street and Fort Lee, 
N. J., was being developed, this thought led the Port 
of New York Authority to request the Bureau of Public 
Roads to cooperate in the conduct of a rather extensive 
series of tests, the primary object of which was the 
development of information which would permit a 
comparison to be made of the relative strengths of con- 
crete floor slabs made of several materials and placed 
by each of several methods. 

The tests requested were begun during the summer of 
1928 and have been completed only quite recently, 
because of the time required to make certain extended 
durability tests. 

SCOPE OF TESTS OUTLINED 

The materials which it was desired to compare were: 
1. Coarse aggregates— 

a. Haydite (an artificial lightweight aggregate). 
b. Rounded siliceous gravel. 
c. Crushed limestone. 

Fine aggregates— 
a. Haydite. 
6. Natural quartz sand. 

The methods of consolidation used in the placing of 
the concrete were as follows: 

1. Hand placing. 
2. Vibrolithic process. 
3. Vibration with an electric vibrator. 
4. Vibration with an air hammer. 
The detailed descriptions of the materials and of the 

methods of consolidation are given later in the report. 
To provide satisfactory specimens for the tests it was 

necessary to construct a series of slabs sufficient in size 
to permit all operations to be carried out as they would 
be in actual construction. Since, in some cases, vibra- 
tion was to be used for the consolidation of the con- 

87154—-31—1 

crete, 1t was necessary that the method of supporting 
the slabs during construction be comparable to that 
which would normally be used in the design of such 
floor systems. 

The series consisted of 11 slabs, in duplicate, or a 
total of 22 slabs each 22 feet long, 6 feet wide, and 
8 inches thick. In their construction the various ma- 
terials and methods were combined as shown in Table 1 
It will be seen from this table that in placing the con- 
crete containing the Haydite aggregates the air hammer 
was not used. This omission was made because it was 
believed that a satisfactory comparison between meth- 
ods could be made on the other two materials and that 
sufficient data concerning Haydite would result from 
the slabs made by the other three methods. 

TaBue 1.—List of test sections 

IF | 
ee Method of placing | Aggregates 

ol | * 

13 and 24. | Crushed limestone and natural sand. 
12 and 23- Gravel and natural sand. 
3 and 14__ Fine and coarse Haydite. 
5 and 16_- Crushed limestone and natural sand. 
4 and 15__ Gravel and natural sand. 
6 and 17_- Fine and coarse Haydite. 
8 and 19__ sr__| Crushed limestone and natural sand. 
7 and 18__ | Gravel and natural sand. 
9 and 25_-_ Fine and coarse Haydite. 
11 and 22_ Crushed limestone and natural sand, 
TOjand sie) Pees dole Cem oe oe Se pk ae Gravel and natural sand. 

1 To each of the 6 slabs Sine aced by the Vibrolithic process there was added trap rock 
in the proportion of 50 pounds per square yard. 

The concrete in each of these slabs was subjected to 
the following tests: 

1. Flexural strength— 
a. Flexural strength of 36 by 72 inch slabs, 8 

inches thick. 
6. Flexural strength of 8 by 8 by 3 

beams. 
Compressive strength— 

a. Compressive strength of 6 by 8 inch drilled 

36 inch sawed 

bo 

cores. 
6. Compressive strength of 6 by 12 inch control 

cylinders. 
3. Modulus of elasticity— 

Modulus of elasticity of 6 by 8 inch drilled cores. 
4. Bond strength of embedded steel— 

a. Vertically placed bars. 
b. Horizontally placed bars. 

5. Stress and deflection measurements in reinforced 
slabs, 36 by 72 inches in area. 

6. Absorption tests. 
7. Wear tests, to determine relative surface hardness 

of the concrete. 
8. Tests of 

thawing. 
resistance to alternate freezing and 
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GENERAL PROCEDURE DESCRIBED 

In order that the effect of construction methods 
might be the same on the test slabs as on actual bridge 
floor slabs, the test slabs were constructed on stringers 
which consisted of 18-inch, 54.5-pound I beams, 22 feet 
long, placed 5 feet 4 inches on centers and supported at 
either end by short concrete pedestals. 

Although each of the large slabs was constructed as a 
unit, it was divided in the forms into sections of a size 
suitable for testing by wooden dividing strips or parti- 
tions about half the depth of the forms, or 3% inches 
in width. These dividing strips, 2 inches thick with 
chamfered edges, were fastened in the forms in a very 
dry condition. On placing, the wet concrete caused 
these strips to swell sufficiently to crack the large slabs 
into smaller sections. Details of the method of divid- 
ing the large slab are shown in Figures 1 and 2. 

TOP OF SLAB” [Ass ¢ Hae peel Tires 

teary 33'@-—enos OF separators ——~<f} RAB a 
ts. yee dale 

a> 

je. BOTTOM OF SLAB Ce aA 

ESSERE 

SECTION SHOWING SEPARATORS 

T =i 
Sel |AIM ) UH 

= ee ‘TAL | ! TH 
A ea | | ! 

2 pal Fil OTE Pe a ay al 

baie LIDS lan eat aa 
ai et ! | Bl 

TWIN | i mel 

— 2208 

1&8 —2BY3 FOOT SLABS FOR BOND TESTS 
H= HORIZONTAL BARS, V=VERTICAL BARS 
386 —3BY6 FOOT REINFORCED SLABS 
2 4587—3 BY 6 FOOT UNREINFORCED SLABS 
——---- SEPARATORS 

Figure 1.—Deraits or TEst SLAaBs 

MATERIALS USED 

The materials used were obtained from the same 
sources as the materials contemplated for use on the 
bridge. Their physical characteristics are given below. 

Cement.—The cement used was a reputable brand of Portland 
cement with the following characteristics. ‘The values given 
are the averages of tests of five samples. 
Fineness, percentage retained on 200-mesh sieve-_-------- 19. 6 
Soundness ote eee ee ee eee ae Satisfactory. 
Time of set (Gilmore needle) : 

Initial eee 2s eet 3 hours, 15 minutes. 
Hina] 2300 oe Eon epee aan eee ee 7 hours, 0 minutes. 

INormaliconsistency.: Per Cel vasa = ee ee 21. 6 
Tensile strength (pounds per square inch—1:3 Ottawa sand 

mortar) : 
FCA Yi 28a 5 eR Oe ae Ce ener a2 ee 253 pounds. 
DS CAV Rea = tee tea en mt RE ME ie Er ee 365 pounds. 

Fine aggregates—The sand used as a fine aggregate in these 
tests came from Suffolk County, N. Y. It consists essentially of 
angular grains of quartz, containing a small amount of mica and 
feldspar. Physical tests gave the following results: 
Sieve analysis: 

INO f4 SIEVE Sac = 2 oe et ee eee per cent.__ 2 
IN0.18 si6Vel See ae ee ee See es COME ec 
Now 14 slevelee es eres es eee Glues PH! 
NOS28 sieves. sne aie ee eee dose = neo 
No. 48 sieves ie: 20 se ee ee Gene t¥/ 
No: l00sieves=220 22s ie eee COs. hs) 

Silt-and clayj2 28 Sas es St Sees Cee Gk. AOhd! 
Apparent specific gravityo ee. 22- eer eee ee 2. 67 
Weight in pounds per cubic foot (dry rodded) ----- 105 

pee matter(color test)" 222" es eee eee Satisfactory. 
trength ratio— 

VOSS SU see Se Se ee per cent_. 116 
28 :Gaysss Soe ee ee es ee dose L0G 

Fineness mod ultis ee 2 ace ore, oe re et ee PAS Uke) 

Haydite is a manufactured aggregate consisting of fused clay 
or shale. It was obtained from Jackson County, Mo. Haydite 

Figure 2.—Form READY FOR CONSTRUCTION OF LARGE SLAB. 
Nore Separators, STEEL Mats, AND Bars For Bonn TEstTs 

No. 6, which was used as a fine aggregate, gave the following test 
results: 
Sieve analysis: 

Total retained on— 
Noud sieve2a 3 33252 eee per cent__ 0 
INOS Si Sieve sie ees Se ee do. 2==ano 
INO.S1G; SIOVOS 2 2 oe ee ee = ee eee GO 3. By 
No. SO Sle Vereen a) ee eee oko == (x0) 
NOHOOKSIE Ves sere ee eee ee ee dose /4 
NowlOO sieves 2 se ee O see 

Apparent specific gravity__--..---- Zoe Se I LONE 
Weight in pounds per cubic foot (dry rodded) - ----- 68. 75 
Percentage:absorption = — = 3s. a ee eee 14.7 
Fineness /modulus.22.2 2. Seas eee ee oe See 2. 59 

Coarse aggregates——The gravel, which was obtained from 
Suffolk County, N. Y., consisted essentially of rounded fragments 
of sandstone and quartz. Prior to the mechanical analysis the 
gravel as received was separated into four sizes and recombined 
as follows: 
OverHatinches =e ee eee eee pee per cent__ 23 
Ya tO AA inches 2. ab ees Se ee eee dot eese 
VY, LOAN Ci © ees Pe & See eee ae ee Choe Bw 
Dress sth syrah) 10 Die pee oe ee dos 
Mechanical analysis— 

Total retained on— 
124-1INCh SCreCNiss oo ae eee ee dof2= =e 
5/1 CIOS CLEC Lies atest ee Clo 
36-IN Ch SCrCCIa es 2 nae = oe ee eee does 
Nowv4 slevese Sos a20 oe So eee dos oD 
NOsS SIGVGc= ae Se ee d0 sean ue 

AD PALED bISPECLIG re Tau Va Uy) ye 2. 61 
Weight in pounds per cubic foot (dry rodded) __--_~_ 112 
Percentage absorption. scons u to ee 0. 28 
Hinenesssmodulus: 0) ese ee 7. 33 

Following are the results of physical tests on the crushed stone, 
a siliceous limestone from Rockland County, N. Y 
Mechanical analysis: 

Total retained on— 
14-inch screent. ees +. = se eee ee per cent... 3 
-inch screen co a= 5.2 ete eee ee eee Ckj = bY 
$,-in¢h SCréeh ae ae oa ee ee eee koyy se . fsks: 
NO: & siéveceme fee ae eee dos==aanes 
NO.:8 'BIOVE ne oa eee Glos =. Vl 
No, -16 sieve 222 seco eee eee 6.2. NOW 

IAD PALeM Ges PCG so Ne vil liyj eee 2. 82 
Weight in pounds per cubic foot (dry rodded) _---- 106 
Percentage absorption’. 22) sn see eee 0. 05 
Percentage wear. 20. ete oe ae ee ee ee Ee 4.5 q 
Fineness modulus.2. seat ee es ee ee 7. 40 a 

Following are the results of physical tests on the %-inch Hay- | 
dite which was used as coarse aggregate: 
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Mechanical analysis: 
Total retained on— 

pA CE ACLOED 8a ee eos oe per cent__ 0 
SAT CIGRCTCCIR ete ee 5 ee eee eee jee es ial 
SAIC SCRECII ees ek eS ee eee Ons anos 
INORASSICV Clee ee ae ee eS done OO 
ING OASlOViewe bese =. Sarin: eat wea ee eon. Oe 
Nats LGssiey Gaeta mee eee ee dos aeeLOO 
ApDArant speCliCscTAvIUyemene a5 ae ee 1. 31 

Weight in pounds per cubic foot (dry rodded) ----- Byles 
IRErCeniae ees SOLD LION Same sea nee ee 7.4 
[Me Essel OGL See a ieee eee a en eee 6. 16 

The trap rock which was used in the Vibrolithic concrete was 
obtained from Rockland County, N. Y. Following are its 
characteristics: 

Size: 1 to 2 inches. 
Apparent specific gravity 
RET CELA CHA OSOLD lO Ute em et = eee 
Description: Gabbroitic diabase. 

DESIGN OF CONCRETE MIXES 

‘The mixtures used were modifications of experimental 
mixes for the particular aggregates used, as developed 
in the testing laboratory of the Port of New York 

the grading of the aggregates was in accordance bys 
specifications of the Port of New York Authority, a 
were the fineness moduli of the combined orauaee 
For these two aggregates the real mix was identical, 
although the percentage of fine to coarse aggregate was 
varied slightly to give the desired workability. In the 
case of the Haydite aggregates the mix was fixed as a 
1:1%:3 loose volume mix, with 3 pounds of Celite 
naded to each sack of cement, this having been found 
the most satisfactory of several experimental mixes by 
the laboratory of the Port of New York Authority. 
The high absorption of Haydite made it necessary to 
use the material in a saturated condition in order to 
control the water cement ratio. Both the fine and the 
coarse Haydite, packed in burlap sacks, were com- 
pletely submerged in water for from 16 to 20 hours. 
The sacks of material were then removed from the 
water and allowed to drain for one hour before mixing 
was begun. 

Surface moisture determinations were made for both 

url tate 

Authority. In both the gravel and the limestone mixes Haydite aggregates and for the sand just prior to their 

TABLE 2.—Concrete design data for bridge floor slabs 

Surface moisture Batch quantities Danae Porcents| bineness 

Slab Nentel IR TaniseliNornalan Cement | age fine ee Pease Type of aggregate and 
No. 4 Coarse : pee Cake oMun at eiX factor | agere: UST) | UE DON method of placing 

Fine ag- aaa Water | Cement Fine ag-| Coarse ratio gate aggre- | aggre- 
gregate ete gregate | aggregate gate gate 

en pee = 
Bags per 
cubic 

Per cent| Per cent| Pounds | Pounds | Pounds | Pounds yard 

Baneei3.9 4.2 [{ ae o¢| 1001] 150.6 \{ 88 |b 1:3.88| 1:1.25:279] 7.96] 30.9] 69.1 5.06 | Haydite, hand placed. 
4 1.8 0 49,4 94| 225.0] 420.0 186 | 1:4.79| 1:210:3.75| 5.03| 35.9| 641) 5.68| Gravel, vibrolithic. 
5 1.9 0 51.7 94| 243.0] 383.0 90 | 1:4.65| 1:227:361| 5.27| 38.6] 61.4) 5.60 | Stone, vibrolithic, 
6| 148 2.9 28.5 94 O71 |e io. 76 | 1:3.88| 1:1,20:2.84| 7.76| 29.7] 70.3)  5.10| Haydite, vibrolithic. 
7 8 0 49, 4 94| 230.5 | 430.5 "86 | 1:4.92| 1:216:3.84| 5.26| 36.0| 64.0| 5.67 | Gravel, electric tamper. 
8 1.4 0 53.2 94] 258.0] 402.0 "91 | 1:4.91| 1:2.42:3.79| 5.39) 39.0] 61:0| 5,58 | Stone, electric tamper. 
9} i3| 42i{ YRS iL 94] 10a4| i52a{ 799 |} 1:38.95) 1:1.29:2.82) 7.94) 31.4] 68.6) 5.04 | Haydite, electric tamper. 

10 2.2 0 48, 2 94] 231.5 | 430.5 185 | 1:4.92| 1:2.16:3.84/ 5.18] 36.0] 64.0 5.67 | Gravel, air hammer. 
u 2.8 0 49. 4 94| 262.0| 402.0 “or | 1:4.91| 1:2.43:3.79) 5.28| 391{| 60.9) 5.57 | Stone, air hammer. 
12 2.5 0 47.6 94| 2326] 430.5 "86 | 1:4.92| 1:2.16:3.84] 5.02} 360| 64.0| 5.67 | Gravel, hand placed. 
13 2.9 0 49.1 94| 262.8 | 402.8 ‘91 | 1:4.92| 1:2.43:3.80| 5.20] 39.0) 61.0) 5.58 | Stone, hand placed. 
14) |1m13.3 4.7 28. 0 94} 1025| 149.2 "78 | 1:3.88| 1:1.29:2.75| 818| 31.9] 681) 5.02| Haydite, hand placed. 
15 1.8 0 49. 4 94| 230.5 | 430.5 "86 | 1:4.92| 1:2,16:3.84| 4.98}  36.0|  64,0| 5.67) Gravel, vibrolithic, 
16 2.5 0 50.2 94| 261.8] 402.8 OL} 14.92 | 1:243:3.80) 5.00 39.0) 61.05.58 | Stone, vibrolithie. 

34-28, 0 "79 | 
ele BERS 4.5 14-27.5 94| 1048] 150.7 178 | 1:3.93 | 1:1.31:278| 7.72) 320| 680) 5.02] Haydite, vibrolithic, 

14-97. 0 be 
i8 1.8 0 49.4 94 230. 5 430.5 . 86 1:4,92 | 1:2.16:3. 84 5. 18 36. 0 64.0 5.67 | Gravel, electric tamper. 
19 7 0 52, 4 94| 259.5 | 402.8 "91 | 1:4.92| 1:2,43:3.80| 5.43| 39.0] 61.0) 5.58 | Stone, electric tamper. 
21 1.8 0 49, 4 94} 230.5) 430.5 "86 | 1:4.92| 1:216:3.84| 5.11] 36.0] 640| 5.67 | Gravel, air hammer. 
22 2.6 0 50. 0 94 262. 0 402.8 .91 4592 NN 2843%3..80 5. 29 39. 0 61.0 5.58 | Stone, air hammer. 
23 2.6 0 47, 2 94] 2329] 430.5 "95 | 1:4.92| 1:2:16:384) 5.15) 36.0| 640| 5.67 | Gravel, hand placed. 
24 2.5 0 50.2 94| 261.8] 402.8 "91 | 1:4.92| 1:2:43:380| 5.11| 39.0| 61.0| 5.58 | Stone, hand placed. 
25 9.4 6.5 27.0 94 93.8| 149.6 "73| 1:3.78 | 1:1.24:2.70| 8.43) 31.5] 685| 5.04 | Haydite, electric tamper. 

SEPARATE AGGREGATES use, and an allowance for it was made in calculating 
‘ ve the water-cement ratios. As both the gravel and the 

Fine- | weight specifie centage Apsorp, Stone aggregates were sun-dried, sacked, and stored 
_modu- Det etie gravity | Pee tin under cover, no measurable surface moisture was pres- 

ae _ lated) ent. All mixtures were made as dry as compatible 
- with the methods of placing used, the consistency of all 

Mer ora | Fours | oo | ang Percent mixes being limited to a slump of 1% % inches.» Table 2 
Etre ee ee ei) 7-2 cives the complete mixing data... The batch quantities 
a eee oo =o ane on nnn enn nnn I gies Niece SOE O0h iy oe? gee “8 shown are the actual weights of the materials used, 
Hey clinic Geen ieee 2.59) 68.75| 1.61  31.6| 14.70 including surface moisture. 
Ea yt COARSC een nees Senter eB 6. 16 HBL rea 1.31 | 36. 7 7.46 

METHODS OF CONSTRUCTION 
MIXED AGGREGATES . . 

. ofS Xing ; In the construction of the test slabs six forms were 
Wael. used. These forms, constructed of 2-inch tongue-and- 
percubie/""ivor groove planking, were set up with 8-foot intervals 

00 
between them. Down the center of these 8-foot spaces 

A ee narrow-gage tracks were laid running parallel to the 
Bond and eun Vole tet Beene Sty ee ely so EE 133.9 o.s2 long axes of the slabs. Perpendicular to these tracks 

Haydite. snes) “tee| 3 and passing along one end of the forms, there was laid 
another narrow-gage track which led to a field testing 
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machine designed to make cross-bending tests on the 
3 by 6 foot sections. Narrow-gage cars with platform 
decks fitted with rollers were used to move the test 
specimens. 

All aggregates were stored and all mixing was done 
on a terrace or bench about 4 feet above the level of 
the forms. 

The mixing was done in a 10-cubic-foot drum-type 
mixer electrically driven at the rate of 20 r. p.m. All 

2,200 vibrations per minute for a period of three to 
four minutes for each 6-foot section. As the forms 
were filled the platforms were moved forward in steps 
of approximately 3 feet and the concrete vibrated anew, 
five positions of the platforms covering the entire 22. 
foot slab. The irregular mortar surface left on removal 
of the platforms was smoothed off with a wooden strike 
board and the surface finished by belting. These slabs 
were also covered with wet burlap. 

HAND PLACING 

ELEGT RIGS sVAMPE Rs 

VIBROLITHIC PROCESS 

a ite 

AIR HAMMER 

Figure 3.—TuHeEe Four Mrruops Usrep ror CONSOLIDATING THE CONCRETE 

batches were mixed for two minutes and then dis- 
charged into concrete buggies. The buggies were 
wheeled to a platform resting on top of the form, where 
they were dumped. The concrete was shoveled from 
this platform into place in the slab forms and com- 
pacted and finished by one of the following methods. 

Hand placing.—In the case of the hand-placed slabs 
the concrete was well spaded along the edges of the 
forms, tamped across once with an 8 by 2 inch steel- 
edged strike board, and then struck off. The slab was 
then belted with an 8-inch rubber belt and covered with 
wet burlap as soon as the surface would allow. 

Vibrolithic process.—The concrete in these slabs was 
placed and struck off in the same manner as in the case 
of the hand-placed slabs. As soon as the surface of 
the slab had been struck off it was covered uniformly 
with trap rock, 1 to 2 inches in size, in the proportion 
of 50 pounds to the square yard of surface. On this 
stone special slatted platforms, 6 feet long by 14 inches 
wide, were placed. Over these platforms the patented 
vibrator was rolled and the concrete subjected to about 

Two types of platform were used in these tests. The 
first series of Vibrolithic slabs was finished with the 
standard platform which has '-inch spaces between 
the cleats. On the platforms used in the second series 
the cleat spacing was reduced to one-fourth inch in an 
attempt to reduce the amount of mortar brought to 
the surface. This modification apparently reduced 
somewhat the thickness of the mortar cover. 

The electric tamper—The placing of concrete by this 
method followed the procedure used in the case of the 
hand-placed slabs up to and including the shoveling of 
the concrete from the dumping platform into the forms. 
The concrete once in place was vibrated by means of 
a patented electric tamper which causes a vibration of 
relatively small displacement but of high frequency, 
quite different from the direct but slower blows of the 
air hammer. The tamper consists essentially of an 
unbalanced weight on the shaft of a rotor revolved by 
an electric motor. When this rotor is revolved at its 
normal speed of 3,600 r. p. m. the unbalanced weight 
sets up vibrations in the entire device. These vibra- 
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Eacu VALuE Is THE AVERAGE 
or Four TrEsts 

tions are transmitted to the form and to the concrete 
by means of a wooden tamping bar bolted to the motor 
frame. The vibrations are reduced before reaching the 
operator through spring connections between the motor 
and the operating handles. The total length of time 
that each 22-foot slab was vibrated was about 20 
minutes. The slabs were finished with the wooden 
strike board and belted, and were covered with wet 
burlap immediately after the initial set. 

The air hammer.—The procedure in placing this type 
of slab was the same as for the electric tamper, except 
that the concrete was compacted by vibrating the steel 
I-beam stringers, and through them the forms and 
concrete, by means of an air hammer. The hammer 
used was a Cleveland, type C 6 hammer, weighing 85 
pounds and having a rated delivery of from 1,200 to 
1,250 blows of 27+ foot-pounds per minute when oper- 
ated under 65 pounds air pressure. A wooden tamping 
bar 2 by 4 inches in cross section bolted to a section of 
a steel cutting tool was inserted in the hammer. Each 
I-beam was vibrated for approximately one-half a 
minute for each one-bag batch, the total time of vibra- 
tion for the entire slab being about 20 minutes, or the 
equivalent of the period of vibration used in the Vibro- 
lithic and electric tamper placements. 

Figure 3 shows the equipment used in each of the 
four methods of placing. 

Curing and storing.—At the end of 24 hours the sides 
and ends of the forms were removed. The slabs were 
kept covered with wet burlap for 12 days. On the 
thirteenth day after casting the decking of the form 
was dropped and the test specimens removed from the 
steel stringers. The slab sections, which had been 
separated by the swelling of the wooden separators in 
the forms, were lifted from the I beams by a specially 
constructed steel cradle and a chain hoist suspended 
from a movable steel A frame. The sections were 
placed in the 8-foot spaces between the forms, resting 
on the narrow-gage rails, which served as sills and 
supported the slabs clear of the ground. The form 

was then reassembled and was ready to be used again 
the following day. 

FLEXURE TESTS ON 3 BY 6 FOOT SLABS 

Tests for flexural strength were made on four 3 by 6 
foot sections of each large slab. All of these specimens 
were tested at the age of 22 days, the bottom, of the 
slab being in tension. The machine used for the 
testing of these specimens is described below. On the 
twenty-second day after casting, the four sections not 
containing steel reinforcement (i. e., sections 2, 4, 5, 
and 7 in fig. 1) were removed from the storage tracks 
by means of the.overhead A frame and hoist and were 
moved on the narrow-gage railway to the field testing 
machine. 

This field testing machine is shown on the cover. It 
consisted of a structural-steel frame for supporting the 
specimen and for providing a reaction for the ball- 
bearing ratchet jack used to apply the load. Freedom 
of motion at the knife-edges was provided. The load 
was applied at the third points of the span and its 
magnitude was determined by a measurement of the 
deflection of a pair of steel beams previously calibrated. 

In computing the modulus of rupture of the specinien, 
the dead loads due to the weight of certain parts of the 
testing machine and to the weight of the specimen 
itself were considered, as were the actual dimensions of 
the slab at the plane of rupture. 

Comparative data from these flexure tests are shown 
in Table 3, and the average modulus of rupture for each 
test slab is shown in Figure 4. These data indicate 
that at the age of 22 days— 

1. The concrete placed by the three vibrating 
methods had higher flexural strength than that placed 
by hand methods for all of the aggregates used. 

2. The concrete placed by the Vibrolithic process had 
higher flexural strength than that placed by any of the 
other methods for all of the aggregates used. 

3. In the case of the gravel concrete, that placed 
with the air hammer and that placed with the electric 
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TaBuyE 8.— Values of modulus of rupture of 8 by 6 foot slabs tested 
Prat age of 22 days; span, 60 inches, load applied at third points 
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tamper had approximately equal flexural strengths. 
In the case of the concrete in which crushed limestone 
was used as the coarse aggregate, that placed with the 
electric tamper had a flexural strength intermediate 

| Average : ns a Slab No.| Section Modulus Avetize “Weient between that placed by the Vibrolithic process and 
No. " ofrupturelorrupture Peteubic that placed with the air hammer. 
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possible effects of variations in temperature and humid- 
ity during this period. 

FLEXURE TESTS ON 8 BY 8 BY 36 INCH SAWED BEAMS 

The specimens used in these tests were obtained by 
sawing into beams the fragments of the 3 by 6 foot 
slabs used in the 22-day flexure tests. This operation 
was performed with a high-speed inserted-tooth car- 
borundum saw which in general was very satisfactory, 
except that the cutting in the siliceous aggregates was 
somewhat slow. 

is a 
(Se BEARING PLATE 
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applied loads and was based on the actual ruptured 
section of the specimen. 

The flexural strengths of the individual specimens are 
given in Table 4, as well as averages for the beams 
from each section of each slab. Figure 6 shows 
graphically the effects of age, method of placing, 
and of aggregates on the flexural strength of these 
specimens. 

In order to study the effect of the various methods 
of placing on the flexural strength of concrete of each 
material, a summary of the data in Table 4 was pre- 
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Figure 5.—Apparatus Usep In Maxina Fuexure Trsts on SAWED BEAMS 

The program called for the testing of four beams 
from each large slab at each of four test periods (28 
and 90 days, 6 months, and 1 year). Because of the 
difficulty of sawing the specimens of gravel concrete 
and other unavoidable delays, it was not possible to 
prepare and test this number of specimens, and it will 
be noted in the tabulated data that the number of 
specimens varies, particularly in the 28-day tests. 

Another difficulty which was not foreseen was a con- 
siderable variation in the moisture condition of the 
sawed specimens tested at the early ages. The sawing 
process requires a free flow of water over the spec- 
imen, and at the early ages some of the specimens were 
taken almost directly from the saw to the testing 
machine. Moreover, the specimens for the tests at 28 
days, 90 days, and 6 months were stored in the open 
air without protection from the time of sawing until 
the time of test. In the case of the 1-year test spec- 
imens, the sawing was completed well in advance of the 
date of test and the specimens were stored in a metal 
building for at least 10 weeks before testing. 

The apparatus used for this test is shown in Figure 5. 
The load was applied at the third points of the span, 
which was 30 inches. Tension was produced in the 
bottom of the specimen as cast. The conventional 
testing machine in which the apparatus was set up was 
operated slowly with a handwheel. The modulus of 
rupture was calculated from the combined dead and 

pared, considering the strength of the hand-placed 
concrete as 100 per cent in each case. The results of 
this summary are shown in Table 5. 

The indications of these figures are in rather striking 
agreement with those of the tests of the 3 by 6 foot slabs 
at 22 days. It will be noted that the vibrated concrete 
generally shows higher flexural strength than does the 
hand-placed concrete. This is most noticeable in the 
case of the specimens having the limestone aggregate, 
and is also clearly indicated by the specimens having 
eravel aggregate. In the case of the specimens in 
which Haydite was used, the majority of tests indicate 
a slight superiority on the part of the hand-placed con- 
crete. It is also shown that of the three vibrating 
methods used, the Vibrolithic process yielded concrete 
of the greatest flexural strength. 
Comment has been made on the possible effect of the 

moisture condition of the specimens at the time of test 
on their flexural strength. Itisbelieved that the appar- 
ent general retrogression in strength between 90 and 
180 days is due to the fact that the specimens were in a 
drier condition at 180 than at 90 days. Special care 
was taken with the 1-year specimens, as has been noted. 

In general, the data show a normal increase in flexural 
strength except in the case of the Haydite concrete 
specimens, where a sharp drop in flexural strength took 
place between the 6-month and 1-year tests. The cause 
of this has not been determined. 
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TABLE 5.—Flexural strength of 8 by 8 by 36 inch sawed beams, 
expressed as a percentage of the strength of the beams taken from 
hand-placed concrete 
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After the 1-year tests, additional specimens were 
sawed from the slabs of Haydite concrete, dried for a 
period of 25 days in.a boiler room and tested at the age 
of 15 months. At this time the weight appeared to be 
constant. ‘The 15-month tests showed a decrease in 
flexural strength over that of the specimens tested at 
one year. This decrease averaged about 20 per cent 
of the 1-year strength. Unfortunately there was not 
sufficient concrete available to attempt to determine the 
cause of this peculiar retrogression in flexural strength, 
but 1t is suspected that it may be related to the moisture- 
retaining properties of this material, and further inves- 
tigation seems advisable. 

COMPRESSIVE STRENGTH OF 6 BY 8 INCH DRILLED CORES 

Tests for compressive strength were made on 6 by 8 
inch drilled cores at ages of 28 days, 90 days, and 1 year. 
These cores were drilled with a conventional steel shot 
core drill from fragments of the 3 by 6 foot slabs used 
for the 22-day flexure tests. One core was drilled from 
each of the four sections of each 6 by 22 foot slab for 
each of the three ages at which compression tests were 
made. Within 24 hours after drilling the cores were 
capped with neat cement and stored in the open air, 
adjacent to the slabs from which they were taken, until 
they were tested. Correction was made for the length 
of the core in calculating the unit compressive strength. 

The data from these tests are given in Table 6 and 
the average values are shown graphically in Figure 7. 
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Figure 7.—ErFrects or Ack, MreTuop oF PLACING, AND TypE oF AGGREGATE ON COMPRESSIVE STRENGTH OF DRILLED Cores 

TABLE 6.—Compressive strength of 6 by 8 inch drilled cores 
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All other values given are averages of 4 tests. 
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Electric tamper --.---------- { 3/961 | 4583 4810 ShOWS a progressive increase in strength with age. It 
Ss NE TS 3008 | 44s aoa 1S also evident that the mechanical methods of placing, 

i COIS eT aaa OS general, result in higher compressive strength than 
Air hammer._.._..._.....-.- (4173) 4:780 5,5: 1s obtained by hand placing and also that of the three 
A SNE hares 445s! 4850/5500 mechanical methods used the Vibrolithic process gave 

heen erat ee eae of the highest compressive strength. 
Hand-placed....--.....---.- { 3532 4120 «900 In an effort to rate the four methods of placing used 
TAR) PEC ae eee “3.502 4,367| 5,025 2 this investigation, an average flexural strength and 

= : an average compressive strength was obtained for ARs 4,701 | 4,684! 5,995 i Hod eel 5 i 1 included BOE DPC COS eas ce ter { 4,652 |15,278| 5,325 €acn method. in these average values are include 
Sie 8 aes “yore | 4,981 5,910 all ages of test and all aggregates. The average 

| strength is expressed, in each case, as a percentage 
Plettrictamuver \{ 4,444 | 5,429) 56,915 f h h f h ij d ] d f ectric tamper. _-------__- 4,210 4844 14,955 OL the strength of the hand-placed concrete of com- 

Me? 4307| 5.136| 5,435 Parable age and aggregate. The result of this com- 
air Tah ore oe is as follows: 
! ? $) ov, 

Air hammer-....------------ { 3,894 | 4,810 | 15,485 ————— oS : 
| Hand | eee Electric Air 

Bee see seen ean se eee 4,210 | 5,044 5, 462 | lithic eB hi 
; eT — placed i process: tamper | hammer 

HMand-placedssses. 2. eee 1) 3° 136 4 15 ies, . Sey aA a | eae o> lin a 
| Z had Flexural strength! (sawed beams) -_..-__-_- 100 120 108 113 

ee eee A ae an 3,500 | 4,195 4,682 Compressive strength! (drilled cores) ----- 100 | 119 109 113 
| | 

1 Strength expressed as a percentage. 
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GRAVEL LIME ST ONE HAYDITE 

MODULUS OF RUPTURE 

HUNDRED POUNDS PER SQUARE INCH 

PER SQUARE INCH 

COMPRESSIVE STRENGTH 

THOUSAND POUNDS 

MILLION POUNDS PER SQUARE INCH 

MODULUS OF ELASTICITY 

28 90 180 365 28 90 180 365 28 90 180 365 

AGE DAYS (LOGARITHMIC SCALE) 

O&-——tA_ HAND PLACED 

+————+ ELECTRIC TAMPER 

— -—* 
o-—-—o 

VIBROLITHIC 

AIR HAMMER 

FIGcurE 8.—R&SUMB OF Cae Data, SHOWING VARIATION OF FLEXURAL STRENGTH OF SAWED BEAMS, COMPRESSIVE STRENGTH 
oF DRILLED Corrs, AND Mopuuvus oF ELASTICITY OF 

These values show rather strikingly that the method 
of placing influences the flexural and the compres- 
sive strength to an equal degree. All of the data 
are in general accord as to the effect of the methods of 
placing on the strength of the concrete. 

The concrete containing the Haydite aggregate 
compares very favorably in compressive strength with 
that containing the other aggregates and no retrogres- 
sion in compressive strength was found to occur. A 
limited number of cores were tested at the age of 15 
months. One half of these were in a saturated condi- 
tion and the other half were thoroughly dried. No 
marked difference in strength between the wet and the 
dry specimens was found. Moreover, no appreciable 
change in compressive strength between the 1-year 
and 15-month periods was observed. 

In comparing .aggregates it should be remembered 
that the cement factor of the concrete containing the 

DRILLED Cores, witH INCREASING AGE OF SPECIMEN 

Haydite was about one and one-half times that of the 
concrete containing the other aggregates. If the 
comparison is made on the basis of equal cement fac- 
tors (see Table 2) and all ages and methods of placing 
are averaged, it will be found that, from the standpoint 
of compressive strength only, the following relation 
exists: Compressive strength in 

pounds per square inch 
per bag of cement ina 
cubic yard of concrete Type of aggregate: 

Gravel. 85. sen) 2 ee 929 
Limestone. 222 oe ee ee ee eee 923 
Haydites20_ io 222 Bee ee eee 560 

If the reciprocals of the values of compressive 
strength tabulated above are obtained and multiplied 
by 1,000, an index is obtained which gives the number 
of sacks per cubic yard required per 1,000 pounds unit 
compressive strength in the concrete. Values of the 
index thus obtained are as follows: 

1D el SF tet, Gm 
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Bags per cubic yard 
for each 1,000 

powes per square 
ch compressive 

Type of aggregate: strength 
AG Velen he Bae © See ek. ene 2 RON ce ie ee ee 1. 076 
LAimMestones sos eee ete Se Se Le eee ee ee 1. 083 
LAY CIURL Yona ee. Bes es ea ee ee LN ce 1. 786 

These values are, of course, useful only for comparing 
the costs of concrete of a given compressive strength 
when made of the materials used in this investigation. 

It should also be remembered that the weight of the 
concrete containing the Haydite aggregate is about 
105 to 110 pounds per cubic foot, as compared with a 
weight per cubic foot of from 145 to 150 pounds for the 
concrete containing the other aggregates (see Table 3), 
and it will probably be found in the majority of cases 
that decreases in slab weight are of more economic 
significance than are increases in the cost of construc- 
tion of the slab itself. 

MODULUS OF ELASTICITY 

At each of the periods at which compressive strength 
tests were made the modulus of elasticity was deter- 
mined for each of the cores. The loads were applied in 
a universal testing machine operated by a handwheel. 
The deformations were measured with a Martens 
type of extensometer operating on a 4-inch gage length. 

TABLE 7.—Average values of modulus of elasticity of 6 by 8 inch 
drilled cores 

Initial modulus of elasticity 

ae Aggregate Method of placing ; 

28 days 90 days | 365 days 
% = ae | 

Lbs. pe sq. | Lbs. per sq. eis oe Sq. 
3 in, | 12 {4,925,000 | 6,105,000 | 5, 625, 000 

23 |} Gravel... Henw Digted --9-see==e \ 4,377,000 | 4,165,000 15, 147, 000 
Averacomie ea Aes ce eee aie 4,651,000 | 5,135,000 5, 386, 000 

4 d seer. { 5,110,000 | 5,876,000 | 6,619, 000 
15 |}Gravel. Vibrolithie Process. ---)) 4° 937/000 | 5,042,000 | 5,677, 500 

Thee ASTI ee 5,023,500 | 5,459,000 6, 148, 250 

7 : { 4,280,000 | 5,742,000 | 5, 549, 750 
13, }Gravel.......| Electric tamper... \ 5,680,000 | 5,102,000 5, 100, 000 

| 

AVOTOCO aS? ene Sena ee ees 4,980,000 | 5,422,000 | 5,324,875 

10 , ; 4,580,000 | 5,110,000 4, 759, 250 
21 |} Gravel... Aly DAM Mel-se5g Sona { 4.491" 00 | 5.225;000 | 6,030,000 

| | 
AVEIRO Sin eer eee es 4,835,500 | 5,167,500 | 5, 394, 625 | 

ie Hie { 4,900,000 | 5,135,000) 6, 410, 000 24 Las OstOne2a=- Handi placed aesese.—— \ 4,490,000 | 4,617,000 5, 620, 000 

IRAs eee ee 4,695,000 | 4,876,000 | 6, 015, 000 

Bin Kia ee. 5,085,000 6,007,000 7, 889, 750 16 } Limestone eee | Vibrolithie process... { 6, 205,000 | Bis 970, 000 7, 672; 500 

FACVOL A? Oka Meaees oases eee aS 5, 645, 000 | ie 988,500 | 7, 781, 125 

ee ; f 5,305,000 | 6,380,000 | _ 6, 750, 000 
GON fj aucetone == ==-| Hloctrie tamper --=---1) & 010, 000 4b 8, 350, 000 |, 1:5, 803, 000 

IEE CU IN nal Peale eee 5 eee | 5,157, 500 | 5,865, 000 | 6,321, 500 

nh-. 'f 5,700,000 6,190,000 | 7, 130, 000 
22 ‘Limestone... rN ea tae ey |\ 4,815,000 | 5,415,000 | 16, 426, 000 

grey RNC Raed ante em eae | 5,257,500 | 5,802,500 | 6, 778, 000 

3 a 2,240,000 | 2,401,000 | 2, 450, 500 
14 |} Havdite—__ Se oe meadias ame re 2,025,000 | 2; 290,000 | 2) 437, 000 

IA VOTAR Oss hese oar acne orn enc kes eee 2,182,500 | 2,345, 500 2, 443, 750 

6 * Ce Barer 2, 655,000 | 2,642,000, 3, 038, 000 17 \Hay dite: --= Vibrolithic Process. ---|) 2,855,000 2, 394/000 | 2’ 935, 000 

A terage ele et ttess 2. see ee us 4 2,755,000 | 2,518,000 | 2, 986, 500 
| | | 9 a 2, 230,000 | 2,385,000 | 2, 600, 000 

25 }Haydite aa FE AIR DL BE { 2) 352,000 | 2,757,000 | 2, 660, 000 
INST al Pe eee ie a Gael ea | 2, 291,000 | 2,571,000 | 2, 630, 000 

1 Average of 3 tests. All other values given are averages of 4 tests. 

(For a description of an instrument of ue type see 
Pusiic Roaps, vol. 9, No. 8, October, 1928, The 
Modulus of Elasticity of Cores from elon Roads. 
by A. N. Johnson.) The precision of the deformation 
measurements is very high with this apparatus, and 
for the concrete used in these tests the stress-strain 
relation was linear up to unit stresses of several hundreds 
of pounds per squareinch. It is the slope of this initial 
curve that is referred to in this report as the modulus 
of elasticity. 

The average values for each group of four cores 
obtained for each age of test from each of the large 
6 by 22 foot slabs are shown in Table 7, and these 
averages are shown graphically in Figure 8, where the 
effect of age on the modulus of elasticity is indicated. 

This graph also contains the data from the flexure 
tests on the sawed beams and from the compression 
tests on drilled cores plotted on a logarithmic time scale 
and gives a good summary picture of the data which 
have been thus far discussed. 

It will be noted in this figure that generally the value 
of modulus of elasticity increases with age. This effect 
is most marked in the case of the concrete containing 
the limestone aggregate and is barely noticeable in that 
containing the Haydite. 

The modulus of elasticity of the concrete containing 
the Haydite aggregate is generally of about one-half 
the magnitude of that for the concrete containing the 
other aggregates. This was consistently true through- 
‘out the considerable number of tests made (72 Haydite 
cores). Although the slope of the load-deformation 
curve was radically different for this concrete, the rela- 
tion appeared to be linear for moderate unit stresses eX- 
cept in the case of the 28-day tests, where curvature 
began at very low loads. 

The individual curves have been omitted because of 
their large number. 

COMPRESSIVE STRENGTH OF 6 BY 12 INCH CONTROL CYLINDERS 

At the time that this investigation was planned it was 
realized that, during the construction and curing of the 
several slabs, there would be weather variations and 
that these might have an effect on the strength of the 
concrete. Any appreciable effect on strength would 
have to be considered in drawing conclusions about the 
variables under study. It was believed that if a group 
of 6 by 12 inch cylinders were made out of the concrete 
that went into each slab and that if these were exposed 
to the same conditions of curing and weather as the 
slabs themselves, then for each type of aggregate, varia- 
tions in strength between groups of cylinders would 
reflect the influence of the variations in temperature 
and humidity to which the concrete had been exposed. 

To provide these data, five 6 by 12 inch cylinders 
were made from concrete from sections 2, 4, 5, 6, and 
8, respectively, of each large slab. These specimens 
were fabricated in accordance with standard practice 
in steel molds resting on and covered with glass plates. 
When 24 hours old they were removed from the molds, 
capped, and placed under the wet burlap which covered 
the slab from which they were made. The cylinders 
remained on the slabs until the burlap was removed 
and were then stored in the vicinity until they were 
ready for test at the age of 28 days. & of 

All of the data pertaining to the cylinders are given 
in Table 8. The water-cement ratio shown 1 is a calcu- 

1 For a discussion of the effect of this low modulus of elasticity, see Jour. Amer. 
Cone. Inst., vol. 2, No. 2, October, 1930, p. 151, Construction and Design Features of 
Haydite Concrete, by F. E. Richart and V. P. Jensen. 
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lated value and the air temperature is a mean value for 
the 10-day period immediately following the placing of 
the concrete. Mean compressive strengths are shown 
for each group of five specimens, and the individual 
variations from the group means are tabulated. 

TABLE 8.—Test data pertaining to the 6 by 12 inch control cylinders 

GRAVEL AGGREGATE | 

| 
Compressive | 

strength 
| Slab | Section bay ast Meat, ‘ 
= | : cement |temper- Nop) 3No: i ¢ | ratio | ature | yy qivia- 

Varia- 
tion 

= from 

group 
average al Average 

Lbs. per 
sq. in. 

Lbs. per 
sq. in. 

|{ 3,450 
3, 860 
3, 900 
3, 640 
4, 030 
3, 470 
3, 110 

. 86 53.214 3.350 .|) 
3, 240 | 

| 3,360 || 
4, 135 

| 3. 905 | 
. 58.3 |4 3,895 3, 850 

3. 760 | 
3, 555 
3, 706 
3, 788 || 
3, 843 |t 

|| 8, 745 
|| 3,406 

) i{ 3,851 
|| 4,256 } Heal 

> .86 64, 3,662 |} 3,757 i 

Per cent 

0. 86 69. bo 3, 776 

3, 306 

ia) Gr 10 |; 

NN SNE 4 oro 2 09 bo 00 

3, 698 HA BG] | 627 

~I 

= 

. PSNSNYrPon, 

) 

ners 378 
| 3,638 
f 3,246 | 

|| 3, 229 
3, 248 || 

[| 3,246 
[| 3,199 
| 

EN DOAN ORMAENWANENHDAULNWOGDaPD 

-86 | 60.9 co 

Dor 

3, 791 
3, 451 
3, 617 
3, 681 
3, 483 
2, 964 
2, 942 

.85] 51.6 | 3,258 
'| 2,990 

3, 045 

ha ame acc 
86} 43.5 [4 3, 605 | 

3, 040 | 

NON N TRE OWN PRN RN HE WWOHOHOBRNUIWEREROROWOONROWNHO COA OH OOD Ee WOO Cie ee ia ee 

| | | 

LIMESTONE AGGREGATE 

Mts =. 

| 3, 200 | 
| 3, 300 | 

0. 90 64.8 2, 940 
| 3, 660 
| 3, 400 
| 8, 645 

3, 610 
4, 025 
3, 490 
3, 590 | 
3, 345 | 
3, 700 
3, 675 | 3, 570 
3, 580 | 
3, 550 
4, 380 

| 3, 440 

4, 065 | 
4, 030 | 
3, 410 | 
3, 499 | 
3, 175 | 
3, 056 
2, 263 
38, 773 
3, 316 
2, 742 | 
3, 087 |} 
3, 412 | 
2, 893 

f 3,023 |} 
| 3,190 | 

91; 47.4 5 2,891 |) 
2, 783 || 
2, 920 | 

| 3. 520 | 
| 2, 980 | | 

Sy | 

3, 300 
— a! 

wSSow 

3, 672 

LI 
SE NMIMAIN CES, 

13 
a 

eer Cor 

a — 

ao 5 no 64. 1 3, 153 
bo co 

eS ee eel) 
«91 54.8 3, 090 

= 
ES, 

22 2, 961 

24 
| 2, 888 
| 2, 752 
if 

SWONOSE PORTE ERE WWD RH NTODWNOWAWOAWNORANAICOND oO DHAIMAPNWOAUIPNW DANN WDAHARNDAUANWDOURNWAMANWAMAN 

ma 

CANN AE Sryr~ 

TABLE 8.— Test data pertaining to the 6 by 12 inch control cylinders— 
Continued 

HAYDITE AGGREGATE 

| Compressive 
strength 

10-day | ben : ae Slab | Section) Water- cement |temper- 
No. | No, ratio ature | Individ- 

| ual | average 

| 
| 

Average | Brouy | 

| 
Lbs. per | | Lbs, per 
sq.in, | Perc Cay sq. in. 

4, 050 
| 4, 320 

0. 88 | 4, 380 4, 398 | 
4, 280 | 

| 4) 960 | 
4,750 | 
5, 030 | 
4360 |$ 4, 864 | 
4, 860 | | 
4, 820 | 

| 

| 

_ 

PNNN, 

4,730 | 
5, 120 
4,385 | 
5, 390 | 

‘| 4,610 
|{ 4,122 
|| 4,361 | | 

4, 343 4, 098 | 
4, 407 | 
3, 259 | 

if 4,404 
5,172 4, 665 | 

\) 4,217 
| (| 4,867 

i( 4,673 
5, 617 
5, 090 | 

| 4, 693 [| 
| 5, 112 it 

4, 847 | 
_— 

no 

Oe SS SOUS > Oo tO Suk) 

14 | 

= fe 

25 

Le ik See te ar ee ee 

~s 

DAMEN OUPNORBDAENAERAAPNDAMERNOOOEN 

| | 1 

A study of these data was made in order to draw some 
conclusion as to the reliability of the indicated strengths 
for use as a basis upon which to compare the strength 
values obtained from the other tests. 

It will be noted that there is a general relation be- - 
tween the compressive strengths and the water-cement 
ratio. If all of the values for a particular aggregate are 
averaged, it will be found that the following relation 
exists: 

Average 
Average compres- ada 

' |  Wwater- sive : es 
Aggregate | cement | strength in ope: aa 

ratio pounds per | 2285 Per 
square inch cubic yard 

Crushed stone as. ee eee mee oe ee 0.91 3, 333 5.25 
Gravel<. bio basc ese seca See a eat cal . 86 3, 534 5.11 
NS Feo 0 (CMAN Lom cc ane ee Beate ge ay Fy ON LS tela ce") | 79 4, 652 8, 00 

The variation in strength of the individual cylinders 
from the respective group averages was computed, and 
these data are included in Table 8, as previously noted. 
From these variations it was found that— 

96 per cent of the values show variations of 15 per 
cent or less; 

84 per cent of the values show variations of 10 per 
cent or less; 

75 per cent of the values show variations of (eo 2 pen 
cent or less; 

59 per cent of the values show variations of 5 per cent 
or less. 

The mean variation for all of the specimens from their 
respective groups averages is 5.2 per cent. 

This analysis indicates that there is no abnormal 
variation in the strength data for the control cylinders 
when the number of specimens is considered. It also 
emphasizes the desirability of having a greater number 
of specimens than were available in these tests, for an 
investigation where the close determination of strength 
is of importance. In spite of careful fabrication and 
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attention to the details of testing technique, unac- 
countable strength variations will appear in the data. 
Occasionally these are of rather large magnitude, but 
unless there are definite grounds in the history of the 
specimen for rejecting the data they must be retained 
and included in the averages. Their effect may be 
minimized by conducting a large number of tests. 

In order to examine the data from the cylinders with 
respect to effect of temperature, as indicated by the 10- 
day mean air temperature, the average compressive 
strengths were arranged in the order of descending 
temperature values in Table 9. While there appears 
to be some indication of an increase in compressive 
strength with an increase in the average air temperature 
over the 10-day period in the case of the specimens 
containing crushed stone and gravel aggregates, the 
relation is not established and there is no such indica- 
tion in the case of the specimens containing Haydite. 

TaBLE 10.—Compressive strengths of drilled cores and flecural strengths of sawed beams, 

The conclusion is drawn, therefore, that the data from 
the control specimens are normal in character although 

TABLE 9.—Average compressive strength of groups of control cylin- 
ders compared with corresponding 10-day mean air temperature 

Gravel aggregate 
| 

| Temper- 
| siaaee Strength 

| Lbs. per 
a ae aks sq. in. 
eee'69<2 3, 776 
| 64.7 38, 757 
| 62.7 3, 698 
| 60.9 3, 234 
| 168.8 3, 850 

53. 2 3, 306 
51.6 3, 040 

| 43. 5 3, 605 

corresponding control cylinders 

GRAVEL. 

| Drilled cores; average compressive strength, in 

Crushed-stone | F | 
ageregate Haydite aggregate | 

: * | | 

Temper- | « | Temper- | q 
ature Strength | ature | Strength | 

AH Areas Hea 
| Lbs. per | | Lbs. per 

bay 3 sq. in. sp aN EC be re 
64.8 3, 300 71.8 4, 398 
64.1 3, 153 65.6 | 4, 665 
62.9 3, 865 64.1 | 4,098 
60. 9 3, 570 56.6 | 4, 864 
54. 8 3, 090 55.0 | 4,847 
52.8 3, 672 38.0 | 5,087 
47.4 ORODLG ieee SS te 
47.4 D561 ait mame | pied -t ta) 

expressed as percentages of strengths of 

Sawed beams; average modulus of rupture, in pounds per square 
| ‘ | A=aver- pounds per square inch inch 
| age com- 

Slab | Type pressive | aa = = + aa ea ae a eS rae pee 
No. aes Percent- | Percent- Percent- Percent-, /Percent- |Percent- |Percent- 

eeamdercy 28days| age of |90 days, age of | 1 year | age of | 28days/ age of |90days| age of 180 days} age of , l year age of 
‘y ee A, A AG at H\ea| Padres ae A 

——- + a = =. = =i x2 = a | = = (5 | ea ahs = | fee 

| Lbs. per | 
\ | BO utile cl | | 

12 a GOS ia STH CITIvON. 4, 830 le ta0: Gilera BeBe h. 19901 fen eee _| 701.1 19.0| 61¢| -16.5| 580 15.7 
aR ar pa \ 3040 | 3,310 | 108.9] 4,302| 141.5] 4775) 157.1) 427) 140] 554| 182] 476|/ 1561 547| 180 

Lette ae Smee. eal aie Nene Th ee A eee botadgeicss st Cy ae kee a ee ees eae 16.8 

Are ite if 3,776 | 4)760)| 126.0) 5,366| 142.1| 5,915| 1546| 609| 161| 732] 194| 6386| 168] 716] 19.0 
SY DIES ES at Vo tae 375% |) 4, 893.1300 |! 5,675 | 161.0) 8,640) 150.2 [2-2-2 2)... i? 66u | Site e87 P48. se S798 19. 6 

| a ee a = | = \ — tee 

DEEN i Tt aR POTN Fs oye i Seas 198. (he CG. 8 oe eee rag) eee iste ee ee 7g era 19.3 
oe | ; = = | Ss SSE SSF :- ee | ee een 

7 1 3,306 | 3,975 | 1202] 4,410] 183.4] 4,525] 136.9 |........|.-.._.-. 627 | 400) 4s B46 168 |. 2582-1. ted 
1g |}Blectric tamper... ------------ H 3234] 3961] 1225] 4583) 141.7] 4810} 148.7 |... |. 547| 169| 548| 169] 628) 19.4 

Ay cunge tees et eee ey Dees Gs CONE iD ee Yh ea ngitiaye see 1 a eee ee, ee a aoe Silber. eee Sars 

PANG Ns a 3,850 | 4,137| 107.4| 4,920| 127.8| 5,600| 145.4| 475| 123/ 627! 163]. 545| 142! 590| 153 
ROR ee vei sarge ne ree eo 3,605 | 4,173 | 115.8} 4,780| 132.6] 5,580] 154.8] 511| 142] 644) 17.9] 614] 17.0 | 736} 20.4 

egunic .. VENT aee lS Ee ey | ‘Wiel te Nisan ee 10: dee. eae, ono Tee CS iy eng | 17.8 

LIMESTONE 

13 3/865 | 3,471} 89.8.| 4,614 119.4] 6,150 | 133..2)).--.-_-- nes. 669| 17.3| 423| 10.9| 528 13.5 
24 \Hana Placed _---------------------- { 3,051 | 3,532 | 115.8 | 4,120| 135.0} 4,900] 160.6 461] 15.1 606 | 19.9 B06} 466. | —1691)| a26 

| $4 | Ene 

OPA eae fai nec gene caae ES ol Lee MOONS Hien IOTA2e ede 146, ONT, ee athe Wee 1S, file css foe 8-8 | Ee, et 18. 0 

BM ean eerie { 3,300] 4,701| 142.4) 4,684/ 141.9| 5,995) 181.7| 616| 18.7| 773| 23.4 fee 710 We ee 070! ee igb 
LOH -otekee ecard he sen ae A 3,153 | 4,652 | 147.5} 5,278 | 167.4 | 5,825 | 184.7 560 | 17.8 778 | at | | "50 | 20. 6 

Avera gece eeee = 2 Feet, A Ae ee ee eee | aN 14 Olen 5AM Gul oueeee wee ASSN Oe gaa SO ese ee: 21.0 

, 3,672 | 4,444] 121.0! 5,429| 147.8| 5,915| 160.9! 630| 17.1| 7521 20. 745{/ 20.3 
19 \Blectric tamper...----------------- { 3,090 | 4,210] 136.2] 4,844] 156.8 | 4,955 | 160.3 518 | 16.8 669 | 21.6) 645) 20.9 he ORd: [ore 22 

Prorage mint Mil thyme) ie esl (EH Nak Nes Oh eee ion ie, ee TOA ee 7 ee rey Raa | 21.2 

ine { 3,570| 4,525] 126.8| 5,277| 147.8| 5,440|,1524| 495! 13.9/ 731, 20.5| 680| 19.0] 720| 202 
7h || MET os ne IS || 2,961 | 3,894] 131.5] 4,810 | 162.4} 5,485 | 185.2 501} 16.9| 622} 210) 619) 20.9| 678 22.9 

| t baer 
ISR TY peat dt a lee eo (a Ce ae Sei tee Ree. Tie a eee 15a pea gh ees iy i eee | 21.6 
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somewhat deficient in number, and that the lack of an 
adequate number of specimens probably accounts for 
the failure to establish the relation between curing 
period temperature and compressive strength. 

In Table 10 and Figure 9 are shown the compressive 
and flexural strength data obtained from the various 
slabs at ages of 1, 3, 6, or 12 months. These data are 
expressed as percentages of the average compressive 
strength of the group of five cylinders tested for each 
of the particular slabs involved. In other words, the 
strength of this group at 28 days is taken as 100 per 
cent and all other test values related to it. It should 
be observed that Table 10 and Figure 9 do not afford a 
direct comparison of the strength of concretes made 
with different aggregates. They serve rather to in- 
dicate the extent to which the strength characteristics 
found in the control cylinders were realized in the 
finished concrete. 

It will be noted that when the relative strengths of 
the concretes containing the three different aggregates 
are taken into account the trends and relationships 
shown by Figure 9 are practically the same as those 
expressed by the strength data before they were modi- 
fied by the data regarding the control specimens given 
in Figure 8. 

RESULTS OF STRENGTH TESTS SUMMARIZED 

The data obtained from tests of flexural and com- 
pressive strength indicate that— 

1. Mechanical methods of placing resulted in greater 
flexural and compressive strengths than hand placing in 
the case of the concretes containing gravel and crushed- 
stone aggregates. 

2. In the case of the concrete containing the Haydite 
aggregate, mechanical methods of placing produced 
concrete of higher compressive strength than hand 
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placing. The effect of vibration on the flexural strength 
seems to be uncertain, and this may be due to the tend- 
ency of the materials to segregate according to their 
specific gravities when subjected to vibration. 

3. The increases in flexural and compressive strengths 
due to mechanical placing are considerably more marked 
in the case of the angular aggregate than they are in 
the case of the rounded aggregate. 

4. There is a normal increase in compressive strength 
with age for all materials and methods of placing. 

5. A general increase in flexural strength with age 
occurred with both the crushed-stone and gravel aggre- 
gates, while for some reason not disclosed by these 
tests a continued retrogression in flexural strength 
occurred after 90 days in the concrete containing Hay- 
dite aggregate. 

6. Of the three methods of mechanical placing em- 
ployed in this investigation, the Vibrolithic process had 
the greatest effect on strength. 

BOND STRENGTH OF EMBEDDED STEEL BARS 

In order to develop information concerning the effect 
of the aggregates and methods of placing on the bond 
strength of embedded steel, a rather comprehensive 

SLAB 

ORILL ROD 

ALUMINUM TUBE 

REINFORCING BAR 

RUBBER CUSHION 

BEARING BLOCK 

TESTING MACHINE 

Figure 10.—Apparatus Usrep in Bonp TeEsts 
or Bars EMBEDDED HoRIzONTALLY 

series of bond tests was included in the program. Rein- 
forcing bars of two sizes, each size of both plain and 
deformed types, were embedded both vertically and 
horizontally in each of the 11 types of slab. In all, 176 
tests were made. The construction of the specimens 
used in these tests was unique in some respects and for 
this reason will be described in some detail. 

Two-foot lengths of either deformed or plain round 
bars were embedded in sections 1 and 8 of each of the 
large slabs. The deformed bars were used in the first 
series of 11 slabs and the plain bars in the second series, 
with the exception that deformed bars were used in 

slabs 23 and 24, and plain bars in slabs 12 and 13. 
The 1-inch bars were placed in section 1 and the %-inch 
bars in section 8 in all cases. The depth of embedment 
was 6% inches for both the vertical and horizontal 
positions. 

The vertical bars were passed through holes in the 
bottom of the slab form and were secured in such a 
position that the desired embedment was obtained. 
The upper end was capped with a large cork. After 
the finishing was completed and the concrete had 
hardened, the cork was removed and the end of the 
bar exposed. This permitted a measurement of slip 
to be made on these specimens. 

9 CORK SPACE 

7 REINFORCING BAR 
ss ae 4 

RUBBER CUSHION 

BEARING BLOCK 

= = ae CT 
(eS) z aL = os 4 4 — 

= i: 
Se "A esi 
= = 
= 
Se 
= cq 
Be TESTING MACHINE i 

J, oa 
7 

Figure 11.—Aprparatus Usrp In Bonn Tests 
oF Bars EMBEDDED VERTICALLY 

In the case of the bars placed horizontally a somewhat 
different scheme was adopted. The embedded end of 
each bar was drilled axially and tapped to receive a 
piece of -inch drill rod 18 inches in length. This rod 
was sheathed with close-fitting tube of thin aluminum, 
which served to prevent any bond between the con- 
crete and the drill-rod extension. The bars were in- 
serted through horizontal holes in the ends of the slab 
forms at the mid-depth of the slab. The bar in bond 
extended into the concrete 6% inches and the drill-rod 
extension continued entirely across the remainder of 
the slab section, the end being supported in a hole in 
the first transverse wooden separator. This served to 
hold the bar in position during the placing of the con- 
crete and later, upon removal from the forms, to expose 
the extension to the embedded end of the reinforcing 
bar, permitting measurements of slip to be made. 

Sections 1 and 8, illustrated in Figure 1, were both 
divided into two equal parts by a short longitudinal 
separator, which served to facilitate the handling of 
the bond specimens. 

The tests were made in a universal testing machine, 
the specimens being supported on a large spherical 
bearing block provided with a radial hole which allowed 
the projecting bar to extend through the block. This 
block was mounted on the fixed head of the testing 
machine, through which the projecting end of the re- 
inforcing bar passed to be engaged by the grips in the 
movable head. A rubber cushion was placed between 
the specimens and the bearing block. During the test 
the head of the machine was lowered, by power, at a 
rate of 0.05 inch per minute (idling rate), thus exerting 
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TABLE 11.—Unit bond stress at ini tial slip, in pounds per square inch 

DEFORMED BARS 

Horizontal embedment Vertical embedment 

| 
a < } | Cs 14j Ae Lui : 

en Ageregate Method 1-inch bars 14-inch bars l1-inch bars 44-inch bars 
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| | | 
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tension in the bar and tending to withdraw it from the 
concrete. 

The initial and progressive slip of the steel in the con- 
crete was determined by a micrometer dial reading in 
ten-thousandths of an inch. This dial was supported 
by a heavy base which rested on the upper surface of the 
concrete specimen. The stem of the dial rested against 
the embedded end of the reinforcing bar, or its extension. 
Figures 10 and 11 show the way in which the bond 
specimens were set up for test. 

The weighing beam of the testing machine was kept 
in balance as the load was applied and readings of load 
were taken at the point of initial slip, at the maximum 
resistance to slip, and at intervals of 0.01 inch slip up 
to the point where slippage was too rapid to record. 
As an aid to the accurate determination of the load at 
the instant of initial slip, a small electric light situated 
in front of the testing-machine operator was placed in a 
circuit which was broken by the first movement of the 
steel bar in the concrete. The operator was thus able 
to keep the machine balanced and still catch the load 
reading at the desired instant. It is believed that in all 
cases the first load reading was obtained before the 
bar had slipped one ten-thousandth of an inch. 

The age of all of the specimens at the time of test was 
nine months, and during this period they were stored 
out of doors. 

The load in pounds per square inch of bond area at 
which initial slip occurred is given for each test in Table 
11, and these same data are shown graphically in Figure 
12; 

Figures 13, 14, and 15, show the load-slip curves for 
all tests with the plain bars. In the tests with the 
deformed bars, as soon as the bond was broken the bars 
began to exert a wedging action in the concrete, and 
failure occurred either by rupture of the bar in tension 
or by a splitting of the concrete block. 

The initial unit bond resistance of the deformed bars 
is consistently much higher than that of the plain bars 
as indicated by the values in Table 11. The 1-inch 
plain bars developed, on the average, only 26 per cent 
of the resistance of the deformed bars of the same size. 

The }-inch plain bars developed 50 per cent of the re- 
sistance of the 4-inch deformed bars. 

The size of the bar appears to influence the unit bond 
resistance. In the case of the deformed bars the 1-inch 
we consistently shows higher bond values than the 
¥4-inch size, while for the plain bars exactly the reverse 
is true. This is shown in the following summary: 

Lbs. per sq. in. 
Deformed bars: bond stress 

Tinch= horizontalsembedmient sem =e ae 1, 064 
% ineh, horizontal embedment.2. sa eeee- eee eee eee 716 
inch verticaltembedment’e osee gece. ee ae 1, 044 
Prinehenvertical embed nen tae saan nee 864 

Plain bars: 
iginceh ori zontaleel ec em a= ee 254 
1 inch, norizontal embedmentue.. soe a= ee ee oe 308 
L inchs vertical gem | yea ie yaaa ae eee 304 
% inch, Veruca een DEC me Tye ete eee ee 486 

The data indicate that, on the average, the bars 
placed in a vertical position developed about 15 per 
cent more bond resistance than those which were hori- 
zontal. 

A study was made to determine whether or not the 
materials from which the concrete was made affected 
the bond strength. Classifying the data according to 
materials and averaging all values, the following values 
are obtained: 

Unit bond resistance at initial slip 

Deformed 
Plain bars bars 

Lbs. per sq. in.| Lbs. per sq. in. 
ayditect Seg. ceo i kee ae he ee ene see Se 335 739 
Gravel: 226 5 Tee eS eae eee 321 933 
Orushedistone: 4: 42.1 2a" Se eS eee 345 1, 085 

Thus it would appear that for the low resistance 
values developed by the plain bars the materials used in 
the concrete did not have an appreciable effect, but that 
for high bond-resistance values, such as were developed 
by the deformed bars, the aggregate does affect the 
unit bond resistance. It is noted that the variations in 
these data are in the same sense as the modulus of 
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elasticity values for the three materials although con- Unit bond resistance at initial slip 
siderably different in degree. 

Passing now to a consideration of the effect of the a0 IRE satis 
various methods of placing used in this investigation on a phd a TS 
the initial unit bond resistance, we find that the bond ———— |S 
strength of the deformed bars was very noticeably Lbs. per sq, in. Lbs. per sq. in, 
: : Va UeTayal OLY ONS po oer ee ee eke SORES ters ane ee ee ya 642 
increased by the use of vibratory methods. In the Vibrotithic. 9-9-0 ees oS in | 309 945 
Carero. plaiiebarsithe enectiamucm lessmurked | (“The  Gieun ti et cna ce8 eme nanos] Ser | ee 
following summary shows very clearly the effects just 
mentioned: 
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In the tests in which the plain bars were involved the 
indicated unit bond resistance at the initial slip very 
probably represents true bond between the steel and 
the concrete. With deformed bars, however, it is 
probable that the values measured are a combination of 
bond and shear. 

The wedging action of the deformed bars was so 
marked that in about four out of every five tests the 
concrete block was split or the steel bar failed in tension. 
Of the ten 1-inch bars which were actually pulled out, 
six were from hand-placed concrete specimens and 
showed honeycomb around the bar. Of the seven 
}s-inch bars actually withdrawn, four were from hand- 
placed concrete showing honeycomb, and all seven of 
the bars were stressed beyond the elastic limit. 

In all of the tests of plain bars the steel was withdrawn 
without exceeding the elastic limit of the material. It 

will be noted, in the load-slip curves for these speci- 
mens, that in many cases the maximum resistance did 
not develop at the initial slip but after a very slight 
movement had occurred. It is probable that this was 
true in all of the cases, but that the precision of 
Seah was not sufficient to have it show in the 
ata. 
These bond tests indicate that— 
1. The apparent unit bond developed by deformed 

bars is consistently much higher than that developed by 
plain bars in the same concrete. This comparison is 
made at the loads at which the first slip was detectable 
with the apparatus used in these tests. 

2. The size of the bar seems to influence the apparent 
unit bond. With plain bars the -inch size shows 
higher values than the 1-inch size, while with deformed 
bars the reverse is true. 
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3. In general, the bars placed in a vertical position 
developed somewhat greater bond resistance than 
those placed horizontally. 

4. Where slip occurs at comparatively low load, as is 
true of the plain bars, the aggregate in the concrete does 
not affect the resistance developed, but where deformed 
bars are employed the type of aggregate does influence 
the resistance to a considerable degree. 

5. The method of placing used affects the bond re- 
sistance, the effect being more marked in the case of the 
deformed bars than in the case of plain bars. The 
vibratory methods of placing resulted in better bond 
than was obtained by the hand-placing method. 

TESTS OF THE REINFORCED SECTIONS 

As has been noted previously, two sections of each 
of the large slabs were reinforced with mats of steel 
bars of the same size and in the same amount as was 
being considered in connection with the design of floor 
slabs for the bridge. At the age of 6 months these 
sections were subjected to bending tests, observations of 
slab deflection and strain in the concrete being made. 
The details of the arrangement of the reinforcement in 
the concrete are shown in Figure 16. 

The steel used consisted of %-inch deformed bars of 
intermediate grade. The mean cross-sectional area of 
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these bars was measured and found to be 0.191 square 
inch. The elastic limit averaged 47,355 pounds per 
square inch (maximum 51,990, minimum 44,240) and 
the ultimate strength ranged from 84,400 to 72,040 
pounds per square inch. The average percentage of 
elongation was 21.2 per cent. All of the specimens 
satisfactorily passed the cold bend test. 

Figure 17 gives a general view of the way in which 
the reinforced sections were set up in the testing ma- 
chine. The weighing table of the machine used is 
provided with wing extensions, and the slab supports 
rested on one of these. A 60-inch span was used and 
the load applied at the third points of this span by the 
framework shown in the figure just referred to. Hori- 
zontal freedom was provided at both load and reaction 
points by rollers acting against narrow steel plates 
embedded on the surface of the concrete. There were 

no particularly unusual features in the test set-up and 
the details will be omitted. 

Deflection of the mid-point of the slab was measured 
with a micrometer dial reading directly in ten-thou- 
sandths of an inch and supported by a stiff tubular 
steel bridge provided with steel legs which rested on 
points set in the upper surface of the slab over the 
reaction supports. One of these legs was provided 
with a degree of horizontal freedom to take care of 
temperature and bending displacements. This appar- 
atus is shown in position in the general view, Figure 17. 

The deflection data were obtained on both sections 
from each of the 11 large slabs of the first series and 
the observations were made after each 5,000-pound 
increment of load had been applied. These data are 
given in detail in Table 12, and the load-deflection 
curves are shown in Figure 18. 
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5 PIECES 2'-8” +o 10,000 _ .----| .0024 | .0027 | . 0026 | .0085 180 285 240 235 | 276 

15 000m ek eee | 0038 | .0043 | |0040 | | 0053 |.....--|-----.- Aree. fe bese 
rs 20s 000Hee saan sae 0053 | .0061 | .0057 | .0076 | 390} 570) 450! 470) 552 

Figure 16.—PLACEMENT OF STEEL UsEep IN REINFORCED Ae a ord es ae ROTOD Marlee eet aa bate aleacsag it eas 
30;000Saeeeeeeee .0 : : .0148 | 630] 8% 87 7s 917 

SLAB SECTIONS i 0134 | .0188'| 0161 | .0215 |.----.- Bhs Miibee See epee 
40,000... -..----.| .0238 | .0308 | .0273 | .0364 1,365 | 1,505 | 1, 530 | 1, 467. | 4,730 

Poe 5 s} : 45,000 _- Be 035.0185 046 2a 0890] MOD 2S eee ee ees eles Ct lee oe ee TaBLe 12.—Detailed record of tests of reinforced concrete slab a OOUE een Re ONPRGanT la ccic Kaan heme ke Fite ae eee: 
sections 5D; 000 meme ees | BOGS Zale OTS meyOG Orn |a00 20 | meee eee |e nee eeees eee s ie eee 

CO\000REe a ee ae | .0794 | .0888 | . 0841 | .1120 |_...-_- Raa eres he eae EEE 2 ea a 
SLAB NO. 3, HAYDITE, HAND PLACED; SLAB THICKNESS=8i4 Load at beam | | 

INCHES drop. pounds_-/63, 125. | 63, 520) 638, 322/58, 500 |.----_-|-------|---- Sg oad Se eee aes 

Mar tie _ SLABNO.6,HAYDITE, VIBROLITHIC; SLAB THICKNESS=8}5 INCHES 
Deane | Stresses in section 3, in pounds per Z : : = Deflection in inches | square inch a Shen TSE : = : TA 

ee 5; OURS a= oe 0.0038 |0. 0037 (0.0038 |0. 0046 |-__-__- Leds fier) Sek a 
| | te | is MOOT. 8 FS .0078 | .0076 | .0077 | . 0094 198 | 290 | | 205 | rod 340 

adi | | | Cor- | Ors mab 000M pee ae | .0113 | .0122 | .0118 | .0144 |-_____- {Rie SS ee oe He ere | 
Bag = pounds rected | rected 20,000.__.______- THRE a OSE CLEARCOAT | 528] 521 | 766 

Bec- | Sec: lnjean |. 00, | Gage | Gage| Gage|a,..,| to 28,000._._--_..-: R002¢.| e280 0202s) 0288 ean tet Se ee 3 ae eae. os 
tion 3 tion 6| 8-inch | No.1] No. 2| No. 5 Sc Chiaeet 0000 mene a eee ee | .0328 | .0339 | . 0334 | . 0407 924 | 1,022) 931) 959 | 1,390 

thick - Thick-as5 O00 gueeea amen RO466n| OS OSiiy OFS (all OO Odales sare iean te [Eee [saee|| aaa 
| ness Tess et 0; 000mm | 0598 | .0659 . 0628 | . 0766 | 1,320 | 1,365 | 1, 386 | 1, 357 | 2, 000 

ba’ 7:6 eal | Oy ; | 45,000___--------| .0741 | .0887 | .0789 | . 0958 Ne a ie 2 | eel ee 
| bO;000 SH eae eee | ,0948 | .0997 | .0972 | .1185 | 1,789 | 1,966 | 2,046 | 1,934 | 2, 840 

5000.2 s--- see ORO04 57 0500445020044 000485) aia eae ees weve iP Soe Lo Load at beam | | | 
1O!000 22a aoe ees -0093  .0091 | .0092 .0101 210; 240 246 | 232 276 drop, pounds. _|54, 385 153,975 .54, 180 |47, 950 |------- | Weare ens ae 2 Serle ee eee 
1S O00 Sse ae SOE |) SCONES ONES) SOY eo) SD es eS Sac eee 2 | > : is 4 
20; 000 mene ee 0205 | .0217 | .0211 | .0232| 486 | 540| 564] 530 630 
25,000 Seis 0285 | 0208 0202 MMOS 2il|e ooo. poe he oe | baie SLAB NO. 7, GRAVEL, ELECTRIC TAMPER; SLAB THICKNESS= 
500005 me ate Sa. 9 0433 | . 0488 | .0460 | .0505 | 1,026 | 1,026 | 1,056 | 1,036 | 1, 234 8 INCHES! 
Ni O00 Meas wae 7 O58 4010648. je, 0618 1" 0680}. 2 el. ke ol Po = amecp dsb -o| a hae gah ce ae ta ee Ph eee i aE EN 
80:000 eee .0755 | .0306 | .0780 , .0857 | 1,506 | 1,494 | 1,554 | 1,518 | 1,800 l ] | l 
000) seen sees BOSO0 12. 0968 |e 0026 A TOISe eee toes ieee tarot ele, toe. 5 BiOQUE A ogee ee 020025710), 002i 0100285) ON00234| Rene as eaeeres|e ee) aoe eet aes 
B0000= Eee Ses AU 27, eee P1238) 19855) e1n O80) 8251068) e208) |e 27300. 91 0)000 semess ae a | .0052 | .0048 | .0050 | .0050 | 273 | 230} 301) 268 268 
Load at beam 5; O08 a iE OOS Teles OUSO4 |e O0S6: fetOOSG2| eae a [eeeren eae 5. eee Poe 
Crop poundss645 895 150.000) 52448 60 800 si eseeen|eeeo ea eee eee ee 20 000sesee see . 0152 | .0153 | .0152 | . 0152 904 | 718] 1,004; 875 | 875 

| : 5,000 sae ODO MODB DE aO2 7S: We U27 Oy pase ne | eee | Sees [eenesee vas Berg 
50/000 a senee see 0498 | . 0421 | .0460 | . 0460 | 1,995 | 1,880 | 2,439 | 2,105 | 2, 105 

; : ee 7 rite eo: O00 SS ae aew ss | .0688 | .0568 | .0628 | . 0628 |___-_-- pe eeees || ete jase eee aes 
SLAB NO. 4, GRAVEL, VIBROLITHIC; SLAB THICKNESS=8}4 INCHES 40'999.. "0886 | |0725 | 0806 | .0806 | 2,727 | 2,741 | 3,300 | 2,923 | 2,923 

A500) Naeem ee . 1075 | .0891 | .0983 | . 0983 |.-_.--- pit Set eS ieee Le Te ee 
| ea | SO O00 ae Scere. 2 shee VOR Ee Sets ee ee (Me 5 ars Sie He ge a 

O00 aero 50 0015 O10] OL0017a | OX O02 Iai eeeme ee | neernel Emenee (Enno a Hides Wa Toad “ite beam | | | 
LO; 000 Rae eto os | .0025 | .0039 | .0032 | .0040 | 368 294 250 304 | 358 drop, pounds... 48, 260 /54, 585 51,398 |51, 398 _..---- IY, eee wees Geet eel lee Pen cee | EE bith 
rh nea SOOKE I O0E4 dl LOGS A007 Deets fonts ore I | | 
30/000 fd re ye .0082 | .0102| 647] 603} 544] 598 | 680 3 = "s 
5000 5g be Ol2taaOL HOG y HH SOMES, willie |e oe Soe | ae ane a es 
50,000 eet | 0192 | .0220 | .0206 | .0258 1, 309 | 1,294 | 1,145 | 1, 249 1,420 SLAB NO.8, LIMESTONE, ELECTRIC TAMPER; SLAB THICKNESS=84 
S500 sea aes .05 0202); 088% OBI4 | 0803 |. Ue Ne ee cose he. ot |e INCHES 
(000 Se ee . 0424 | .0497 | .0460 | .0575 | 2,176 | 2,205 | 1,983 | 2,121 2, 410 | 
As 00S eeee ee ess 0554 i, 0625 Wie OS OOM O7 S80 eee eae |e ules eae ee hte en | 
50, 7 ain 2) GH) oer OOOLORIONOOLOMOSOULOMONOO2 TH =e ees | eae hee eae | Eee 
sts nema acon See ae aire tc re oe eee) age PE | 0 or 000e 27-51 . 0088.1 50040. | 0030 |, 0043." 287 | 280 | 306 | 277 | 204 
Peta ciall ie | i. eae kt pease cB OCO eee eee teal 0057 Ae OOO 2s NOOGON|M. O06 (incense taba ta os oe |e 

drop, pounds--.|59, 875 |54, 390 |57, 132 (53, 600 |-.-----|-.-----|-------|------- boSSaecs 1 Lower steel displaced in section 3. One bottom bar out, mat raised 14-inch, moved 
2 inches toward gag?s. 
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TABLE 12.—Detailed record of tests of reinforced concrete slab 
sections—Continued 

SLAB NO, 8, LIMESTONE, ELECTRIC TAMPER; SLAB THICKNESS= 
844 INCHES—Continued 

Metectiouiahnches Stresses in section 3, in pounds per 
square inch 

| 
Cor- | Cor- 

Load in pounds | 5 ke rected rected 
| Sec- | Sec- to Gage | Gage | Gage to 
tion 3 | tion 6 | 8 | ginch| No. 1| No. 2| No. 5|M@e®”/g-inch 

thick- thick- 
| ness | ness 

DO; 000 Seacete cose . 0076 | .0092 | .0084 | . 0093 734 545 753 677 720 
2D O00 R= = esa = OLLZ I OLG Til OL40 ne 0156c) eens | een es ere eee eee 
30, OOO eee -0178 | .0217 | .0198 | .0220 | 1,276 | 1,343 | 1,417 | 1,345 | 1,430 
35, 000 eee ee oe SO279T Pe O360) |p OS20l ie Osborn aeons abo aael oee ea eee el ee 
40,000 Sea . 0418 | .0519 | .0468 | .0520 | 2,233 | 2,300 | 2,185 | 2,239 | 2,380 
A510) 0 Senet OOD 208s OG70 Nr O61 ON nOOS4s been nal ee se cece al. oe sesebees see 
bO;000 RS sees ees . 0695 | .0847 | .0771 | .0856 | 3,046 | 3,113 | 2,997 | 3,052 | 3, 250 
Load at beam | 

drop, pounds- (60, OLOR SS 780m 598 125107, bOON eee ssl ame e acco see ceo oeee le 

SLAB NO. 9, HAYDITE, ELECTRIC tears SLAB THICKNESS= 8 
@) 

Ee OOQE =a ee cee OF00508 OF0051S) 0.0050" 050050 iesaeene bee cs |=ee cece Leeeeoalteasee = 
10:000Se tee | .0107 | .0110 | .0108 | .0108 306 282 252 280 280 
15: 000 2ee ween ROUGH Ge OLSO aie OL 7 Siler Oli Sees seer nee ee eee eee 
20; 000 se eae | 0250 | .0281 | .0266 | . 0266 630 696 600 642 642 
ZO: 000 hee. sees ee ie 03400040 7a 0378m P0878 on aoelea ene sleo coe aelan ~~ calle cree 
B0L000F = eee. -0516 | .0587 | .0552 | .0552 | 1,114 | 1, 236 | 1,092 | 1, 147 1, 147 
SHAUL bee ast MUGEN POcOOm en O.L OW eT OT Ogee al errno [A Soe ee ee eee 
40.000 ee ere . 0849 | .0933 | .0891 | .0891 | 1,576 | 1,704 | 1,506 | 1, 595 1, 595 
45: 000 Fae oee ae PecLOOOR ie LOOM ee OOS LOGO Re 2 es |2e seca eens tree e iyo 
Load at Beart 

drop, pounds_-'49, 410 |48, 730 |49,070 |49,070 |.._.--_|.---__- eee FA a 9 Me eye 

SLAB NO. 10, GRAVEL, AIR HAMMER; SLAB THICKNESS=814 INCHES 

H,000 5s sesneees ©. 00215 |05:0022)1050022710; 0023" bees st ease ee a ewe ro) ses oasle sac 
10, 00052. 22=-5e 53 '.0045 | .0051 | .0048 | .0050 | 307 | 256 | 256| 273) 281 
is O00 eee Hooves OOsg tn OOSDEIS O0RA lane: esas. teu, |) Sao lene 
20,000 1f22).. 25. 0120 | 0130 | 0125 | 10131 | 704.| 580 | 666 | 653 | 674 
BE O00M sae an cc i 01s en0103 We 0180) 0108 lee tes ee ey ot 
50.0001. siea e "0297 | .0301 | 10299 | .0315 | 1,305 | 1,421 | 1,332 | 1,383 | 1,426 
B5 O00N E251 1,29 ips ORM DGIE DASE OMON COON eek mech eile uth clas 
20,000. Ss "0597 | 0590 | 10504 | 10625 | 2,099 | 2,202 | 2,074 | 2,125 | 2,190 
rift ences ROTESH OVBIIN ROT4S: Dh OTSEM Goes ee ero | eS 
BO 000s es "0885 |.......|....- .0931 | 2,820 | 2,919 | 2, 740 | 2,829 | 2,920 
BG DOO ooo ROU ce lame et ricoh ewer ec ee Gali Ua ee 
Load at beam 

drop, pounds_-|56, 675 |57, 085 |56, 880 \56,000 |..._.-.|.------|-------|-------|------- 

SLAB NO. 11, LIMESTONE, AIR HAMMER; SLAB THICKNESS=8 
INCHES 

O00 sae eee ece = OF002281050024 10 0023s OA00 23 lacs ee ale ee eee cee ee eee ae ees 
10,000 522: sense? | . 0047 | .0047 | .0047 | . 0047 279 325 325 310 310 
1500022220226 -s= O07 0mm OO ZEN 00 comp O00 Zo alee es sean Eee a(t cereal se Se 
20,000 5see5- SOLO Ol2 |e Ole Oltt 759 743 743 748 | 748 
25,000 22 aease see OVS M es Olio ee OLG 2a 01625| Poe oe pees = Ne eee |e eae Mae ae 
50000 seeemeee nee . 0227 | .0266 | .0246 | .0246 | 1,395 | 1,394 | 1,441 | 1,410 | 1,410 
Sh 000 Bee ee Oss Aen C4 7a eROSTOM US CO iene aaa eee een oat s|) ceed |) eee be 
40,000 s22 222-2 53 =| - 0464 | .0559 | .0512 , .0512 | 2,309 | 2,355 | 2,371 | 2,345 | 2,345 
45:000.5..2-22-= = MOOS Tease Lomi COOOM Ns OGG Oa ner eimets later: ax teers eae fa ee ee See 
50, 0002222 eee | .0724 | .0861 | .0792 | .0792 | 3,099 | 3,115 | 3,161 | 3,125 | 3, 125 
0,000 aaa = PeOS46:MalOS4 a OO40ne- 0940) (oeeene lan 2 Use see Meee ee 
Load at beam | 

drop, pounds_- ees HOOMSS 420 FOO 0 DMO OU Oi eens tere |e eal eee re eemeen eo eee 
i 

SLAB NO. 12, GRAVEL, HAND-PLACED; SLAB THICKNESS=8 INCHES 

D000! S22 2c=2sse6 (0.0030 |0. 0030 |0. 0030 0 OOS 0s | are ceec | wereenee | see see ce ey eee 
10;0002222-.2 25... . 0068 | .0070 | .0069 .0069 458 458 397 438 438 
5; 000 22aesece = SOM OLZo aie. OLZO Re OL2O\ tea co ere, | eee See ete ee ee 
20 000 Seen .0172 | .0214 | .0193 | .0193 | 1,038 | 1,038 901 992 992 
25,000 eae eae SO2O0 eI 0S4aql ts OS0G mes USUGN pe teeela eae ae sees ne eeke a eee 
30; 000 Se eeceee a . 0415 | .0506 | .0460 .0460 | 1,832 | 1,816 | 1,705 | 1, 784 1, 784 
Bp;000E2e. 5-252. - POS 4.0 nes O04 OG LOM ee OG 1 Ole rere | eee nee eee egies ete 
40:000-2222--_3.- | .0701 | .0844 | .0772 | .0772 | 2,626 2, 564 | 2, 583 | -2, 591 2, 591 
45 0002s oe= see = USO Suite Oo Om te Oct0 aye 0o50 0 eaeeee eee [renee tel Seen eee eee | eee 
KOOCOESaaaeae . 1038 | . 1225 | .1132 | .1132 | 3,389 | 3,205 | 3,285 | 3,293 | 3, 293 
Load at beam | | 

drop, pounds.- 55, 0402155,000815520201155:1020:5 | Rees 2 See ee eee ne eae 

SLAB NO. 138, LIMESTONE, HAND-PLACED; SLAB THICKNESS=8 
INCHES 

O00 Fea OF 0032710/00288 050030111 0 0030s seers |e een| eee ein eee ee 
LO000R Ross 2228 . 0067 | .0060 | . 0064 | . 0064 295 372 308 325 325 
T6,000Le ates aes SOLOOMO09 Tel OLOIa pe Ol Olea ce neteee a eee eee eee SA le 
20 O00 eee ee | .0169 | .0151 | .0160 | . 0160 796 | 898 886 860 860 
25, 000E.2= 2.25 == HO2ZSan Osos O2ZG0|NO2G0 8 seen on eee pean es Epes 
30;000 eee eeee= . 0427 | .0418 | .0422 | .0422 | 1,579 | 1,694 | 1,554 | 1,609 | 1,609 
BD OOO meeeee eo ROSSINI PAOGL2Z Ne. ODOG a On9On | tsrne ee eee eee ee |e See 
400005222422 25 .0731 | .0827 | .0779 | .0779 | 2,208 | 2,375 | 2,260 | 2, 281 2, 281 
45 000 Soaks oe HOSTS me ssLOGIon |e OOO canmN OOO 7) (saa ace tear (A er le eee See 
Load at beam 

drop, DOUNndS=2153;,990) }475 320))|50;606: 50\666"|22--=-2|2 seo e= |e seen |= ~-—- | onan 

Strain measurements were made in one of the two 
reinforced sections from each of the 11 large slabs of the 
first series and the observations were made after each 
10,000-pound increment of load had been applied. 
Strains in the concrete were measured at five points in 
the upper surface of the slab, the location of which is 
shown in Figure 19. These measurements were made 
with a hand strain gage between brass points set 8 
inches apart. Corrections were made for temperature 
changes in the gage. The data obtained are given in 
detail in Table 12 and shown graphically in Figure 20 
where the average stress across the transverse axis of 
the slab is plotted as a function of the total load. The 
observed strains at the other two gage lengths along 
the longitudinal axis of the slab were used as a check on 
the distribution of stress in the middle third of the slab. 

eee 
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Figure 19.—GaaGe Layout oN REINFORCED SLAB SECTIONS 

In converting the observed strains into the stress values 
given in Table 12, each value was multiplied by the 
modulus of elasticity of the concrete for that particular 
slab, as shown by the tests made at the 90-day age. 
These values of modulus of elasticity are very probably 
a few per cent lower at 90 days than they were at the 
time the reinforced sections were tested. Inspection of 
the data on the effect of age on the modulus of elasticity 
indicates that this difference would be small. (See 
Table 7.) 

In Table 13 certain load and strength data for the 
reinforced slab sections have been assembled for pur- 
poses of comparison. The first two columns give the 
load on the slab at the time when the load-stress and 
and load-deflection curves respectively change in slope. 
It is realized that there are not a sufficient number of 
observations to fix this value very accurately, and the 
values given in the table were determined by projecting 
the initial and final slopes to their point of intersection. 
It is quite possible that the change in slope was gradual 
and that this change began at a lower load than is 
tabulated. 

Column 3 contains the modulus of rupture of the con- 
crete as determined by the tests of the sawed beams at the 
age of 6 months (the same age at test as the reinforced 
slabs). Columns 4, 5, and 6 contain stress values (in the 
concrete) arrived at in various ways. ‘These values were 
computed in each case for the load A (Table 13) which is 
the load corresponding to the change inslope of the load- 
stress curve. Columns4and5 contain stress values com- 
puted for the lower and upper surfaces of the concrete 
in the middle third of the slab. These values were 
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TABLE 13.—Comparative load and stress data for reinforced sections 

HAYDITE CONCRETE 

Load in pounds| \fodu-| Computed stress in 
at change of lus of pounds per square 

slope rupture inch for load A 

a ee of 
sawed 

| 1, beams, 
Method of placing Bae in Strain 1 

| **"* Load- | Load- | pounds >< mod- 
| | stress | deflec- per |Bottom) Top of} ulus 

curve | tion | square | ofslab| slab | of elas- 
(load A)} curve | inch, ticity 2 

| age 6 s=bE 
months 

oe : : ara ? pe Sa) he uy re 

| Wee) (2) (3) (4) (5) (6) 
WANG placeda cans. ees= aI 3 | 17, 500 | 18, 000 496 486 485 410 
Vibrolithie process _-__.-___ 6 | 19, 500 | 22, 000 476 518 515 450 
Hlectric tamper_.........- | 9 | 16, 250 | 16, 500 433 458 462 450 

LIMESTONE CONCRETE 

Hand placed_.__--.---__-- | 13 | 13,750 | 16,500} 423 461 | 435 440 
Vibrolithic process _____--- 6 | 28, 250 | 27, 500 710 817 | 803 660 
Electric tamper---.-.-..-- | 8 | 22,250 | 20,000} 647 711 693 700 
ESAT IT OF ee eee ee ee i EE 215500 |) 22, 500 680 714 690 750 

E | 

GRAVEL CONCRETE 

Fane p acedesc eee s see ae Ae | 16,250 17, 000 | 610 548 521 | 700 
Vibrolithic process -__-.----- 4 | 22,000 | 22, 500 | 636 662 643 | 660 
Electric tamper. -_-_-------- | 7 | 16,000 | 17, 500 | 546 554 519 440 
Agra mores eee ae 10 | 18,000 | 18, 500 | 545 574 552 490 

| | } | | 

1 Strain is the average of 3 gages on transverse axis of slab. 
2 Average modulus of elasticity from 90-day tests of cores from this same slab. 

computed by the usual flexure formula, taking into 
account the actual dimensions of the slab and the 
amount and position of the longitudinal steel present 
in it. The ratio between the moduli of elasticity of 
the steel and of the concrete was computed on the basis 

of a value of 30,000,000 pounds per square inch for the 
steel and the value shown by the 90-day core tests for 
the concrete. Column 6 was computed from the meas- 
ured strains in the concrete in the upper surface of the 
slab and the modulus of elasticity determined for the 
particular slab in question from the 90-day cores. 

In Figure 21 a comparison is made of the relation 
between the various slabs as to— 

(a) Load at which a change of slope occurs in the load- 
stress curve, and 

(6) Modulus of rupture of the concrete at the same 
age. 
A study of the data in Tabie 13 and Figure 21 clearly 

indicates that the change in slope of the load-stress 
curve is caused by the failure of the concrete in flexure. 
Considering the small number of tests which are repre- 
sented by these data, it is believed that they are remark- 
ably concordant on this point. 

Since it is indicated that the first change in the 
structural behavior of the reinforced slabs occurred 
when the concrete failed in tension on the lower side 
of the slab, it will be of interest to examine the data 
to see what took place after the concrete ceased to bear 
its proportionate share of the tensile stress. The data 
show that after the first change in slope of the load- 
stress curve the structure continued to act elastically 
up to a certain point, which was indicated by the 
dropping of the weighing beam of the testing machine. 
In Table 14 the load on the various slabs at the time 
this elastic failure occurred are noted, together with the 
computed tensile stresses in the steel at these loads. 
In computing these values the dimensions of both the 
steel and concrete for the particular slab under considera- 
ation were used. 
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FicureE 21.—ComPaRISON OF VALUES OF MopULUS OF RUPTURE 
oF PLAIN CONCRETE BEAMS AND VALUES OF LOAD ON REIN- 
FORCED CONCRETE SLABS AT INITIAL YIELD Point. IN LEFT- 
HAND PANEL ARE GIVEN VALUES OF LOAD ON REINFORCED 
SLABS AT CHANGE IN SLOPE oF Loap-StrRESs CuRVES, Cor- 
RECTED TO 8-INCH THICKNESS. VALUES OF MODULUS OF 
RuptuRE OF SAwWED Beams aT 180 Days, GivEN In RiGuHrT- 
HAND PANEL, ARE Mnans or 4 TrEsts ON GRAVEL CONCRETE, 
AND 8 TrEstTs ON LIMESTONE AND HaypbITE CONCRETE 

TaBLE 14.—Loads on reinforced slabs at failure and corresponding 
stresses in steel 

. Sec- | Tensile 
es tion Aggregate Method of placing | foe stress in 
SOSH ON Oe | | ut steel 
2 == |5 = ee See 

Pounds 
per prugre 

Pounds inc 
3 Ba, PEL GLU 22 ete ee Mand placed's=- 2-2-2 | 54,895 48, 400 
3 6 OLR aah eer ee 2 Come Sac See ee | 50, 000 | 44, 200 
6 Bull See GOS. eee eee Vibrolithie process __--_--- 54, 385 | 46, 000 
6 a Ree OL oe Odd gee a eee (pe Set She | 53, 975 45, 600 
9 alte =a Caen eee Electric tamper ---.------ | 49,410 46, 000 
9 Gileeoes LOS Seen eee Owe eee | 48,730 | 45, 300 

13 3 | Laimestone__-__---2-- iptlandypliccd= == s=aua== =e 53, 990 48, 200 
13 6 fees oe OL. tse ee ee dows asec UPS fs eee 47, 320 44, 000 
5 Sales ee (6Cyot Ao eee a Vibrolithie process _-__---- 63, 125 49, 000 
3 Gulereoe OMe aes a a ee OB Steen na a eee 63, 520 49, 800 
8 Sas el COS eee saree te Electric tamper.._----_--. | 60,015 50, 000 
8 eee lope (ameter ts eee Ch Ae ae Se ee | 58,730! 50,000 

11 |} Buleeese (Oe a Pet See JB: i oat crbos:) ER ee BPE SS | 60, 590 52, 200 
11 Galea an oC) By Se RS eee See 1G Se eee ee eee 58, 420 50, 500 
12 | Su RGra vel! = Sous ose oo iMfand placedioi=--222--2-—— | 55, 040 47, 600 
12 | Gaps GOR wea eee e soot baa OSPF 22, Seca tera | 5, 000 47, 600 
4 3 | per a OME Se je ae? Vibrolithic process. ------- 59, 875 48, 500 
4) ino dose a ee a eee pe Pe eee eed a SP ee 54, 390 44, 100 
7 Seen ole Se ee | Electric tamper -__-------- 48, 260 50, 000 
7 Cn eees doe a ae sees 0 Beene Mic ee ee cee id 54, 535 46, 500 

10 | By eS deste eee os PN oH aeVacuaets) Roel eda ees, YI 56, 675 49, 100 
10 | Gals. C6 Ko ae ee Co eee ee eae eee 57, 085 } 50, 600 

| | 

It is evident from this tabulation that the second 
change in structural behavior occurred as a result of 
the steel being stressed to the yield point. It is recalled 
that the yield point of the reinforcement was found to 
range from 44,240 to 51,990 pounds per square inch. 
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FIGURE 22.—FaILURE OF A REINFORCED SuasB. Note WIDE 
Cracks REMAINING AFTER REMOVAL OF LOAD AND SPALLING 
OF CONCRETE ON COMPRESSION SURFACE OF SLAB 

Thus it may be concluded that the ultimate failure of 
the reinforced slabs was due to the failure of the steel 
in tension. The appearance of the slab specimens also 
indicated this to be true. Figure 22 shows the appear- 
ance of the side of one of these slabs after failure. This 
particular slab spalled at the upper surface, as shown in 
the photograph. This spalling occurred just before 
final failure. 

ABSORPTION TESTS 

An effort was made to determine the relative ability 
of the concrete from the various slabs to absorb water. 
For this purpose two specimens 8 inches square and 
approximately 18 inches in length were selected from 

the broken sawed-beam specimens from each of the large 
slabs. These specimens were air-dried in a sheet-iron 
building for several weeks, until all of them had ceased 
to change in weight. The concrete was from 10 to 12 
months old at the time that this drying-out period was 
completed. When all of the specimens had reached a 
condition of constant weight in the dry air of the build- 
ing, they were immersed in a tank of water (at air 
temperature). After periods of immersion of 1, 2, 8, 
28, 56, and 140 days they were removed from the water; 
the surface moisture was blotted off with a damp cloth; 
and the specimens were weighed. 

The progressive absorption of the various concretes 
is given in Table 15. Average values for four specimens 
are tabulated, and these data are also shown graphically 
in Figure 23. In this figure it will be noted that for 
each aggregate the methods of placing have been ar- 
ranged from left to right in the order of ascending values. 

From these data it would appear that the vibratory 
methods of placing produced a perceptibly less ab- 
sorptive concrete than was obtamed by hand placing. 
This difference was most marked with the concrete 
containing the Haydite aggregate and least with the 
concrete containing the gravel aggregate. Of the three 
vibratory methods, the Vibrolithic method of placing 
appears to be the most effective from the standpoint of 
reducing absorption. These absorption values appear 
to be, in a general way, a measure of the density of the 
concrete as indicated by the unit weight values given 
in Table 3. For each aggregate the highest absorption 
and lowest weight per cubic foot are found to relate 
to hand-placed concrete, while the lowest absorption 
and highest unit weight are found to be for concrete 
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TaBLE 15.—Percentage of absorption (based on dry weight) of 8 by 8 
by 18 inch concrete specimens— Values given are averages of deter- 
minations on four specimens 

LIMESTONE AGGREGATE 

Period of immersion (in days) 

Method of placing a (ah a ei ar 

biel Se? 8 28. |) 56 | 140 
eee 7 = £ | ae 

Vibrolithic process_._._-_-----..- 553 ian, 620 O72 erONSONlns 0584 
mlectrictamipersss.sss see eles a 5Snmee Obit 89 | 1.00} 1.05 
Nite ligtenvante oon hele WTS S7St ISS eel 001] eel OS) ame te 131) 
aan plaGon = ems ee Sn SFOs Mrsee reeds Oral 25 28'tem 1.27.4 
Bee Ad Ie = 9 VS eee - | ils Pole | | 

GRAVEL AGGREGATE 

Viprolithice process2-)— === --2- 525 0. 53 0. 59 0. 76 0. 94 0. 98 | 0.98 
Milectric'tampers..2 7 = 8 ns . 74 . 82 .97 1.14 1,20 | 1, 20 
Aa AITO Obes eee te eee dhe ee es ateilly || . 90 TOS eleco) 1, 24 1. 24 
Pandiplaced save. ese ese Se ) SRS | . 96 ALD a enone 2 1. 29 1, 29 

HAYDITE AGGREGATE 

ae | | | | 
Vibrolithic process_2........-..-- rl aos: 1.71} 1.94 2. 30 2. 51 | 2.61 
Electrical pers se eee oe see WEG 1. 97 2, 24 2.69 | 2.88 2. 88 
1B avely ive slow ek ee | Le, 2. 08 2. 41 2.84 |} 3.02 3. 40 

placed by the Vibrolithic method. The unit weight 
of the concrete containing gravel aggregate is about 
the same as that of the concrete containing the lime- 
stone and much higher than that containing Haydite, 
while from the standpoint of absorption the inverse 
relation is again found to be generally true. 

RESISTANCE TO WEAR 

The purpose for which these concrete slabs were to be 
used made the matter of resistance to surface wear of 
considerable interest. Tests were made on the 11 
large slabs of the second series to determine the rela- 
tive surface hardness or resistance to wear, using a 
special testing device developed by the bureau for 
this purpose. This apparatus is described in detail 
in a former issue of Public Roads? and consists of three 
narrow wheels of hardened steel set tangentially on a 
circular plate which is rotated about its center under a 
constant load at a constant speed of 35 revolutions per 
minute. The path followed by the wheels is a circle 
21 inches in diameter. 

These wheels follow each other around this path 
and soon begin to wear a groove. The rate at which 
the depth of this groove develops is determined by 
measurements with a micrometer dial after some 
definite number of revolutions of the plate and is taken 
as an indication of the relative surface hardness of the 
concrete. 

As said before, this test was made on each of the 11 
slabs of the second series. Two tests were made on 
each slab, and the age of the concrete at the time of 
test was 10 months. 

The data obtained are shown graphically in Figure 24. 
From these data it is evident that for all three aggre- 

gates the use of vibratory methods of placing tended 
to decrease the surface hardness of the concrete and 
that this effect was particularly pronounced in the case 
of the concrete containing the Haydite aggregate. The 
only exception is in the case of the concrete containing 
the gravel aggregate and placed by the Vibrolithic 
method. The concrete containing gravel aggregate 
which was placed by the two other vibrating methods 
consistently showed a softer surface than that which was 

2 Public Roads, vol. 10, No. 5, July, 1929, A Test for Indicating the Surface Hardness 
of Concrete Pavements. 
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placed by the hand method. It is believed that this is 
due to the fact that the vibration tends to bring the 
water to the surface and this water carries with it the 
finer, less resistant particles. The result is that there 
is an excess of this material on or near the surface of 
the slab as the water evaporates. 

Comparison may also be made between the different 
ageregates, and it will be noted that the depth of wear 
was approximately twice as great on the concrete con- 
taining Haydite as on the other aggregates. 

The addition of the trap rock to the surface of the 
slabs placed by the Vibrolithic process had for its 



264 PUBLIC ROADS Vol. 12, No. 16 

purpose the protection of the surface from wear through 
the wear resistance of the stone. Presumably, when 
the mortar skin of the concrete becomes worn the layer 
of trap rock is exposed and assumes the burden of 
wear resistance. 

GRAVEL AGGREGATE 

LIMESTONE AGGREGATE 

HAYDITE AGGREGATE 

FiguRE 25.—-SAWED SECTIONS OF CONCRETE PLACED BY 
VIBROLITHIC PROcESS, SHOWING FINAL PosITION OF 
Trap Rock AppED DurRING FINISHING 

The sawed beams furnished an unusual opportunity 
to study the position of these fragments of trap rock 
in the hardened concrete and to judge to what degree 
protection to the surface is afforded by them. Figure 
25 shows typical faces of the sawed sections for all 
three types of aggregate. The pieces of stone in ques- 
tion can be identified without difficulty near the upper 
surface of all of the specimens. It is quite apparent 
that, so far as these slabs are concerned, the trap rock 
would be of little or no value as a surface wearing course. 

RESISTANCE TO REPEATED FREEZING 

Since durability is one of the most important qualities 
to be sought in exposed concrete work, an effort was 
made to obtain information regarding the relative re- 
sistance to weathering of the various concretes under 
test by subjecting specimens from each of the large 
slabs to alternate freezing and thawing. 

Specimens 8 by 8 by 4 inches in size were sawed 
from portions of the sawed beams used in the flexure 
tests, one from section 2 and one from section 7 of each 
large slab, a total of 44 specimens. Four of the six 
faces of each specimen were sawed surfaces, one was 
the finished (or upper) slab surface, and the other was 
the surface left by the wood form on which the slab 
was cast. The specimens were separated into two 
eroups of 22 each, one comprising the blocks cut from 
section 2 of each large slab, the other those from section 
7. These two groups were alternated in the freezing 
cycle, one being frozen while the other was being thawed. 

All of the specimens were subjected to 100 cycles of 
alternate freezing and thawing. Freezing was accom- 
plished in a small compression refrigerator built 
especially for this work. The specimens were placed 
in the freezing chamber in a saturated condition and 
allowed to remain for 24 hours. Periodically thermo- 
graph records were made of the air temperature in the 
chamber and of the concrete temperature at the center 
of one of the specimens. 

These charts showed that the mmimum temperature 
of the concrete ranged from — 10° to —15° C. over the 
8-month period of the tests and that this minimum 
temperature was maintained for from 14 to 17 hours 
of each 24-hour cycle of freezing. These variations 
were caused by the variation in the temperature of the 
specimens when placed in the freezing chamber. 

At the end of the 24-hour freezing period the speci- 
mens were removed from the refrigerator and immersed 
ina tank of water at room temperature, where they 
were allowed to remain for 24 hours. 

All specimens were examined carefully at frequent 
intervals and any changes in appearance noted. The 
detailed observations for each specimen are given in 
Table 16, and photographs of all specimens are ‘erouped 
in Figures 26, 27, and 28. 

An examination of the specimens after the comple- 
tion of 100 alternations of freezing and thawing leads 
to the conclusion that all of the specimens are in very 
good condition after a rather severe test. In general, 
the concrete is all sound and the sawed surfaces are 
practically intact. Differences in the resistance of the 
various groups of specimens can be detected, however, 
and these permit some comparison to be made of the 
effect on resistance of the aggregates and of the methods 
of placing. It will be noted that many of the observed 
effects of freezing listed in Table 16 are not of a serious 
nature so far as the mass of the concrete in the specimen 
is concerned. 
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Studying the data from the standpoint of the aggre- 
gates used, it is apparent that the concrete containing 
the siliceous gravel was affected least by the repeated 
freezings. This concrete was practically unchanged 
by the test in so far as could be determined by a care- 
ful examination of its physical appearance. The 
concrete containing the limestone coarse aggregate 
was more difficult to consolidate because of the angu- 
larity of the stone fragments. The water-cement ratio 
was higher than that of the concrete in which gravel 
was used and more void spaces are to be found around 
the coarse aggregate particles. The result was that 
freezing did considerably more damage to the speci- 

Figure 26.—ResistaNncE for GRAVEL CONCRETE SPECI- 
MENS TO REPEATED FREEZING. SLAB AND SECTION 
NUMBERS ARE GIVEN ON THE PHOTOGRAPHS. SLABS 
12 anp 23, Hanp Puiacep; 4 anp 15, VIBROLITHIC; 7 
AND 18, Etecrric TAMPER; 10 AND 21, ArR HAMMER 

mens containing the limestone than to those containing 
the siliceous gravel. The void spaces proved to be 
particularly vulnerable to freezing attack. 

In only one instance was any disintegration of the 
limestone aggregate noted, the weakness apparently 
being in the mortar around the void spaces and on the 
finished surface which was originally the top of the slab. 
This indicates that the greater damage noted in the 
specimens containing the crushed-stone aggregate was 

possibly due to the fact that a higher water-cement 
ratio was required for workability rather than to the 
fact that limestone was used. All of the specimens 
containing the Haydite aggregate showed isolated 

TABLE 16.—Detailed observations of the effect of repeated freezing 

GRAVEL AGGREGATE 

Type | ee | ne Effects observed 

er 

Hand placed ._._-__- | 12 { 2 
¢ |fAll specimens unchanged after 100 alternations. 

Do- 23 J 2 
me de We eee wee as 

Vibrolithie process _ - 4 { 4 
: Do. 

jij A oa 15 { 
are eat a Ate, IMU OMe. 
fo phe SON Dee ’\\ 71] Slight scaling on finished face (toward the front 

: ce the photograph) noted after 80 alternations. 
J 2; None. 

Do__------------ 18 |\ i Do. 

F : iieben Do. 
Air Hammer_--.-.-- 10 \ 7413 small pieces of coarse aggregate out of sawed 

pe after 80 alternations. 
| 2 | None. 

Do_.-----=---=--| 21 { 7 Do. 
| 

LIMESTONE AGGREGATE 

{ 2 | Some crumbling of mortar toward a honey 
Hand placed .__----- 13 | combed area after 61 alternations. 

. | 7; Some crumbling of mortar around a honey- 
combed area after 80 alternations. 

2! The lower third of this specimen was badly 
honeycombed, and after 59 alternations the 

iDoe= Seon eee 24 | mortar began tocrumble. Considerable disin- 
tegration noted after 72 alternations. 

7 | Some crumbling of mortar at 1 small spot on a 
| | sawed face noted after 80 alternations. No 

| change after 100 alternations. 
i 2 | Slight softening of the mortar above the trap 

Viprelitnie processe: Be | Oe noes surface apparent after &0 

| 7 | 1 piece of limestone 11% inches in diameter disin- 
tegrated after 72 alternations. 

| 2 Slight softening of finished surface noticeable 
IDXeay= Bane ae ee 16 |; after 80 alternations. 

| 7 | Section of mortar on finished face, above the trap 
| rock, loosened after 80 alternations. 

| | 2 | Finished surface softened to a depth of %6 inch 
Electric vibrator _ _-- 8 |; after 80 alternations. 

| 7 | None 
{ 2 | Finished surface softened to a depth of 146 inch. 

Do 19 | | First noted after 80 alternations (to the front of 
Wee aaeee Shae : | photograph). 

7 | Finished surface softened to a depth of 46 inch. 
| | First noted after 80 alternations. 
| | 2 | Finished surface showed scale after 61 alternations, 

Eanes and 1 corner, where honeycombed, crumbled 
BAY HS MESE Ee ato ae | | after 80 alternations. 

| | 7°) Mortar on finished surface softened. Apparent 
| after 72 alternations. 

Dose wees 22 { 2 | _ Do. . 
. a = 7 Mortar on 1 sawed face noticeably softened after 

| S0alternations. Thesame effect noted on | part 
of the finished surface. 

| 

HAY DITE AGGREGATE 

| | ; 
| 2 | Slight seale on finished surface. First apparent 

after 80 alternations. Also certain particles of 
| the coarse aggregate appeared to soften under 

Kn } 3 repeated freezing. After 30 alternations it was 
Hand placed --------| noted that the nonporous particles, which ap- 

| parently were not completely fused in manu- 
| facture, began to soften. 

7 | Condition the same as section 2. 
2 | Some crumbling of the mortar around a honey- 

| combed area in the bottom. Slight scale 
TG 2 eee 14 | appeared on the finished surface after 59 alter- 

| nations. 
| 7 | Pronounced scale on finished surface noticed 

after 30 alternations. 
| | 2 The finished surface disintegrated to a depth of 
| 14 to 4 inch. One corner disintegrated where 

Vibrolithic process - - 6 | it was honeycombed. First noted after 80 
alternations. 

7 | The finished surface disintegrated to a depjh of 
| ¥f inch after 30 alternations. Some crumbling 

of the mortar noted after 80 alternations. 
| 2 | Slight scale apparent on the finished surface after 

DO: Aeon ee | a tcgae 80 alternations. 
‘| 7 | Softening of the mortar noted at 2 small spots on 
| | the sawed surfaces after 20 alternations. The 
} finished surface above the trap rock disinteg- 

rated to a depth of 14 to 4 inch after 80 alter- 
nations. ; 

If 2 The finished surface scaled to a depth of 4 inch 
Electric vibrator - --- 9 |; after 94 alternations. 

| 7 | Slight scale noted on 1 sawed face after 30 alter- 
| nations, ; 

J 2|No apparent effect. (One corner broken in 

Doe ees ges eee 25 | handling.) 
| 7 | Slight softening of 1 sawed face noticeable after 

| 80 alternations. 
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Figure 27.—RESISTANCE OF STONE CONCRETE SPECI- 
MENS TO REPEATED FREEZING. SLAB AND SECTION 
NUMBERS ARE GIVEN ON THE PHOTOGRAPHS. SLABS 
13 aND 24, Hanp Puacep; 5 AND 16, VIBROLITHIC; 
8 anD 19, ELtectric TamMpER; 11 aNpD 22, ArR Ham- 
MER 

particles of coarse aggregate which appeared to soften 
after repeated freezing. These particles were smooth, 
dark-colored, and noncellular in structure and had the 
appearance of having been incompletely fused during 
manufacture. The cellular particles were not affected 
by the repeated freezings. The mortar in the speci- 
mens containing the Haydite aggregates showed the 
effects of the test in practically all of the specimens. 
It is worthy of note, however, that the sawed surfaces 
which exposed the interior of the mass to the freezing 
action showed much less effect than did the finished 
surfaces. 

It appears to be true of all of the specimens that the 
least resistant surface is that which was left by the 
finishing process on the upper surface of the slab. 

The effect of the various methods of placing on the 
resistance to repeated freezing is limited, so far as these 
data indicate, to the effect that the respective methods 
have on the amount and condition of the mortar 
surface on the finished slab. The methods of placing 
which make use of vibration tend to bring fine material 
and water to the surface of the concrete. This was 
mentioned in the discussion of wear resistance as 

Figure 28.—ReEsistaNcE oF HaypITE CONCRETE TO 
REPEATED FREEZING. SLAB AND SECTION NUMBERS ARE 
GIVEN ON THE PHOTOGRAPHS. SLABS 3 AND 14, HAND 
PLACED; 6 AND 17, VIBROLITHIC; 9 AND 25, ELECTRIC 
TAMPER 

affecting the surface hardness of the concrete, and it 
is interesting to note that the surfaces left by the 
vibratory methods of placing were apparently less 
resistant to freezing than those obtained by the hand- 
placing method. 

BULLETIN ISSUED. ON ELECTRICAL EQUIP 
MENT FOR MOVABLE BRIDGES 

A bulletin intended to assist bridge engineers in 
designing electrical equipment on movable bridges has 
recently been issued by the Bureau of Public Roads. 
The bulletin is designated as Technical Bulletin No. 
265, Electrical Equipment on Movable Bridges, by 
Condé B. McCullough, Albin L. Gemeny, and W. R. 
Wickerham. 

The first section of the bulletin deals with the funda- 
mentals of direct-current and alternating-current motors 
and discusses the selection of motors for different 
services. The second section discusses the control and 
interlocking of operations, describing current practice 
in the regulation of motors, control of sequence of 
operations, and the use of various protective devices. 
This discussion is followed by a description of four 
different installations of electrical equipment, accom- 
panied by diagrams showing the wiring and arrange- 
ment. The last portion of the bulletin deals with new 
developments in electrical bridge control, including 
variable-voltage control, speed-matching indicators for 
vertical-lift bridges, and light-sensitive relays. 

Copies of this publication may be obtained from the 
Office of Information, United States Department of 
Agriculture, Washington, D. C. 



HIGHWAY RESEARCH BOARD HOLDS ANNUAL 
MEETING 

Research Board was held on December 10 and 11 
at the building of the National Academy of 

Sciences and the National Research Council, Washing- 
ton, D. C. The session was opened at 10 a. m., 
Thursday, December 10, with an address of welcome 
by Dr. Albert L. Barrows, assistant secretary of the 
National Research Council, followed by an address by 
the chairman of the Highway Research Board, H. 8. 
Mattimore, engineer of materials, Pennsylvania High- 
way Department. Mr. Mattimore presided at the 
meeting. 

The Thursday morning session was devoted to the 
report of the committee on maintenance, B. C. Tiney, 
maintenance engineer, Michigan Highway Department, 
chairman; the report of a special investigation of dust- 
laying materials and methods, by Fred Burggraf, 
research engineer, Highway Research Board; and the 
report of the project committee on correlation of 
research in mineral aggregates, W. J. Emmons, director, 
Michigan State Highway Laboratory, chairman. 

The afternoon meeting (C. M. Upham, of the Ameri- 
can Road Builders’ Association, presiding) was occupied 
with the following subjects: The report of the com- 
mittee on materials and construction, H. S. Mattimore, 
chairman; the report of the project committee on 
curing of concrete pavement slabs, F. C. Lang, engineer 
of tests and inspection, Minnesota Highway Depart- 
ment, chairman; Compaction of Fills as Affected by 
Type and Size of Hauling and Other Equipment, by 
A. K. Haxtun, assistant engineer, American Road 
Builders’ Association; Functions of Steel Reinforce- 
ment in Concrete Pavements and Bases, by C. A. 
Hogentogler, F. A. Robeson, and E. A. Willis, division 
of tests, United States Bureau of Public Roads; and 
the report of the special investigation of methods for 
evaluating field inspection of culverts, by R. W. 
Crum, director, Highway Research Board. 

On Friday morning a short general session was held 
at which Mr. Mattimore presided. At this meeting 
the report of the committee on highway finance was 
delivered by Thomas H. MacDonald, chief, United 
States Bureau of Public Roads, chairman. The re- 
mainder of the day was occupied with two simultaneous 
sessions. 

The session on highway design and allied subjects 
was held in the lecture room, E. F. Kelley, chief, divi- 
sion of tests, United States Bureau of Public Roads, 
presiding. This meeting was devoted to the report of 
the committee on highway design, A. T. Goldbeck, 
director, bureau of engineering, National Crushed Stone 
Association, chairman; Some Principles of Soil Survey- 
ing and Mapping, by D. P. Krynine, research associate 
in soil mechanics, Yale University; and the report of 
the special investigation of the use of rail steel rein- 
forcement on highway construction, R. L. Morrison, 
chairman. 

The session on traffic and transportation took place 
in the auditorium, with E. W. James, chief, division of 
highway transport, United States Bureau of Public 
Roads, in the chair. The following reports were con- 
sidered: The report of the committee on traffic, G. E. 
Hamlin, superintendent of maintenance, Connecticut 
Highway Department, chairman; Field Methods for 

; SHE ELEVENTH annual meeting of the Highway Measuring Tire Wear, by A. A. Anderson and H. B. 
Wright, Portland Cement Association; and the report 
of the committee on transportation, T. R. Agg, assistant 
dean of engineering, Iowa State College, chairman. 

At 1 o’clock on Thursday, December 10, a luncheon 
for contact men was held in the library of the National 
Academy of Sciences. The annual highway research 
dinner was held at 7 in the evening of the same day 
at the Willard Hotel. a 

Space does not permit an adequate account of the 
many excellent papers submitted to the Highway Re- 
search Board at this meeting. The following para- 
graphs contain brief summaries of a number of reports 
which are considered of particular interest to highway 
engineers. 

MAINTENANCE 
Maintenance Costs, by H. L. Bishop, chief, division 

of construction, United States Bureau of Public Roads, 
discussed progress on a study of maintenance costs on 
Federal-aid projects in all the States. Because of lack 
of uniformity in accounting methods, the Bureau of 
Public Roads has adopted a system of rating the main- 
tenance on Federal-aid projects by weighing the factors 
of surface, drainage, shoulders, structures, roadside 
cleaning, and traffic service according to their relative 
importance. Other articles on maintenance included 
Maintenance of Expansion Joints and Cracks in Con- 
crete Pavements, by W. H. Root, maintenance engineer, 
Iowa Highway Commission; Fillers and Bedding 
Courses for Brick Pavements, by J. S. Crandall, pro- 
fessor of highway engineering, University of Illinois; 
and Ice Removal from Pavements, by B. C. Tiney 
maintenance engineer, Michigan Highway Departmen t” 

MATERIALS AND CONSTRUCTION 

H.S. Mattimore, engineer of materials, Pennsylvania 
Highway Department, reporting for the committee on 
materials and construction, submitted a paper on The 
Effect of Hot Cement on Time of Set and Concrete 
Quality, in which he discussed the effects produced by 
the use of cement which when received on the work 
retains a considerable part of the heat generated during 
manufacture. Occasional temperatures as high as 
150° to 200° F. have been noted. In The Durability 
of Concrete as Affected by the Water-Cement Ratio, 
Mr. F. H. Jackson analyzed the evidence concerning the 
relation between resistance to frost action and the 
water-cement ratio, the maximum water-cement ratio 
allowable for concrete exposed to the weather, and the 
relation between strength and durability. A decided 
relation was found to exist between the water-cement 
ratio and durability. There was also a committee 
report on Volume Charges in Concrete, by C. H. 
Scholer, professor of applied mechanics, Kansas State 
College. 

The paper on Functions of Steel Remforcement in 
Concrete Pavements, by Messrs. Hogentogler, Robeson, 
and Willis pointed out the fact that investigations of 
steel reinforcement carried on by the Highway Research 
Board in 1924 and 1925 disclosed benefits furnished by 
reinforcement on concrete pavements not readily 
explainable by the conventional theory of remforced 
concrete design. Subsequent study indicates that 
some of the benefits are due to the influence the rein- 
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forcement exerts upon the internal stresses and other 
factors which affect the strength and durability of 
concrete. The report analyzed the phenomena occur- 
ring during and subsequent to the hardening period and 
discusses the successive shr inkage, expansion, warping, 
and other distortions which may occur as the result 
of natural causes as well as traffic. The attempt was 
made to explain the function of steel reinforcement 
with respect to the stresses caused by these phenomena. 

FINANCE 

Mr. MacDonald’s paper on highway finance dealt 
with the cooperative project beimg conducted by the 
Bureau of Public Roads and the University of Wis- 
consin on The Relationship Between Road and General 
Taxes in the Various States. The first work of the 
investigation was carried on in Wisconsin and was 
summarized in the report. 

HIGHWAY DESIGN 

The report of the committee on highway design in- 
cluded a symposium on The Economics of Low Cost 
Bridges: Concrete, by E. M. Fleming, Portland Cement 
Association ; Timber, by J. F. Seiler, American Wood 
Preservers’ Association; and Steel, by F. H. Frank- 
land, American Institute of Steel Construction. Mr. 
Fleming’s paper analyzed methods of reducing first cost 
by : the use of simpler types of concrete structures, 
higher strength concrete, rigid frame structures, and 
continuous slab viaducts. After analyzing methods 
of calculating the total carrying cost of wooden bridges, 
Mr. Seiler cited experience to show that creosoted 
timber will last from 35 to 40 years, after which time a 
bridge would probably be retired from obsolescence. 
Mr. Frankland gave examples of recent economical 
designs of steel bridges using continuous girders and 
beams and steel-plate floors, as well as the use of steel 
pues for substructures. The life of steel structures was 
placed at not less than 100 years. 

Load Limitations on Highways, by Albin L. 
Gemeny, senior structural engineer, United States 
Bureau of Public Roads, discussed the relation between 
load limitations on roads and those on bridges, and 
presented a discussion of load limitations based on the 
design loads of the American Association of State 
Highway Officials. 

Field Experiments in Subgrade Drainage and Treat- 
ment, by F. H. Eno, research professor of highway 
engineering, Ohio State University, discussed an in- 
vestigation of 42,500 feet of porous or treated subbases 
beneath paved roads and approximately 25,700 feet. of 
untreated paved roads, the comparisons being made 
on the basis of crack ratios. Upon pavements with 
no center joint, slag subbases yielded no longitudinal 
cracks; sand gave a longitudinal crack ratio of 0.095; 
gravel, 0.2; a cement-clay mixture, 0.29, untreated 
sections, 0.6. 

In A New Theory of Frost Heaving, A. C. Benkel- 
man, research engineer, and F. R. Olmstead, research 
assistant, Michigan Highway Department, analyzed 
the factors which cause the formation of ice plates in 
soil, and noted the elimination of frost heaving at some 
oe locations in Michigan last winter through provision 
for drainage. 

The article by D. P. Krynine, on Principles of Soil 
Surveying and Mapping for Road Purposes, recom- 
mended that in addition to the soil grouping defined 

by the Bureau of Public Roads the soils be further 
characterized with respect to permeability and stabil- 
ity. For the former the author suggested’ a method 
for determining the moisture equivalent of the soil by 
centrifuging, and for the latter a new test for shearing 
resistance. 

TRAFFIC AND TRANSPORTATION 

Papers on the general subject of traffic included 
Traffic Capacity, by A. N. Johnson, dean of engineer- 
ing, University of Maryland, a discussion of a coopera- 
tive project by the Bureau of Public Roads and the 
Vey erty of Maryland to determine the capacity of 
2,3, and 4 lane roads; Vehicle and Highway Mechanics, 
by: Dr DAG: Dickinson, chief, heat and power division, 
United States Bureau of Standards: Traffic Survey 
Procedure, by W. Graham Cole, policyholders service 
bureau, Metropolitan Life Insurance Co.; Law Ob- 
servance and Enforcement, by Burton W. Marsh, 
traffic engineer, Philadelphia; Highway Education, by 
Stephen James, director of extension, Highway Educa- 
tion Board; State Control of Traffic, by W. A. Van 
Duzer, director of traffic, District of Columbia; and 
The Driver, by Sidney J. Williams, director, public 
safety division, National Safety Council. 

The committee on transportation submitted three 
papers: Tractive Resistance Studies with a Gas-Electric 
Automobile, by Ray Paustian, lowa State College; 
Tractive Resistance and Tractive Effort of Motor 
Vehicles, by H. B. Shaw, director, engineering experi- 
ment station, North Carolina State College; and Air 
Resistance of Motor Vehicles, by W. E. Lay, professor 
of mechanical engineering, University of Michigan. 
Mr. Paustian’s paper discussed the equipment and 
preliminary results obtained in measurements of trac- 
tive resistance, wind resistance, and power consumption 
at speeds up to 65 miles per hour. Mr. Shaw gave 
methods for computing tractive resistance and tractive 
effort at different speeds and grades. Professor Lay 
reported on wind-tunnel experiments with simple body 
forms, using different methods of simulating a road 
surface. The data showing the percentage of improve- 
ment due to stream-lining proved to be fairly consistent 
for all methods tried. 

SUBGRADE REPORTS REPRINTED IN BUL- 
LETIN FORM 

The four reports on the subject of subgrades which 
were published in the June, July, September, and 
October issues of Pusiic Roaps have been reprinted 
under the title, Reports on Subgrade Studies. The 
following articles are included: Subgrade Soil Con- 
stants, Their Significance and Their Application in 
Practice (Parts I, I], and III); The Soil Profile and the 
Subgrade Survey; Procedures for Testing Soils for the 
Determination of the Subgrade Soil Constants; Graph- 
ical Solution of the Data Furnished by the Hydrometer 
Method of Analysis. 

Single copies of this publication may be obtained 
from the United States Bureau of Public Roads, 
Willard Building, Washington, D. C. In case more 
than one copy is desired, they may be purchased from 
the Superintendent of Documents, United States 
Government Printing Office, Washington, D. C., at 40 
cents each. 
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