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THE EFFECT OF VIBRATION AND DELAYED 
FINISHING ON PAVEMENT SLABS 

Reported by F. H. JACKSON, Senior Engineer of Tests, and W. F. KELLERMANN, Associate Materials Engineer, Division of Tests, United States Bureau of 
Public Roads 

N THE August 1931 issue of Pusiic Roaps there 
was published a report describing the results of an 
investigation conducted by the Bureau of Public 

Roads to determine the effect of certain controllable 
variables on the quality of pavement concrete. The 
test procedure used in this work differed from the con- 
ventional laboratory investigation in that observations 
and tests were made on actual pavement sections, 
placed and finished under working conditions, rather 
than on small-size test specimens. In this way it was 
possible to measure the effect of variations in work- 
ability by studying the quality and uniformity of the 
concrete in the finished structure rather than by at- 
tempting to investigate this indefinite property through 
the use of some arbitary laboratory test such as flow, 
penetration, ete. 

SLUMP NOT LESS THAN 2 INCHES REQUIRED IN PRESENT CON- 
STRUCTION METHODS 

In the tests which have already been reported a 
study was made of the effect of varying the quantity 
of coarse aggregate in the mix for various types and 
gradings of coarse aggregate and for various consisten- 
cies. The concrete was mixed and placed in accord- 
ance with accepted construction practice, which in- 
cluded finishing by the use of the conventional type of 
power-driven screeds, with and without tamper attach- 
ment. These initial tests developed certain informa- 
tion of value. For instance, it was quite definitely 
determined that with the methods of machine finishing 
now commonly employed a consistency corresponding 
to a slump of at least 2 inches must be used if honey- 
comb is to be avoided. Of course, such a concrete 
does not have as high a potential strength and density 
as a somewhat drier mix. Actually, however, it was 
found that both strength and uniformity were im- 
proved by the use of the wetter consistency. This 
result is explained by the fact that the segregation and | 
honeycombing which accompanies the use of the drier 
mix actually tends to lower the strength of the pave- 
ment slab to a point considerably below the strength 
which would be expected theoretically from the water- 
cement ratio strength law. This means that under 
our present construction practice concretes mixed in 
the proportions used in paving work and with normal 
ageregates are not ‘‘workable”’ as paving mixes if the 
slumps are less than 2 inches. In other words, it is 
not possible to take advantage of the higher strength 
and density which should accompany the use of a lower 
water content than is required to give a 2-inch slump. 

DEVELOPMENT OF METHODS FOR USING DRIER MIXES OBJECTIVE 
OF INVESTIGATION 

A realization of this fact led naturally to a consider- 
ation of methods of placing which would permit the use 
of drier mixes without sacrificing strength or uniformity 
of strength. The use of vibratory screeds for this pur- 
pose presented interesting possibilities and it was 
decided to continue the experiments using a standard 

11844—33——1 

finishing machine equipped with vibrators mounted 
directly on the screeds. The present paper discusses 
the results of these tests, as well as another series in 
which a method of removing excess water from the con- 
crete after it was deposited on the subgrade was investi- 
gated. It will be noted that in both cases the ultimate 
object was the same; that is, the production of a pave- 
ment slab of uniform quality with a lower net water 
content and consequently higher strength and greater 
density than would be possible with a standard finishing 
machine. 

For the purpose of discussion the two series of tests 
are treated separately, the results obtained by the use of 
vibrators (series A) being presented first. This portion 
of the report is followed by a discussion of the tests 
which involved the principle of delayed finishing for 
the purpose of removing excess water, otherwise known 
as the Johnson method. (series B). In both cases the 
general testing procedure outlined in the report of 
August 1931 was followed, except that the finishing 
operations were carried out in each case as indicated in 
detail below. The slabs were cast on the bare subgrade, 
whereas in the former tests the subgrade was covered 
with tar paper before placing the concrete. 

The same general types of crushed limestone, gravel 
and blast-furnace slag were used as coarse ageregate. 
However, in the tests reported herein the aggregates 
were used in two separate sizes only instead of f three, 
as in the earlier investigation. Two sands, differing 
considerably in gradation, were also used instead of 
one, as in the first series. In this way it was possible, 
in the case of series A, to investigate six combinations of 
aggregates varying as to character and gradation; that 
is, “crushed stone, gravel, and slag, each in combination 
with a fine sand and a coarse sand. Blast furnace slag 
was omitted from the Johnson series and in its place was 

TABLE 1.—Properties of aggregates 

SIEVE! ANALYSIS 

| | | os | 
Platte 

AES Wesetat ; 1C oarse | Fine | Crushed | Crushed | River 
Total retained on Ctl aa | Gravel | ie ane | slag. |eombis 

| | | | nation 
| | 

— - — ——_—_—— - i — — — - - et —— 

| "Percent Perc nt | |Percent Percent | Percent | Percent 
14-inch sieve_- (isece | 21 | ial 4 ; 
34-inch sieve_- --ennne|-- _| 68 76 | 65 
3g-inch sieve______- eee a ee 3 | eS 90 | 95 | 99 | 11 
No. 4 sieve--- = 5 | 0 | 99 99 100 31 
No. 8 sieve__- 24 | 2 | 100 | 100 | 100 | 46 
No. 14 sieve--_-- 36 | 8 100 100 | 100 | 55 

No. 28 sieve - - | 54 | 30 | 100 | 100 | 100 | 67 
No. 48 sieve. __-__- 83 | 77 | 100 100 | 100 | 89 
IN Onn! OO}SiOVeC =e 96 96 | 100 | 100 | 100 | 98 

— ———-- |— — — ~ —_ 

Fineness modulus___ | 2.98 213 | 72.78 | 7. 87 7.68 | 3. 97 
Poe E we MESSRS S| Nees ules 

PHYSICAL PROPERTIES 

z = x = oe = = 

Approximate specific gravity 2.66 | 2.65 2. 54 | 2.78 | Oe 2. 63 
Absorption, percent__--____- SS 2am elle stZO . 36 | 4, 25 | 91 
Decantation loss, percent._--| 2.70 | 2.10 |__------|.- TS |e ene Se 3 
Voids, percent ?___- 37.00 | 41.00 | 32.00 | 40. 00 | 43. 00 | 31. 00 

Wear, percent % ve ewes A(t ee | 9.60 | 3. 40 | Aun ces ae 

LSet hale nia ke ee | the eal | Se ae 
! Square openings. 
2 Dry-rodded. 
3 Abrasion tests conducted in accordance with methods applicable in each case. 
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substituted a ,sand-gravel combination conforming in TaBiE 3—Data on mixes—Series B 
grading to the so-called ‘Platte River gravel” used in ROUND 1 
Nebraska, Kansas, and Iowa. The essential test 7 g 

data pertaining to the aggregates used in this investi- Cement) 
gation are given in table 1. The same cement, a “wa Bropor- | factor | Water. 

standard portland cement meeting all American Society Aggregates Mes volume, | sacks ratio | b/bo | Slump 
for Testing Materials requirements, was used through- radiated Wie nathan rane 
out. The proportions, consistency, etc., of the concrete yard 

for series A are shown in table 2 with similar data for 2 ze 
° . 

nehes 

series B in table 3. or eee 1:1.6:3.45| 6.0] 0.67 | 0.76 13 
- Anew 68-J 2-2 1:1.6:3.45 5.9 Ault . 76 2% 

: A A. Coarse sand and gravel-_-- 60.GLnone 1:2.1:4.45 4.8 76 | _79 114 
TABLE 2.— Data On Mies: Series A hil7 O23 eee 1:2.1:4.45 4.8 82 se Hf 

(iS see 1:1.5:3.45 (aj dl 69 , il 
ROUND 1 <3 ave PS ee oe 1:1.5:3.45 6.0 1G Aad 234 

B. Fine sand and gravel-_-_--- 73.9. - 1:2.0:4.45 4.8 8g | _80 1 

a a j in ard teers 1:2.0:4.45 4.8 a 5 ce a . 
Cement (0S 2eeee 1:1.9:3.30 6.1 75 15 24% 

Propor- factor | Water- C. Coarse sand and stone--.- hee) pone 1:1.9:3.30 se 77 | .74 24 
(oS a = 1:2.4:4.30 5.0 EYE) ok) 1% 

Bechom ances een Mee : 78-J 1:2.4:430| 4.9] 195] 173] 3 Aggregates sae ‘ Eolums: sacks | ratio | b/bo | Slump ie eee ee a eh es oa 
2 ry- per cor- O----- Seo pee we cai Vide 

i Buona || wey eRs : 36 rode | elie | rected p. Pisa and sone. PR] EAEB) GE BLE) 
82.) ae 1:2.2:4.30 5.1 96 | .81 244 

Inches 
ieee aes 1:1.6:3.45 - 0. 1 0. B a ROUND 2 
DeVi ees 1:1.6:3.45 5. . 69 . 76 s 
a fia: ; , 77 0 eal & ‘ 

A. Coarse sand and gravel-- eee eee ee 2g 2M, re Eee 1:1.6:3.45 6.0 0.67 | 0.76 2 
5-V 1:1.6:3 lyf 80 14 is 84-J ae P31623745 5.9 my | nto 3 

WV ----- :1.6:3.95 5.5 74 ots 4 | ®. Coarse sand and gravel-__-|\9- | 5 Gt te ; 9 93 6. LLésoo he 88 3| (89 1 85-8..__- 1:2.1:4.45 4:8 hee W79! ke 70 84 
loig haat sche aes eer 4 S61 ee 1:2.1:4.45 4.8 By ay 3% icesesee 1:1.5:3.45 6.1 Tomes 144 etre : F 
8-V 1:1.5:3.45 6.1 68 78 14 ce eee eT: (ate . es . is io 

eg si Re AF ; “er | 79 vy; Sor eee peer e 1:1.5:3.4 6.1 : : 34 
B. Fine sand and gravel._...\°“----- 1:1.5:8.45 6.1 67 | «78 qe | F. Fine sand and gravel. ---- Sosa 1:2.0:4.45 4.8 SS 7aSO 24 10-V__--| 1:1.5:3.70| 5.8 74| .80 1% :2.0:4.45 8 

ie : = 9 O0-j ea 1:2.0:4.45 4.8 ~90) 249 3 
cet rate rece ore ie cu ian ules ee feces 1:1.0:330 | 61. 177 40er4 eee 

VS ye COs ke re): ( 2 Ou Go P i 7 23/ 

ET 151:0:3.30 1" 60 278i 76 14 | G. Coarse sand and stone___|}224----- eats eee tone 
142 Vise) 9: 3.30 6. 2 69 . 76 3 on ns 1:2.4:4.30 48 99 0 77 384 

ah fat eee diaridistone 15-V ___ 1:1.9:3.30 6.2 67 . 76 0 05-3... 1:1.7:3:30 6 4 ‘a7 2g ae 
C. Coarse sand and stone- 16-V_.__| 1:1.9:3.55 5.9 75 78 1% ce ee nn a Sie : 

jJ17-V--_-| 1:1.9:3.80 5.7 ES ost 12 | H. Fine sand and stone_----}\977g° "777 1:2/2:4.30 5 i ‘95 | (81 2 
18-V____| 1:1.9:4.05 Bao 145) 288 1% OR y cial 1:2.2:4.30 50 ‘98 | ‘80 3 
19-S_____ Te Te3s50 6.4 76 | .78 he Soe i eee 6. 4 "93 - rf 
20-V ges i. CON eke Ws okey SIR EREE Se ; a 3 So ‘ 

A Sve y een ; : 68 .79 34 IT. Platte River eravel i” Pes 103-J____| 1:4 6. 3 1503 5\eees 2} 
D. Fine sand and stone--__~- 99-Vi___| 1:1.7:3.55 62 75 | (81 14 Boe : 101-S-2 = hate 5.8 me ere 3 

pa Nees Lene 6.0 75 | .84 14 yeh oy be: os lee 7 
24-V_.=-| 1:1.7:4.05 5.8 75 87 34 eel ici i Re fee om 5 

Be ERAS) EE) cB) Bh) 2") rune nboreovn.. fio], | ER) EB) By Vee £2153; if 67) 259 Soopers a fee tbea) os = 3 
Fee ee eat ie DIV cal 1:2.1:3.20| 6.3 63 | 175 M4 baer Stk Bat gt 1O tee ci 

Be Nae a oe ee 28eV crea 1:2.1:3.45 | 6.0 73 | .76 1M 
29-V __-__ 1:2.1:3.70 5.8 72 | .80 ] 
BOW) 121:38.95 | 5.7 | 170) 183 34 TESTING PROCEDURE DESCRIBED 

|(31-V_____ e923. : BAY) || Sai 

: aS evo | Lissa! ool lec l 44| Strength tests —As in, the edrlier tests, the flexural 
Se aan ee 1:1.9:3.45] 61] .82) .78| 1 | strength of each 9-foot pavement section was obtained 

36Voo| 1:1.9:3.95 | 5.8 79 | 185 ¢| by averaging the results of flexure tests on four slabs 
4 — - removed from the section and tested in accordance with 

ROUND 2 the method described in the first report. The actual test 
> x slabs were 27 inches in width, 60 inches in length, and 7 

Vit 8:3-45 | 6.0) 0.67 | 0.76) 24 | inchesin depth. They were loaded at the third points of 
Rae ee 1:1.6:3.45 | 6.1) 58) .76 Pa 54-inch span. The same general procedure as regards 

1:16:3.95| 56| 166] -81 1; | control specimens was followed in the present series as 
iesae| oil ce] 738|  wz|in the previous tests. These specimens consisted of 
1:1.5:345/ 61) 72) .78| 26 | beams tested at the age of 7 months and cylinders tested 

H. Fine sand and gravel. -.- 1:1.5:3.70| 5.9 711 180 2 | at the age of 9 months. These periods corresponded 
veges! &6| i40| ‘se; 12 | to the ages at which the pavement slabs and cores drilled 
1:1.9:3.90 | 6.1] 75 | .75 1% therefrom were tested. All strength tests were made 

RTA RE ps 1:119:330| 62] 165| 176 i$|on saturated specimens. The average results of all 
- Coarse Sé 5 De = mim 5 3 6 . . 

litesee| &7| 48] c40| 494 | Strength tests are shown in table 4. In table 5 are given 
1:1.9:405 | 5.5] .75) .88) 1 | the results of flexure tests on the individual slabs. 
1:1.7:330] 65{/ 270] 279 14| Absorption and density tests ——Four 6-inch cores were 

J. Fine sand and stone... 1:17:30) 65) -$6) -80/ (| drilled from each test section, 2 each from 2 of the half 
era, eae een eh ae slabs remaining after the flexure tests. In drilling the 
1:21:320] 6.2 75| .73 24 | cores considerable care was taken to select portions of 
131:390| 63! .ec| 778| 742 | the slabs free from honeycomb in order to insure the 

So Ee ame! 1:21:345) 6.0] 73) 275 1% use of sound, homogeneous cores for testing purposes. 
1:21:395| 57] 270) 183 1“ | Two of the cores, 1 from each slab, were tested in com- 

1 Symbols used in this column, and in corresponding columns of subsequent tables 
have the following meanings: ‘‘S’’—standard; ‘‘V’’—vibrated; ‘‘J’’—Johnson 
method. 

pression while the other 2 were tested for absorption 
and density. The following procedure was employed 
in making the absorption and density tests: The cores 
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TABLE 4.—Results of strength tests TABLE 5.—Individual slab strengths, uniformity, and honeycomb 

Modulus of Crushing Modulus of Crushing 
rupture (in strength (in rupture (in strength (in 
pounds per pounds per pounds per pounds per 
square inch) square inch) square inch) square inch) 

Sec- neo nor mo LD Sec- neo nea no La 

Mor yeae aa | ke | & tion) oe Ee ys fe 
no. | as oo oe oe no. ae $3 Sas press | 

#O ro) ae) Oe £95 ao ae) Coie 
i ee DA lesaameat se 
Bn ois Ba Lag Bn Sis fo Lug 

82182 | f3 | B88 82 | ae | fe | #88 Ba oe a) Buf aS 8 os ae 804 
Ay ie) Ay oO Ay ie) Ay ie) 

teases 737 578 6, 240 4,910 || 54-V__ 877 834 | 7, 450 6, 300 
2VL 712 658 6, 620 5, 700 || 55-S___ 908 812 | 6,980 5, 880 
B- Vee - 624 566 6, 950 4,800 || 56-V__ 965 811 | 7,300 7, 140 
Been 780 692 6, 460 5, 100 || 57-V__ 947 819 | 7, 760 6, 440 
6-Vi__- 689 682 6, 680 5, 100 |} 58-V__ 989 900 | 7, 240 6, 480 
B-Ven 648 700 6, 640 4, 280 || 59-V__ 962 803 | 7, 160 6, 740 
7-8__- 743 656 6, 880. 4,700 || 60-V __ 951 824 | 7,330 6, 610 
8-V_- 711 604 7, 040 5, 550 |} 61-S___ 802 742 | 6,550 6, 170 
9-V__- 691 643 6, 760 5, 590 |} 62-V __ 818 734 | 7, 230 6, 560 
10-V_- 714 629 6, 650 4, 590 || 63-V__ 860 762 | 7,490 6, 760 
=Ve 659 638 6, 490 4, 840 || 64-V__ 862 678 | 6, 620 5, 160 
12-V _- 606 562 6, 230 5, 180 || 65-V _ - 825 726 | 6, 980 6, 310 
13-S2.- 852 892 6, 780 6,410 || 66-V__ 819 715 | 6,670 6, 160 
14-V__ 917 892 7, 580 6, 870 || 67-S___ 724 642 | 7, 280 6, 760 
1 b= Vi 880 858 7, 550 6, 980 || 68-J___ 777 664 | 7, 800 6, O80 
162 Vie = 961 864 7, 460 6, 740 || 69-S__ 658 645 | 6, 930 5, 870 
iV 944 845 7, 540 6, 350 |} 70-J__ 680 604 | 6, 830 5, 580 
18-V__ 895 868 7, 590 6, 510 || 71-S__- 666 683 | 6, 380 5, 800 
19-S__. 890 857 6, 240 6, 520 || 72-J___ 753 587 | 7,070 5, 960 
20-V __ 905 853 7, 450 7,020 || 73-S___ 628 602 | 5, 900 4, 960 
21-V__ 863 894 7, 040 6, 920 || 74-J___ 681 543 | 6,340 4, 800 
22-V__| 1,006 928 5, 980 6, 380 || 75-S 884 862 | 7,710 6, 440 
Dan. = 914 915 7, 080 6, 450 || 76-J__ 918 865 | 8, 220 6, 890 
DEEN = 813 852 6, 740 5, 590 || 77-S___ 709 756 | 6, 040 6, 100 
25-S__- 802 704 6, 540 5, 960 || 78-J__- 908 698 | 8, 060 5, 370 
26-V __ 762 744 6, 170 6, 680 |} 79-S___ 934 836 | 7, 320 7,010 
27-V .. 678 722 6, 730 6, 940 || 80-J___| 1, 062 801 | 8, 280 6, 700 
28-V __ 780 696 6, 810 6, 680 || 81-S___ 784 670 | 5, 940 5, 180 
29-V __ 751 708 6, 300 5, 920 |, 82-J___ 910 688 | 7, 180 5, 280 
30-V __ 807 730 6, 340 6, 380 |} 83-S___ 688 668 | 7, 440 6, 230 
53) 754 678 6, 500 6, 120 |} 84-J___| 724 638 | 7,690 5, 580 
B2-Da—. 730 680 6, 450 6, 180 || 85-S___ 672 572 | 5, 660 5, 180 
33-V _- 764 682 6, 620 5, 820 || 86-J__ 697 598 | 6, 640 4, 690 
34-V__ 815 716 5, 900 6, 100 |} 87-S___ 712 666 | 6, 400 5, 920 
35-V __ 824 720 6, 480 6, 100 |] 88-J__- 756 667 | 7, 040 5, 720 
36-V _- 727 706 6, 210 5, 860 |} 89-S___ 643 566 | 5, 160 4, 800 
37-S___ 697 705 6, 740 5, 870 || 90-J_- 660 518 | 6, 000 4, 640 
38-V _- 735 684 6, 740 5, 960 || 91-S__-_ 849 860 | 7, 520 6, 590 
BO-V . 642 631 8, 400 4,800 |} 92-J___ 934 775 | 8, 000 5, 830 
40-V __ 714 632 7, 180 4,980 || 93-S___ 814 703 | 5, 700 4, 660 
41-V__ 675 646 | 6,690 5, 710 || 94-J__- 882 622 | 7, 220 4, 040 
42-V __ 669 615 7, 020 5, 890 |} 95-S__- 849 858 | 7, 060 6, 720 
43-V _. 692 640 5, 640 5, 060 || 96-J___ 978 807 | 8, 000 6, 640 
44-S___ 723 624 7, 270 6, 110 |} 97-S__- 771 694 | 5, 500 5, 300 
45-V __ 730 598 7, 540 6, 120 |} 98-J__- 811 628 | 7, 050 4, 280 
46-V__ 720 659 6, 910 5, 450 || 99-S__- 584 601 | 4, 900 4, 380 
47-V _- 708 607 6, 960 5, 180 || 103-3 _- 729 598 | 5,910 4, 580 
48-V __ 664 700 6, 800 6, 020 || 101-S_- 637 564 4, 200, 4, 260 
49-S___ 854 819 7, 630 6, 580 || 105-J 680 500 | 5, 720 3, 720 
50-V _ - 961 914 8, 240 7, 380 || 100-S__ 694 640 | 4, 740 4, 900 
61-V __ 828 776 8, 040 5, 780 || 104-J _- 728 626 | 6, 060 4, 750 
52-V _- 949 862 7, 080 7, 030 || 102-S_- 638 534 | 4, O80 3, 960 
63-V__|. 1,010 909 7, 920 6, 620 || 106-J __ 700 599 , 340 3, 930 

1 Fach value average of 4 tests on 1 section. 
2 Each value average of 2 tests. 
3 Each value average of 2 tests on 1 section. 

were first dried to constant weight in an electric oven 
where the temperature was maintained at approxi- 
mately 150° C. They were then cooled, weighed, 
immersed in water and boiled for 5 hours. The 
specimens were then allowed to cool for 18 hours, after 
which they were removed from the water, surface-dried, 
and weighed. They were then weighed in water and 
from the three weights thus obtained the absorption, 
weight per cubic foot, and specific gravity were computed. 

Values for the density of the hardened concrete were 
obtained by dividing the weight of a given volume of 
the concrete by the theoretical weight of solids in the 
same volume as calculated from the proportions and 
specific gravities of each of the constituent materials. 
In the case of series B, a value which may be termed 
the theoretical density of the plastic concrete was also 
obtained. This value is the ratio of the volume of 
solids (cement and aggregate) to the total volume of 
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TABLE 5.—Individual slab strengths, uniformity, and honeycomb— | Tasin 5.—I ndividual slab strengths, uniformity, and honeycomb— 
Continued Continued 
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TasLeE 5.—Individual slab strengths, uniformity, and honeycomb— TABLE 6.—Specific gravity, density, and absorption tests of cores 
Continued , - 
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Figure 1.—I.uustratina Use or Grip witH 1-INcH SQUARE 

Determination of surface wear.—Determinations of the 
surface hardness of the test slabs were made with a 
special device designed by the Bureau and described 
in detail in Public Roads for July 1929. The hardness 
testing machine consists essentially of a vertical shaft 
carrying a frame upon which are mounted three steel 
wheels. The wheels roll on the concrete in a circular 
path 21 inches in diameter and gradually wear a narrow 
groove in the surface, the depth of which, after a given 
number of revolutions, is used as a measure of the 
hardness of the mortar surface. Care is taken to see 
that the wear is confined to the mortar surface only 
so as to avoid variations due to any difference in hard- 
ness of the mortar and the coarse aggregate. (See 
fies) 

The results of the strength tests, together with data 
showing the amount of honeycombing existing in each 
test slab, the density, absorption, and resistance to wear 
of the concrete, form the basis of comparison used in 
this report to determine the effect of the methods of 
finishing on quality. 

In all, one hundred and six 9-foot sections were cast 
during this investigation, 66 in connection with the 
investigation of the effect of vibration and 40 in con- 
nection with the tests of the Johnson method. The 
first slabs were cast on September 10, 1931, and the 
last on October 5, 1931, progress being at the rate of 
6 slabs per day for the vibration series and 8 slabs per 
day for the Johnson series. 

OPENINGS FOR MEASURING HONEYCOMB. 

aA 

Fiagure 2.—Grooveé Worn IN SuRFACE AFTER 600 REVOLU- 
TIONS OF HARDNESS TESTING MACHINE; CrrcLEe 21 INCHES 
IN DIAMETER. 
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For this series of tests a standard double-screed | 
finishing machine was equipped with 3 high-frequency 
vibrators, 2 mounted on the front screed and 1 on the 
rear screed. (See fig. 4.) Each vibrator consisted 
of a '%-horsepower electric motor operating at an 
approximate speed of 3,600 revolutions per minute. 
There was attached to the rotor of each motor an 
eccentric weight which, revolving at high speed, im- 
parted a vibratory motion to the screed. The motors 

SERIES A: TESTS TO DETERMINE EFFECT OF VIBRATION 

BASE MIX ESTABLISHED FOR STANDARD OF COMPARISON 

For each combination of fine and coarse aggregate, a 
so-called ‘‘base mix’? was established. This base mix 
was designed so that the combinations containing the 
coarse sand would have a cement factor of approxi- 
mately 6 sacks per cubic yard. For the corresponding 
mixes with fine sand the proportion of sand was reduced 
so as to compensate for the differences in grading with- 
out changing the water-cement ratio or the proportion 

were operated with current 
supplied from a gasoline- 
electric generator unit 
mounted on the finishing 
machine. 

The only modification of 
the finishing machine as 
ordinarily used, other than 
the installation of the vi- 
brators, was the use of a 
“Dbull-nose” strike-off which 
was riveted to the front 
screed. <A view of the fin- 
ishing machine showing the 
special strike-off is shown 
in figure 3. This device was 
furnished and recommend- 
ed by the manufacturer of 
the finishing machine on 
the theory that the round- 
ed surface of the ‘‘bull- 
nose’? would tend to con- 
solidate as well as strike off 
the surface of the concrete. 

In general, the finishing 
machine was operated at 
about the same forward 
speed as is customarily 
used. The number of 
passes was limited to three 
as in the former tests, this 
being considered the maxt- 
mum allowable from the 
standpoint of production. 
However, it was found nec- 
essary to exceed two passes 
in only five cases. 

With the set-up as de- 
scribed above the vibra- 

DRIER MIXES SATISFACTORY IF 
CONCRETE IS VIBRATED 

Results of tests in which vibrated concrete is 
compared with concrete placed by the standard 
method lead to the following conclusions: 

1. By the use of vibrating equipment of the 
same general type as employed in connection 
with these tests it should be possible satisfactorily 
to place and finish considerably drier concrete 
than is possible with methods now in common 
use. 

2. For conditions comparable to these tests, it 
should be possible satisfactorily to place and 
finish by vibration concrete having a minimum 
slump of 1 inch as compared to a minimum slump 
of 2}; inches for methods now in common use. 

3. These tests indicate that, depending on the 
type of coarse aggregate used, concrete containing 
from one fourth to three fourths part more coarse 
aggregate than the base mix, if vibrated, should 
show as great uniformity and as high flexural 
strength as the base mix finished by methods now 
incommon use. Such a mix will contain approxi- 
mately from 0.2 to 0.6 sack of cement per cubic 
yard less than the base mix. 

4. The indications are that the effect of vibra- 
tion is more marked where angular coarse aggre- 
gates are used than where aggregates having 
rounded surfaces are used. 

5. In general, it appears from the results of 
these tests that the proper use of the vibratory 
method of finishing should result in an improve- 
ment of the quality of concrete pavements. 

of coarse aggregate. Pre- 
liminary laboratory tests 
indicated a reduction in 
sand content of one tenth 
part in the case of gravel 
and two tenths part in the 
case of stone and slag. 
This procedure resulted in 
the use of slightly higher 
cement factors for the fine 
sand mixes, the maximum 
difference being 0.3 sack 
in the case of the stone 
concrete. Values of b/b,, 
dry-rodded, ranged from 
0.73 to 0.78, depending 
upon the materials being 
combined. Each of these 
base mixes was designed to 
produce concrete with a 
slump of about 2 inches 
and was used in a section 
constructed without vibra- 
tion as a standard of com- 
parison. Foreachstandard 
section there were con- 
tructed five sections in all 
of which the concrete was 
somewhat drier than the 
standard and all of which 
were vibrated. In two of 
the vibrated sections the 
proportions were the same 
as the standard or base mix 
and the drier consistency 
was obtained by lowering 
the water content until 
slumps of approximately 
one inch and one half inch 

tions could be distinctly felt by a person standing on the 
ground outside the line of forms. Attention, however, 
should be called to the fact that the usual standard- 
weight screeds were employed in this work. These 
screeds with attachments weigh approximately the 
same per foot of length for various widths of road. It 
is probable that a somewhat greater vibratory effect 
would have been obtained had the machine been 
equipped with lighter screeds. A somewhat greater 
effect would probably have been obtained, even with 
the standard screeds, had an 18- or 20-foot section been 
tested instead of a 9-foot section. 

were obtained. In the other three the water-cement ratio 
used in the standard or base mix was maintained constant 
and the drier consistency was secured by adding respec- 
tively one fourth, one half, and three fourths parts coarse 
ageregate by volume to the base proportion. <A set of 6 
sections, 1 screeded and 5 vibrated, formed 1 day’s run. 
As previously noted, the proportions, slump, water- 
cement ratio and other data for each section comprising 
series A are shown in table 2. With the exception of 
the slag in combination with fine sand, two complete 
rounds were run, making a total of 66 sections, two with 
each aggregate combination. 
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Figure 3.—Section 14 Arrer First PAassaGe or FINISHING MACHINE, 

RESULTS OF TESTS DISCUSSED IN DETAIL 

The data are discussed first with the idea of showing 
in a broad general way the effect of vibration on the 
average of all comparable concretes containing the vari- | 
ous aggregate combinations as compared to the base 
mix which was placed as the standard of comparison. 
Thus, on the basis of proportions as shown in table 2, 
the results of tests on sections 2, 8, 14, 20, 38, 43, 50, 
and 56 have been averaged and are compared to a sim- 
ilar average of the eight corresponding base sections 
(sections 1, 7, 13, 19, 37, etc.) to give a general picture 
of the effect of reducing the slump to about 1 inch with- 
out changing the proportions. 
average results on sections 3, 9, 15, 21, etc., are com- 
pared to the base mix, and so on. 

aggregate combinations; that is, gravel with coarse sand, 
eravel with fine sand, crushed stone with coarse sand, 
and crushed stone with fine sand. Each value therefore 
represents the average of 32 individual tests. It is felt 
that these four combinations represent fairly well the 
typical aggregates in use at the present time. The 
results for slag are not included in this grouping, first, 
because slag is not a typical aggregate from the stand- 
point of distribution and, second, because in the second 
round slag was not tested in combination with fine sand 
so that an average including slag could not be obtained 
from a series containing an equal number of tests of each 
combination. 

The discussion of the data from the above standpoint 
is followed by a comparison of the effect of variations in 

In a similar way, the | 

It will be noted that | 
each average value for slab strength obtained as above | 
noted includes the results of two tests on each of four | 

| FIGuRE 4.—SHOWING VIBRATING Moror MountTEep 
FRONT SCREED. 

ELECTRIC 
ON 

material type combinations; that is, the effect of vibra- 
tion on gravel concrete versus crushed stone concrete, 
etc. This, in turn, is followed by a detailed discussion 
of uniformity as revealed by a comparison of the 
strength and percentage of honeycomb in each of 
the four test slabs comprising each test section. It is 
felt that a study of the data from this standpoint 
is equally as important as a discussion of average 
results because of the fact that uniformity of quality 
may be considered as important a characteristic as 
average quality. 
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Berore FINISHING. 

FiauRE 5.—S&EcTION 23, VIBRATED. 

AVERAGE RESULTS SHOW EFFECT OF VIBRATION FAVORABLE WITH 
1-INCH SLUMP; 14-INCH SLUMP TOO DRY 

The average values for the test results calculated as 
indicated above are shown in figure 6. In this graph 
and in those which follow lines have been drawn be- 
tween the plotted values of crushing strength, modulus 
of rupture, honeycomb, and strength variation in order 
to show the trends in the values of these quantities with 
the indicated variations in slump, water-cement ratio, 
proportions, and type of finish. These curves should 
not be looked upon as indicating definite quantitative 
relations, since the abscissa in no case represents a 
scalar quantity. 

An inspection of this chart reveals a number of inter- 
esting general relations. For instance, it will be noted 
that the vibrated slabs containing the base mix at 1-inch 
slump (values shown in the second column of figure 6) 
show somewhat higher strengths and somewhat less 
honeycomb than the standard-finish base mix at 2-inch 
slump (column 1). In view of our experience in the 
first series, where the use of a consistency less than 
2-inch slump when finished in the usual way resulted in 
lower slab strength and increased honeycomb, it seems 
reasonable to assume that the improvement in quality is 
due to the method of finishing; that is, the use of vibra- 
tion. However, when we come to the vibrated base 
mix at \-inch slump (column 3) we find a decrease in 
slab strength as well as a marked increase in honey- 
comb and less uniformity in strength. This would in- 
dicate obviously that the %-inch slump is too dry for 
satisfactory placement, even with the use of vibrators 
as operated in these tests. The only increase in 
strength for this mix is noted in connection with the | 
crushing strength of cores drilled from the sections. 
However, this lack of concordance between flexural and 
erushing strength is not surprising for the following 
reason: 

free from honeycomb. 
core would not be tested in ordinary work it was deemed 
best to confine these tests to sound, homogeneous con- 

As noted previously, considerable care was | 
taken in drilling cores to select portions of the slabs | 

Since a badly honeycombed | 

crete insofar as possible and to study the effect of | 
honeycomb through a study of variations in flexural | 
strength as well as by direct measurement of the amount 
of honeycomb in each slab. With the exception of the 
sections in group 3 (‘s-inch slump) the spread between 
core and cylinder strength is just about as great for the 
standard-finish sections as for the vibrated sections. 
This would indicate that, except in the case of the very 
dry mixes, the relatively higher core strengths are not 
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due to the effect of vibration. In the case of the con- 

crete having a 's-inch slump it 1s probable that vibration 

did tend to increase the crushing strength of the con- 
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crete. On the other hand, the cylinders showed a 
decrease due to the fact that the -inch slump concrete 
was probably outside the range of consistency to which 
the laboratory relation between water-cement ratio and 
strength applies. 

ADDITION OF ONE-FOURTH PART COARSE AGGREGATE INCREASES 
FLEXURAL STRENGTH AND UNIFORMITY OF VIBRATED SECTIONS 

Let us examine next the three groups of sections in 
which the slump was decreased by increasing the pro- 
portion of coarse aggregate instead of reducing the 
water-cement ratio (columns 4, 5, and 6). It will be 
observed that the addition of coarse aggregate does not 
affect the crushing strength of the concrete, but that 
the flexural strength of the vibrated slabs is increased 
by the addition of one-fourth part coarse aggregate and 
is reduced as the amount of coarse aggregate is increased 
beyond one-fourth part. These trends seem entirely 
reasonable when we consider that the core strengths 
are not affected to the same extent as flexural strength 
by variations in the uniformity of the concrete in the 
slab. Itis interesting to note that, from the standpoint 
of average flexural strength, as well as from that of 
uniformity in strength, the sections in group 4, con- 
taining one-fourth part additional coarse aggregate, 
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show the best results. It is true that variations in 
neither strength nor uniformity are of considerable 
magnitude, the maximum difference in slab strength 
(column 4 as compared to column 6) being only about 
12 percent of the strength of the base mix. The various 
trends, however, are so consistent and appear so reason- 
able from a theoretical point of view that they may be 
assumed to be indicative of real variations in quality 
and so may be used as the basis for conclusions as to 
the effect of finishing on the results. 

AGGREGATE COMBINATIONS STUDIED SEPARATELY 

The next step will be to examine the various material 
combinations individually in order to ascertain to what 
extent variations in materials may affect the results. 
The values for each of the six combinations from which 
the general averages were obtained have been regrouped 
in figures 7, 8, and 10, so as to bring out these relation- 
ships. The results obtained with oravel as coarse agere- 
gate are plotted in figure 7, with similar data for crushed 
stone in figure 8. It will be observed that for similar 
mixes and methods of finishing the sections containing 
crushed stone, as coarse aggregate show somewhat 
higher cr ushing strengths and considerably higher flex- 
ural strengths than the sections containing gravel. 
Attention should be called to the fact that these differ- 
ences are due to variations in the physical properties of 
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the particular aggregates used in these tests and not 
merely to the fact that one aggregate happens to be 
crushed stone and the other gravel. Aggregates from 
other sources might well have shown entirely different 
relative strengths both in compression and in flexure. 
In figure 10 the average results of tests on concrete con- 
taining gravel and crushed stone in combination with 
coarse sand are compared to the corresponding averages 
for concrete containing fine sand. The results obtained 
with slag, which were not included in the general 
average are shown in figure 9. 

An inspection of each chart reveals, in general, the 
same trends as are shown in figure 6. In all cases the 
highest slab strength as well as the least honeycomb 
is found in the vibrated group containing one fourth 
part additional coarse aggregate (column 4 in each 
figure). Likewise, increasing the quantity of coarse 
aggregate beyond one fourth part in all cases decreased 
the slab strength as well as the uniformity of the con- 
crete as compared with results obtained with one fourth 
additional part. The curves showing these relations 
are remarkably consistent for all three coarse aggre- 
gate types. It will be noted also that in the sections 
containing crushed stone and slag even the concrete 
containing the largest amount of coarse aggregate 
(column 6 of figs. 8 and 9) is higher in flexural strength 
than the base mix unvibrated. Uniformity, also, is 
just about as good. 
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The effect of vibration on slab strength is most 
marked in the case of crushed stone (fig. 8) and least 
in the case of gravel (fig. 7). This may be observed 
by comparing the slab strength of the unvibrated 
concrete (column 1 in each case) with the strengths of 
the corresponding vibrated sections. In the case of 
crushed stone all but the very dry concretes (columns 
3 and 6) show marked increase in slab strength under 
vibration. In the case of gravel, group 4 containing 
one fourth part additional coarse aggregate, is the only 
one showing higher slab strength than the base or 
unvibrated concrete. In the case of slag, the three 
sections carrying additional coarse aggregate are higher 
in strength than the unvibrated base mix. Both the 
crushed stone and slag concretes containing the drier 
mixes (columns 3 and 6 of figs. 8 and 9) show slab 
strength about equal to the unvibrated concrete in 
spite of the fact that group 3 in each case has consider- 
ably more honeycomb than the base mix. It is inter- 
esting to note that, in general, the uniformity of the 
slag concrete is as good as that shown for crushed stone 
and gravel. 

The inability of the vibrators to finish very dry 
croncrete ('s-inch slump) is shown by the relatively 
low strengths and high percentages of honeycomb in 
the slabs comprising the third group in each case 
(column 3 of figs. 7,8, and 9). Variation in consistency 
apparently had a smaller effect on the slab strength of 
slag concrete than either of the other coarse aggregates. 
Somewhat less honeycomb in the case of the dry mix 
(group 3) may also be noted. The marked difference 
in crushing strength of gravel concrete cylinders with 
respect to cores as compared to similar results with 
crushed stone and slag should also be noted. In the 
former case the cores average about 1,500 pounds per 
square inch higher than the cylinders, which is a con- 
siderably greater difference than is shown for either the 
stone or slag concrete. 

COARSE VERSUS FINE SAND 

In figure 10, the test results for all sections using 
crushed stone and gravel in combination with coarse 
sand as fine aggregate have been averaged and 
are compared to the results for the corresponding 
concretes in which the fine sand was used. 

The same general relationships appear except that 
the adverse effect of using the dry mix is more marked 
in the case of coarse sand. The average slump is, 
however, considerably lower; that is, % inch as com- 
pared to 4 inch for the fine sand. The average differ- 
ence in slab strength as compared to beam strength is 
more marked in the case of the fine sand, especially 
for the unvibrated concrete and for the two groups 
of vibrated concrete containing the base mix with 
lower water-cement ratio. The tendency for the slab 
strengths to drop at a greater rate than the beam 
strengths for increasing percentages of coarse aggre- 
gate should also be noted in this as well as in the other 
graphs. The general agreement between the results 

of strength tests on cores, cylinders, and beams for 

concretes having practically the same water-cement 
ratio (columns 1, 4, 5, and 6) is also of interest. 

UNIFORMITY OF INDIVIDUAL SECTIONS COMPARED 

In order to bring out clearly the effect of honeycomb 

on slab strength the results of the tests for flexural 

strength of each of the four 27-inch slabs in each test 
section have been plotted in figures 12, 13, and 14. 

The data are also shown in table 5. These are the 
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individual values from which the average 1000 | rat 
values shown in figures 6, 7, 8, 9, and 10 | | 
were derived. The effect of honeycombing © 900 +} +4 
on strength is immediately apparent. In « = | 
practically every case we find that the +2 00 ae eee ee 
highest strengths obtained for any test sec- 2 5 -— | 
tion were on slabs containing less than 3) , % aa ee. te O0; leew | 
percent honeycomb, whereas those slabs ° & aa es 
showing an excess of 10 percent honeycomb => * | rool pat | 
developed much lower strengths. The 22 °°° Cea pe 
effect of using dry consistencies on the ex- 3 % | | 
tent of honeycomb is also brought out. 2 soo + eles aaa 
Marked examples of the effect of honey- bens [Sega SAND r CINE? SANG ea 
comb on strength and the effect of consist- 400s ttt. |___1 
ency on the amount of honeycombing are CEm.FACT. 5 te 5.94 5.99 stay ot 5.29 es oe ce Se 5.62 5.45 

sections 3, 12, and 39 in figure 12 (all of eerie oe) ge ae r ae a on = a Rae a ae ae 
which showed 4 inch or less slump), sections ae oie Eee a3 , : pine - , i Pee Eye Teeter 
15, 21, 24, and 51 of figure 13 (all %-inch basco - cigs : 
slump or less) and section 27 in figure 14. | ws a | ae 
On the other hand, those sections showing ¥ | 
the least honeycomb and greatest uni- w? %°° i ie ROU NO Meat hou a Wana S| | | 
formity are, in general, the vibrated sec- 3 5 ul 
tions in which the slump was in excess of 1 a = OS = ie % ial ae | 
inch. There are some ea Run to this, "3 eT | Os Wane Go oon | 
as for instance, section 45 (fig. 12) with 1- $2? 700 aa ee oer ale See ee 
inch slump and less than 3 percent honey- wo eh a ° beg 
comb in any slab. This section also showed 3 rca 5 ie | —j—— beat 
a high degree of uniformity. It will be 292 - 
noted that honeycombing exists in almost 2 2 (fa. | | | Pot 
all of the standard-finish sections for an ee Ce! 3 
average slump of 24 inches orless. Section ee ae ae Fy | 
44 (fig. 12) with 24-inch slump, and section en CEM FACT. 05:90) 6.04) 16:0 65575 65.5.6 5. 3i7 | G07 @ 6. 45 e Ore cee 6S O88 51015) 5447, 

61 (fig. 14) with 2%-inch slump, were the stump = 2 + ow i 1 fab ig 2b) inbred 
only ones with all ae showing less than w/c 0.67 0.61 0.58 0.66 0.66 066 |0.72 067 0.61 0.71 0.71 0.70 

3 percent honeycomb. SECT.& FIN. 37 5.38 V 39 V 40V 41 V 42 V 144-5 43N 45.V 46V 47V 48)V 

S-SCREEDED 

V- VIBRATED VARIATION OF CONSISTENCY BETWEEN ROUNDS 
1 AND 2 NOTED 

Further reference to figures 12, 13, and 
14 reveals another interesting fact. It will 
be noted that, in general, there is consider- 
ably less honeycombing in the sections constructed dur- | 
ing the second round than in those built during round 1. 
For instance, 40, or 28 percent, of the 144 individual slabs 
tested in round 1 showed more than 10 percent honey- 
comb, whereas only 11, or 9 percent, of 118 slabs tested 
during the second round showed more than 10 percent. 
Two groups in the second round were practically free 
from honeycomb exceeding 3 percent, gravel concrete 
with fine sand (fig. 12) and slag with coarse sand (fig. 14), 
the latter group containing only one slab with more than 
3 percent honeycomb, whereas the former contained no 
slabs showing honeycomb in excess of 3 percent. The 
difference between the first and second round in the case 
of the fine sand and gravel concrete may be explained by 
the fact that during the second round the slump was 
considerably greater than during round 1 although the 
same proportions were used in both cases. As a matter 
of fact the average net water-cement ratio during 
round 2 was somewhat lower than during the first round. 
This difference in consistency may possibly be explained 
by the comparatively low relative humidity of the 
atmosphere (48 percent) on the day on which sections 
7 to 12 were laid as compared with the humidity noted 
during the construction of sections 43 to 48 (65 percent). 

Figure 12.—Sxmriges A, 

O LESS THAN 3°. HONEYCOMB 
+ 3% TO 10% HONEYCOMB 
@ OVER 10° HONEYCOMB 

EFFECT OF VIBRATION; FLEXURAL STRENGTH AT 7 
Montus oF GRAVEL CONCRETE Pav EMENT SLABS. 

Both days were sunny and hot, with average tempera- 
'tures over 90° F. There seems to be no other reason 
which would account for the marked difference in 
consistency which was observed. 

This difference in consistency illustrates very forcibly 
the difficulty of controlling this very essential property 
of concrete under field conditions. Here we have a 
condition where variations in the humidity undoubtedly 
affected the consistency to a marked degree. Under 
such conditions it is impossible to maintain both pro- 
portions and water-cement ratio and to expect the con- 
sistency to also remain constant. Therefore, inasmuch 
as consistency must be closely controlled, and it is 
impractical to be constantly changing batch weights in 
order to take care of variations therein, the question 
arises as to whether we should attempt to construct con- 
crete pavements under a straight water-cement ratio 

specification, rather than a specification in which the 
proportions and consistency are fixed and the water 
content is allowed to vary up to a fixed maximum. 

In the case of the coarse sand and slag combination 
(fig. 14) the marked difference in honeye ‘combing ob- 
served between the two rounds is not explained by 
differences in consistency. Only in the case of the 

/unvibrated concrete was the difference in slump more 
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than one half inch. Sections 27 and 63 eo Ae 
show the greatest divergence as far as 
workability is concerned. The slump in wg (1000 ROUND ONE 
both cases was one half inch. Sections 25 & = 
to 30 (round 1) were laid on a damp, cloudy & © 1000 
day (average temperature 76° F., relative « 3 
humidity 88 percent) whereas sections 61 42? 49, 
to 66 were laid on a rather cool, clear day 4, 
with average temperature of 69° F.and rela- 3 * 
tive humidity of 46 percent. Under such 22 °°° 
conditions it would be reasonable to sup- 3 
pose that the concrete laid during round 1 = 2 7°° 1 
when the relative humidity was 88 percent edgy ews eae 
would not dry out so fast as the concrete 600 ! |____. 

5 2 is . CEM.FACT 6.09 6.18 62! 589 5.72 5.54 |}6.37 646 649 6.16 5.96 5.77 
laid during round 2 when the atmosphere ~~") /' 3 tees rey ire he Vea f) 

was much drier. Actually, the reverse w/c ae a 0.67 O.75 0.74 0.74 ]0.76 0.70 068 0.75 O75 075 

appeared to be the case. SECT&FIN. 13S 14V 15 VV 160V 17¥ 18vV 1198 20V 21V 22VvV 23V 24Vv 

1200 

RELATION BETWEEN WORKABILITY AND SLUMP ee ‘| | 

= 

To show the average effect of variationin wf ''°° 
consistency (slump) on the workability of ae ' ° | 
both the vibrated and unvibrated concrete, 3 € !9°° ‘ : 
the average percentage of honeycomb in all *o g o 
slabs constructed of concrete having agiven § 7 900 ;-0® mel sa 
consistency and finished in a givenmanner ¥ ¥ ° 
has been determined for each value ofslump 2. 800 
within the range studied, that is, between 922 e $ 
0 and 3 inches. The results are shown 73 ,,9{ al be 
graphically in figure 17. In this figure, the  * eee A Da en 
curve showing the relation between slump t 
and percentage of honeycomb for each ce ract. 609 6.18 624 5.90 571 5.531637 646 652 615 5.95 5.76 
method of finishing has beendrawnsoasto scume 12 & 2 12 12 4 2. 4b) “Leelee 
represent a weighted average of the various w/c 0.75 0.69 065 0.75 075 075 |0.76 O7V 0.66 0.76 0.76 0.76 
points. SECT.RFIN. 498 SOV 5IV 52V 53V S4V 155S 56V 57V 58V 59V 60V In other words, in establishing the 
average line, due consideration was given 
to the number of individual tests repre- 
sented by each point. This number varied 
from 1 to 14, depending upon the number 
of sections having a given slump. 

It will be observed in figure 17 that, for a given con- 
sistency, the average amount of honeycomb in the slabs 
finished by vibration is considerably less than in the 
slabs finished by the standard method. It would 
appear from these data that the 2-inch minimum slump 
recommended in the previous report for paving mixes 
to be finished under standard methods did not, under 
the conditions of these tests, completely eliminate 
honeycomb. As a matter of fact, at 2-inch slump an 
average amount of honeycomb of approximately 5 per- 
cent is noted, whereas in the first series honeycombing 
was almost entirely eliminated at 2-inch slump, except 
where the so-called ““B grading” gravel was used as 
coarse aggregate. (See fig. 23, Pustic Roaps, August 
1931.) 

Several explanations may be advanced to account 
for this difference. In the first place the coarse aggre- 
gate used in the first series was divided in 3 sizes, 
whereas only 2 sizes were used in the present series. 
This may possibly account for the difference in worka- 
bility. Again in the original series the subgrade was 
protected with tar paper, whereas, in the present series, 
the slabs were cast direct upon the subgrade. It is 
possible that the tar paper, acting somewhat as a form, 
prevented the segregation of mortar and coarse aggre- 
gate on the bottom surface of the slab, thus reduc- 
ing the percentage of visible honeycomb to a certain 
extent. 
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Of course, from the standpoint of this investigation, 
the most important consideration is the difference in 
slump for standard-finished concrete as compared with 
vibrated concrete of the same degree of workability 
(percentage of honeycomb). This difference seems to 
be in the neighborhood of 115 inches. For instance, in 
order to insure concrete substantially free from honey- 
comb (and for the purpose of this discussion 3 percent 
will be considered the upper limit for this condition) a 
minimum slump of about 2! inches will be required 
when the concrete is finished in the usual way compared 
with about a 1-inch slump when the concrete is vibrated. 
It will be seen therefore that, if anything, the minimum 
slump of 2 inches recommended in the first report 
instead of being higher than necessary was not high 
enough to eliminate honeycombing. In other words, 
the results of the present series not only substantiate 
the conclusions reached in the first report, but seem to 
indicate that a minimum slump of 2% inches instead of 
2 inches may be advisable in cases where the concrete 
is finished in the usual way. 

TENDENCY TO HONEYCOMB IN VALLEY BETWEEN BATCHES 
SHOWN IN STANDARD SECTIONS 

A study of the distribution of honeycomb on the 
bottom of the four 27-inch slabs composing each test 
section of series A reveals some interesting facts. For 
the purpose of this discussion the four slabs in a test 

A EE eee Tae ee Ee 
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section will be numbered from 1 to 4, beginning on the | ment of the paver. 
right-hand side when facing in the direction of the move- crete were required to construct each section. 
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Figure 15.—SERIEs 
ABSORPTION TESTS. 
AS IN FIGURE 6. 

A, Errecr oF VIBRATION; ReEsuLTs oF DENSITY AND 
SECTIONS IN Eaco Group ARRANGED FROM LEFT TO RIGHT 

Two 27-cubic-foot batches of con- 
The first 

batch was dumped from a position in 
the center of slab 3 and spread both 
ways into slabs 2 and 4. The second 
batch was dumped from over the 
center of slab 1 and spread out into 
slab 2, overlapping the concrete from 
the first batch. The longitudinal 
valley between adjacent batches was 
therefore in slab 2. It may be noted 
that of the 11 standard-finished sec- 
tions in series A, slab 2 showed the 
greatest amount of honeycomb in 9 
cases, with slabs 1 and 4 each show- 
ing the maximum in 1 case. This 
would indicate a distinct tendency to 
honeycomb in the valley between 
the two batches and points to the 
necessity for care in spotting batches 
of concrete during actual construction 
in order to minimize this condition. 

Of the 43 vibrated sections showing 
honeycomb, slab 2 contained the 
largest amount in 10 cases, slab 4 in 
22 cases, and slab 1 in 11 cases. 
This distribution shows the greatest 
amount of honeycomb in the end 
slabs (nos. 1 and 4) in about 75 per- 
cent of the cases and is quite differ- 
ent from that occurring with the 
screeded sections, where 82 percent 
of the sections showed maximum 
honeycomb in slab 2. Inasmuch as 
the procedure used in dumping was 
exactly the same, an explanation of 
the difference may lie in the vibra- 
tory effect which was possibly some- 
what greater in the center of the 
screed than at the ends. 

NO TENDENCY OF SEPARATORS TO CAUSE 
HONEYCOMB OBSERVED 

At the time of the former inves- 
tigation, a question was raised as to 
the effect of the wooden separators 
installed for the purpose of creating 
planes of weakness on the amount 
and distribution of honeycomb in 
the slabs. It was felt that the sep- 
arators might have interfered with 
the distribution of concrete on the 
subgrade resulting in the concentra- 
tion of honeycomb areas at and near 
the separators. A very careful in- 
spection of all of the test slabs com- 
prising this series has failed to reveal 
any particular trend along this line 
and it is felt that there was no tend- 
ency in this direction. In _ other 
words, it seems safe to assume that, 
other things being equal, the same 
amount and distribution of honey- 
comb would have occurred on an 
actual pavement as was observed in 
this test. 
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BEFORE FINISIIING. 

Figure 16.—Serctrion 40, VIBRATED. AGGREGATES, 
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Figure 17.—Sperins A, Errecr oF VIBRATION; RELATION 
BETWEEN HONEYCOMB AND SLUMP. 

VIBRATION DOES NOT ADVERSELY AFFECT SURFACE WEAR 

The results of the tests for surface wear are shown in 
figure 18. The depth of wear is reported at the end of 
both 400 and 600 revolutions. Each value is the aver- 
age of either 2 or 3 individual tests on different slabs. 
For each group of 6, the average hardness of the sur- 

CoaRsE SAND AND GRAVEL; Proportions, 1:1.6:3.7; 

AFTER FINISHING. 

Stump, 14 INcHEs. 

face of the 5 vibrated sections may be compared di- 
rectly to the standard-finish section for that particular 
group. In general, the vibrated sections show slightly 

less surface wear, although the difference is not suffi- 
ciently marked to warrant any general conclusion re- 
_garding this property of the concrete. 
be assumed, however, on the basis of these tests, that 
vibration does not adversely affect the surface hardness 

It may safely 

of the pavement. 
It is of interest to note that the hardness of the stand- 

ard-finish concrete appears to be slightly affected by the 
material combinations. Sections containing the fine 
sand seem to be somewhat lower in resistance to wear 
than the corresponding sections with coarse sand. The 
same comment apples to the crushed-stone concrete as 
compared to gravel. In the latter case the difference 
in hardness is probably due to the fact that a somewhat 
higher water-cement ratio was used in the crushed stone 
concrete. Inasmuch as wear was confined to the mor- 

'tar surface, the type of coarse aggregate did not, of 
course, directly affect the results. 

DENSITY AND ABSORPTION DISCUSSED 

In figure 15, there have been plotted average values 
for density and absorption of cores drilled from the 
sections in series A. It will be seen that in each group 
the final densities of ANG vibrated concretes are, with 
the exception of groups 2 and 3 in the case of slag with 
coarse sand, all higher than the densities of the corre- 
sponding base mixes; and that, in general, the density 
increases with increased coarse- aggregate content (nos. 
4,5, and 6 in each group). These variations in density 
could, of course, be accounted for on the basis of the 
decreased water or increased proportion of coarse 
aggregate in the mix provided it could be assumed that 

the freshly mixed concretes were, in all cases, free from 
air voids. However, it is felt that in the case of series 
A where all of the vibrated sections were drier than the 

_ base mix and where several carried more coarse aggre- 
gate, this assumption cannot be made. In other words, 

‘it seems reasonable to assume that in the case of the 
vibrated sections all of the freshly mixed concrete 
contained more air voids than the base mix. The fact 
that the final densities arrange themselves in about the 
same relative order as the densities of the freshly mixed 
concretes calculated without correction for air voids is 
an indication that air voids were eliminated during the 
finishing operation. Of course, the important feature, 
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i ait ii 20 

——-——STANDARD FINISHED 

40 

so far as these tests are concerned, is that we 
actually obtained, by the use of the vibratory 
method of finishing, the increased densities cor- 
responding to the changes in the quantity of 
water and coarse aggregate which were made. 
Although density tests were not made during 
the former tests it is extremely improbable, 
in view of the inability of the conventional 
finishing machine to place the harsher mixes 
properly, that corresponding increases in den- 
sity were obtained. 

Absorption tests, in general, parallel the 
density tests as w ould be expected. Absorp- 
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FicurE 18.—Srries A, Errect or VIBRATION ON SURFACE WEAR. 

of course, of interest as a possible 
measure of the relative ultimate durability of 

The slag 
also be expected, shows considerably higher 
absorption than either of the other 

concrete, as W ould 

coarse 

SERIES B: TESTS TO DETERMINE EFFECT OF DELAYED FINISHING (JOHNSON METHOD) 

In this series a method 
of finishing concrete pave- 
ment slabs proposed by 
Mr. T. H.- Johnson, of 
Sioux City, lIowa, and 
known as the ‘Johnson 
method’’, was investi- 
gated.' In all 40 sections 
were constructed, 16 with 
gravel as coarse aggregate, 
16 with crushed stone as 
coarse aggregate, and 8 in 
which the total aggregate 
was a sand-gravel ‘mixture 
approximating in grading 
the so-called ‘Platte River 
eravel’”’ used. extensively 
in Nebraska and western 
lowa. The gravel and 
crushed-stone sections 

were further subdivided 
as to fine aggregate, an 
equal number of sections 
in each group being con- 

1 A detailed discussion of the theory 

underlying this method was presented 

by Mr. Johnson at the twenty-third an- 

nual meeting of the American Concrete 

Institute in 1927. (See Proc. A.C.I., 

vol. 23, p. 458:) 

JOHNSON METHOD INCREASES 
STRENGTH AND DENSITY OF CONCRETE 

The following conclusions have been derived 
from tests comparing the Johnson method of 
finishing pavement concrete with the standard 
method. 

1. The use of the Johnson method of finishing 
as carried out in these tests will increase the 
density and strength of concrete pavement slabs 
by eliminating a larger quantity of excess water 
before final consolidation than is accomplished 
by the methods now in common use. 

2. The application of the Johnson method of 
finishing to a mix containing approximately 
one half part more fine and one part more coarse 
aggregate than the base mix will produce nave- 
ment slabs having substantially the same crushing 
and flexural strength as the base mix finished by 
methods now in common use. Such a mix will 
contain approximately one sack of cement per 
cubic yard of concrete less than the base mix. 

3. In general, the indications of these tests are 
that the proper use of the Johnson method of 
finishing should result in an improvement in the 
quality of concrete pavements. 

structed with coarse and 
fine sand. Aggregate 
gradings and other char- 
acteristics are given in 
table 1. 

SAME STANDARD MIX AS IN 
SERIES A USED AS BASIS OF 
COMPARISON 

For each ageregate com- 
bination, except the Platte 
River gravel, a base mix 
of the same proportions 
as used in series A was 
set up as the standard of 
comparison. This base 
mix was finished with the 
standard double-screed fin- 
ishing machine in the usu- 
al way. For direct com- 
parison with this standard 
or base mix there were 
constructed three sections 
with mixes varying from 
the base asindicated below. 
This made a total of four 
sections per round for each 
aggregate | combination. 
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Figure 20.—Series B, Errect or JOHNSON FINIsH; AVERAGES FOR 
SecTions CONTAINING GRAVEL AND CRUSHED STONE. 

For the second section of each group the base propor- 
tion was used but the water content was increased to 
give a slump of approximately 3 inches instead of 2 
inches. This section was finished by the Johnson 
method. The third section in each group was pro- 
portioned to contain one half part more fine aggregate 
and one part more coarse aggregate by volume than 
the base mix and was finished in the standard manner. 
The water content in this section was adjusted to 
give a slump of about 2 inches and the water-cement 
ratio averaged about 0.15 higher than that of the base 
mix. The cement factor averaged 1.2 bags per cubic 
yard less than in the case of the base. The fourth 
sectlon was a mix similar to the third except that the 
water content was increased to give approximately 1 
inch greater slump. This section was finished by 
the Johnson method in the same manner as the second 
section in the group. In table 3 the proportions, slump, 
water-cement ratio, and method of finishing for each of 
the sections in series B are given. These data are 
similar to the data shown in table 2 for series A. 
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Figure 21.—SeEriss B, Errect oF JOHNSON FIN- 
IsH; AVERAGES FOR SECTIONS CONTAINING 
CRUSHED STONE. 

It will be seen that this arrangement makes it possible 
to compare for each group of four sections the results 
obtained by the Johnson method with the standard, 
first, on the basis of the same mix except for a somewhat 
wetter consistency ; and, second, on the basis of not only 
a wetter but also a considerably leaner mix than the 
base. It is also possible to compare the lean-mix 
Johnson-finished sections with a similar mix containing 
less water and finished in the usual way. 

The data for the eight sections in which the sand- 
gravel mix was used are also shown in table 3. Here 
the base mix, standard finish, was 1:4 by volume, with 
sufficient water to give approximately a 2-inch slump. 
As a comparison, a similar mix with more water was 
finished by the Johnson method. The group of 4 was 
completed by 2 sections, 1:4}; mix by volume, | finished 
by the standard method, and 1, somewhat wetter, by 
the Johnson method. Two complete rounds of tests 
for each aggregate combination were run in series B, 
making the total of 40 sections in groups of 4 each as 
above indicated. 
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face. This mixture was made up of 1 part 
cement to 1 part of fine sand by volume 
and was spread over the surface with shovels 
at a rate of 1 sack of cement per 20 square 
yards of pavement. For a 7-inch pave- 
ment this would be equivalent to increasing 
the total amount of cement used about 0.25 
bag per cubic yard of concrete. Just enough 
of the mixture was applied to give a very thin 
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continuous cover. (See fig. 19.) The sand 
used for this purpose was the same as the fine 
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sand used in the concrete mixture and con- 
tained approximately 5 percent of moisture 
when mixed with the cement. After an inter- 
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amount of water brought to the surface by the 
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al dry mix, the surface was again belted. 
The second belting was followed by floating 

with hand floats at intervals until there was t 500 

HONEYCOMB AND 
little moisture brought to the surface and the 
concrete became sticky and was drawn along AVERAGE VARIATION 

(ah ene aca : _| by the float. This general procedure was some- 
+ - AVERAGE VARIATION ew times varied by belting between floating opera- 

N NGT . ate . 

Br ee nae " i _| tions and by additional rollings. The number 
- of floatings necessary to bring the surface to the 

required condition after the dry mix was applied 
2 +, varied from 3 to 7 and the elapsed time from 

SLUMP -INCHES | the placing of the concrete to the final floating 
| iA— varied from 2% to 3% hours. The various de- 

tails of the operation as described above are 
0 at Pa meh illustrated in figure 19. 

WATER-CEMENT RATIO 1.10 
COMPARATIVE RESULTS BY JOHNSON AND STANDARD 

METHODS ANALYZED 
PROPORTIONS fe A A [ 8 his 1:4 ] I:4 43 V4 | i f inl L_ fe Tes The effect of the Johnson method of finish- 
ae a | ——__ ing on the strength and uniformity of the 

| S Ss ; | 
eal riya E s | / | concrete is shown eraphically in figures 20 to 

, _ 25,inclusive. The data are shown in the same 
GRAVEL PLATTE RIVER | 

COMBINATION | manner as the corresponding data for series L AVERAGE OF TWO SANDS 

A- BASE MIX 

B- BASE MIX PLUS ONE-HALF PART SAND 
AND ONE PART COARSE AGGREGATE. 

FIGURE 22.—SrErRIES B, Errect or JOHNSON FINISH; AVERAGES FOR SEC- 
AND FOR SECTIONS CONTAINING PLATTE TIONS CONTAINING GRAVEL 

RIVER COMBINATION. 

The laying of these sections was started September 
29, 1931, and completed October 5, 1931, progress being 
at the rate of 8 sections per day. 

METHODS OF FINISHING DESCRIBED 

The procedure used in finishing the concrete by the 
Johnson method was as follows. Immediately after 
the concrete was deposited on the subgrade it was struck 
off with a hand screed. It was then floated with a 
long-handled wooden float 12 inches wide, 20 inches 
long, and 2 inches thick. The thickness was obtained 
through the use of a 1%-inch cypress plank with a 
s-inch oak plank nailed to the bottom, the oak making 
contact with the concrete. After floating, the surface 
was rolled with a light-weight sheet-metal roller. The 
roller was operated from side to side of the pavement 
and was advanced about 1 foot longitudinally with 
ach passage. The entire surface was rolled three 
times, after which it was belted. This w as followed by 
the application of the so-called “dry mix ’ to the sur- 

A, and include average results of crushing- 
str ength tests on cores “and cylinders, tests for 
modulus of rupture on slabs and control beams, 
and determinations of uniformity, measured by 
(a) the amount of honeycomb in the slabs and 
(b) the average percentage variation in slab 

strength. In figure 20 the aver age results of tests for the 
crushed stone and the gravel concrete for each sand are 
shown. Figure 21 gives ‘similar data for the crushed stone 
concrete only, while in figure 22 the corresponding results 
for the gravel and the Platte River combination are 
shown. In the case of the crushed stone and eravel 
concrete (figs. 21 and 22) the values for the sections 
containing the fine and coarse sand have been averaged. 
Figures 23, 24, and 25 give, for series B, the results of 
tests on individual slabs taken from the test sections. 

It will be noted that in the case of figures 20, 21, and 
22 the results are plotted so as to provide, for each 
proportion, a direct comparison between the strengths 
obtained under the Johnson method and those obtained 
under the standard method. Each point represents 
the average of tests on four sections, except that in the 
case of the Platte River concrete (fic. 22, right-hand 
panel) each point averages only two sections. An 
inspection of these figures shows at once some very 
interesting trends. 
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JOHNSON METHOD SHOWS HIGHER CORE AND SLAB STRENGTHS 

For instance, it will be noted that, although a some- 
what wetter mix and consequently higher water-cement 
ratio was used in each Johnson-finished section as 
compared with the corresponding standard-finished 
concrete, in every case higher core and slab strengths 
were obtained on the sections finished by the Johnson 
method. On the other hand, the strengths of the con- | 
trol specimens representing the concrete going into | 
the Johnson-finished slabs were lower than those 1 repre- 
senting the corresponding standard sections. This, of 
course, would be expected because of the higher water 
ratios. The fact that higher strengths were obtained 
for the Johnson finish is undoubtedly due, at least 
insofar as crushing strength is concerned, to the special 
manipulation which was given the concrete, resulting 
in the removal of considerable water before final con-_ 
solidation took place. The control specimens were, of 
course, not subjected to this manipulation and con- 
sequently retained the excess water with a resultant 
lowering of the strength. As to the increased slab 
strength shown by the Johnson finished concrete, it is 
possible that a portion of the increase is due to the 
influence of consistency on honeycombing and, con- 
sequently, on slab strength, entirely apart from the | 
removal of water during the finishing operation. 
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Referring now specifically to figure 20, let us compare 
first the results of the core tests for the base mix 
(proportion A). The average crushing strength of 
sections containing both coarse and fine sand shows an 
increase for the Johnson sections of about 600 pounds per 
square inch or approximately 8 percent of the average 
strength of the standard-finish base mix. The corre- 
sponding control cylinders show a slight decrease in 
strength as would be expected. This decrease averages 
about 250 pounds per square inch and corresponds to 
an increase in water-cement ratio of 0.03. For the 
leaner mix (proportion B) the average increase in core 
strength is about 1,000 pounds per square inch, or 
approximately 18 percent. The grand average increase, 
including all sections, is therefore about 13 percent in 
favor of the Johnson method of finishing. Inasmuch as 
the only difference, aside from water content and con- 
sistency, was the method of finishing, it may be con- 
cluded that the higher average strength shown for the 
cores drilled from the Johnson sections is due to the 
method of finishing. It is also interesting to note that 
the average core strength of the Johnson-finished slabs 
in the lean mix (ave. w/c=0.93) is only about 200 
pounds per square inch lower than that of the cor- 
responding cores for the richer mix (ave. w/e =0.73) 
with standard finish. The cylinders are about 1,600 
pounds per square inch lower in strength. 

The same general trends follow in the case of flexure. 
For proportion A, the average increase in modulus of 
rupture in favor of the Johnson finish is about 75 pounds 
per square inch or roughly 9 percent. For proportion 
B, the increase is about the same. The control beams, 
which were, of course, fabricated in the usual way show 
no increase but, on the other hand, a decrease in strength 
with increase in water content in the same manner as the 
control cylinders. Considering the small number of 
specimens represented by each point (8 in the case of 
cores, cylinders, and beams, and 16 in the case of slabs) 
the results are remarkably concordant. As in the case 
of the cores the Johnson-finished slabs containing the 
lean mix show an average modulus of rupture only very 
shghtly lower (about 10 pounds per square inch) than 
the standard-finish slabs containing the base mix. 
the other hand, the average decrease in the strength of 
the control beams is approximately 150 pounds per 
square inch. 

It will also be noted that although there was quite an 
appreciable difference in the grading of the two sands 
(see table 1) the strengths of the sections containing 
the coarse sand are not greatly different from corre- 
sponding sections containing fine sand, although there 
is a tendency for somewhat lower strengths in the latter 
case. The same comment was made in connection with 
series A. Reference to table 3 shows that in the case of 
gravel the concretes containing the fine sand contained 
one tenth part less sand by volume than the correspond- 
ing coarse-sand concretes. In the case of crushed stone, 
the decrease in sand content was 0.2 part. These 
changes in sand content resulted in an increase in ce- 
ment content not exceeding in any case 0.30 sack per 
cubic yard. 

HONEYCOMB LESS IN JOHNSON-FINISHED SLABS 

With respect to uniformity, figure 20 shows the follow- 
ing facts: The average percentage of honeycomb in all 
cases is less for the Johnson-finish slabs, the average 
being about 2 percent as compared to 6 percent for the 
standard finish. This difference in honeycomb is prob- 

On |. 

ably due primarily to differences in consistency. Re- 
ferring back to figure 17, it will be noted that, under the 
conditions of these tests, the percentage of honeycomb 
in the standard-finish slabs was reduced to less than 3 
percent only by the use of a minimum slump of 2% 
inches. Referring again to figure 20, it will be seen that 
the average slump of the standard-finish concrete was 
2\, inches for proportion A and 1% inches for proportion 
B. The Johnson-finished concrete, on the other hand, 
showed an average slump of 3 inches in the case of 
proportion A and 2% inches in the case of proportion B. 
Knowing the effect of honeycombing on slab strength 
(see figs. 12, 18, 14, 23, 24, and 25) the question arises 
as to how much of the increased slab strength shown for 
the Johnson method was due to the fact that less honey- 
comb developed than in the standard-finish concrete and 
how much was due to the elimination of water. ‘This 
particular point will be discussed in detail in connection 
with the discussion of individual slab-strength results. 

Figure 21 shows data similar to figure 20, except that 
in this case only the crushed-stone concrete is con- 
sidered. The results are the average of sections con- 
taining the fine and coarse sand. The corresponding 
values for the gravel concrete are shown in the left-hand 
panel of figure 22. In connection with the difference 
in the strengths shown by the crushed stone and the 
gravel concrete, attention is called to the discussion of 
figure 6 under series A, in which it was emphasized that 
this difference is due to the particular aggregates used 
in this work and does not express a general relation. A 
comparison of these figures indicates that the increase 
in strength shown for the Johnson mix is, in general, 
more marked in the case of the crushed-stone concrete. 
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For instance, for proportion A the increase in 10 
core strength is about 700 pounds per square 
inch for crushed stone as compared to about 
500 pounds per square inch for gravel. In 

AB raeRA Pia ] 

the leaner mix the difference is more marked, 
being about 1,600 pounds per square inch 
for the crushed-stone concrete as compared 
to about 550 pounds per square inch for the 
gravel concrete. 

In flexure the differences are of the same 
order. For proportion A the Johnson mix 
shows an increase for crushed stone of 
about 95 pounds per square inch as against 
approximately 55 pounds per square inch for 
the gravel concrete. For the leaner mix the 

ABSORPTION - PER CENT 

difference is about 110 pounds per square 90 ; i a 
inch for crushed-stone concrete as compared 
to only about 30 pounds per square inch for 
the gravel concrete. That the large increase | 
shown for the crushed-stone concrete in the + 85 : | 
lean mix in favor of the Johnson method is 4 Y 
due in part to variations in workability is ° g : 
evidenced by the relatively large amount of tl Z g 
honeycomb (8 percent) shown for standard- 1 8° Y f Z ; J 
finish sections having this particular combi- = = g d 
nation as compared toonly 1%percentforthe 9% y y 
corresponding Johnson mix. Here againthe 4 g y 
question arises as to how much of the differ- Ze Z y | 
ence in slab strength is due to difference in ] g 
honeycomb and how much to the elimination Y y 
of water by the Johnson finishing method. Oe wa? Gace? Yale | 
This question, however, cannot be raised in proportions AB (Nap de Are A  B 4 at 
the case of the cores because, it will be re- FINSH SJSIJ SISJI SISJ SIYSI SIS f 
called, special efforts were made to select , TINE COARSE ee ats EAM ia cons 
only sound, uniform cores free from honey- coarse 
comb. It has already been shown that the accrecate gabe PRS fa viet 
crushing strengths of cores taken from the (> oensity or cores 
Johnson slabs averaged about 13 percent DENSITY OF PLASTIC CONCRETE = j— (2) [EMER T FACTOR) 

higher in strength than cores from the corre- 
sponding standard-finish sections. 

CRUSHING AND FLEXURAL STRENGTH OF CONCRETE MADE WITH 
PLATTE RIVER COMBINATION INCREASED BY USE OF JOHNSON 
METHOD 

In the right-hand panel of figure 22 there have been 
plotted the results of tests on the concrete containing 
aggregates graded similarly to the Platte River gravel. 
(See table 1.) Two mixes were used, 1:4 and 1:44 by 
volume. This aggregate contained practically no 
material over one half inch in size, and consequently 
the concrete was not honeycombed in the same sense as 
the concretes containing normally graded coarse aggre- 
gate. Reference to the figure will show the same trends 
as regards strength as were noted in the case of the gravel 
and crushed-stone concrete. The increase in crushing 
strength for the Johnson-finished concrete averages 
about 1,400 pounds per square inch for the two mixes, 
with the 1:44 Johnson-finshed concrete about 1,000 
pounds per square inch higher than the 1: 4 standard- 
finish sections. In flexure the same trend is noted. 
Here the average strength of Johnson-finish slabs is 
about 70 pounds per square inch higher than the 
corresponding standard-finish slabs, with the 1:4% 
Johnson-finish concrete about 50 pounds per square inch 
higher than the 1:4 standard finish. Inasmuch as the 

Figure 27.—Smries B, Errect or JOHNSON FINISH; RESULTS OF DENSITY 
AND ABSORPTION TRSTS. 

Platte River ‘‘concrete”’ is, to all intents and purposes, 
a mortar and not a concrete at all, honeycombing, due 
to segregation of coarse aggregate is entirely missing. 
Therefore, the question which may be raised in connec- 
tion with the standard coarse aggregate concrete as to 
the effect of honeycombing on strength would not apply 
in this case. Nevertheless, a very substantial increase 
in slab strength is noted. This fact, coupled with the 
undoubted effect of the Johnson method of finishing on 
crushing strength, leads to the conclusion that, entirely 
aside from the effect of honeycomb on strength, the 
flexural strength of concrete is increased by this method 
of manipulation. 

RELATIONS SHOWN BETWEEN CONSISTENCY, HONEYCOMB, AND 
STRENGTH 

In figures, 23, 24, and 25, the relation between 
consistency, honeycomb, and slab strength for each test 
slab in series B is shown. It will be of interest to note 
and comment upon some of these relationships. In the 
first place it will be seen that the groups of slabs repre- 
senting the Johnson-finish sections show, in general, 
somewhat higher strengths and somewhat less honey- 
comb than the corresponding standard-finish slabs. 



152 PUB LEC OAs Vol. 14, No. 8 

The relation between honeycomb and consistency may 
also be traced. In general, the sections substantially 
free from honeycomb are those in which the slump is 
greater than 2% inches. The sections containing the 
drier mixes (2-inches slump or less) are, in general, the 
ones which contain the most honeycomb. There are 
some exceptions to this broad classification, principally 
in the range in consistency between 2 inches and 215 
inches. The adverse effect of honeycomb on _ the 
strength of individual slabs is very marked in the case 
of the crushed stone concrete (see fig. 24). 

It will be of interest to compare the flexural strength 
of the standard-finished and Johnson-finished sections 
on the basis of those slabs which show less than 3 per- 
cent honeycomb (the open circles of figs. 23 and 24). 
A comparison of strength in this manner should elimi- 
nate to a large degree the influence of honeycomb on 
strength. On this basis it is possible to make 15 direct 
comparisons between the two methods of finishing. 
Sections 77-S and 78-J cannot, of course, be compared, 
because of the fact that all four slabs in section 77-S 
show more than 3 percent honeycomb. 

Referring now to figures 23 and 24 it may be noted 
that 12 out of the 15 pairs of sections which can be 
compared in this way show higher strengths for the 
Johnson finish than for the standard finish. For in- 
stance, the average strength of the 2 slabs repre- 
sented by the open circles in section 68-J, figure 23, 
is higher than the average strength of the 3 slabs 
represented by the open circles in section 67-S, and so 
on. This would indicate that a part at least of the 
higher average flexural strength previously noted for 
the Johnson mix is due to the elimination of excess 
water and not to honeycomb. This conclusion is 
substantiated by reference to figure 25, where all of the 
slabs are free from honeycomb. Four comparisons can 
be made in this case, all of which show higher strengths 
for the Johnson finish. 

Analyzing figure 23 on the above basis, that is, con- 
sidering only those slabs which show less than 3 per- 
cent honeycomb, we find that 9 slabs in the 4 
standard mix gravel sections (nos. 67, 71, 83, and 87) 
have an average flexural strength of about 720 pounds 
per square inch as compared to an average of approxi- 
mately 680 pounds per square inch for 12 slabs in the 
4 corresponding Johnson-mix, Johnson-finish — sec- 
tions (nos. 70, 74, 86, and 90). In figure 24 it will be 
found that 8 slabs in sections 75, 79, 91, and 95 have 
an average flexural strength of approximately 915 
pounds per square inch as against an average of about 
890 pounds per square inch for 15 slabs in sections 78, 
82, 94, and 98. This is an average difference for the 
2 types of aggregate of about 30 pounds per square 
inch or a little less than 4 percent as compared with a 
drop, for the control beams representing these sections, 
of 150 pounds per square inch or roughly 20 percent. 
A reduction in flexural strength of 150 pounds per 
square inch corresponds fairly closely to the reduction 
which would normally be expected from an increase in 
the water-cement ratio of 0.2, which is approximately 
the difference between the average water-cement ratio 
used in the standard mix, standard finish, and the John- 
son mix, Johnson finish. (See fig. 20.) These figures 
show that, entirely aside from the matter of honey- 
comb and its effect on strength, the Johnson-finish slabs 
in the leaner mix approached very nearly in strength the 
standard-finish slabs containing the richer mix. — 
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SURFACE WEAR TESTS FAVORABLE TO JOHNSON FINISH 

The results of wear tests on the slabs in series B are 
shown graphically in figure 26. The data are plotted 
so as to show directly the depth of wear of the Johnson- 
finish slabs in comparison to the standard finish for each 
proportion and material combination. Each value is 
the average of 3 tests (1 on each of 2 or 3 separate slabs). 
It will be observed that, in every case, with the excep- 
tion of the gravel concrete with coarse sand, the Johnson- 
finish slabs show appreciably less wear than the standard 
finish. Just why, in this particular case, the reverse is 
true is not clear. However, the difference is not very 
marked, whereas, for several of the other combinations, 
particularly the crushed stone and coarse sand, and the 
“Platte River concrete’, there is a very distinct advan- 
vantage in favor of the Johnson sections. The conclu- 
sion reached from these tests is that the Johnson method 
of delayed finishing certainly does not adversely affect 
the surface hardness of the pavement and very probably 
tends to increase it, because of the elimination of a 
portion of the water from the surface. 

The results of these tests substantiate the observa- 
tions which have been made on Johnson-finished pave- 
ments in service to the effect that the method of finishing 
employed in this process thoroughly incorporates the 
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dry sand-cement mixture into the body of the concrete, 
and does not cause scaling. 
REMOVAL OF SURPLUS WATER HELD MAIN REASON FOR GOOD 

SHOWING OF JOHNSON METHOD 

Values for density and absorption of each material 
combination and for each method of finishing are 
shown in figure 27. In the case of series B two values 
for density are shown, (1) the density of the plastic 
concrete calculated from the initial water content, and 
(2) the density of the hardened concrete calculated from 
the specific gravity of the cores. Inasmuch as the 
assumption that the plastic concrete is essentially free 
from air voids does not hold for the ‘‘Platte River 
concrete’, values for density calculated from water 
content have been omitted in this case. Referring now 
to figure 27 and comparing the density of each standard- 
finished concrete with the corresponding concrete 
finished by the Johnson method we find that, whereas 
the density of the plastic concrete is greater in the 
case of the mixes which were finished by the standard 
method, because of the fact that less water was used, 
the final density is greater in the case of the Johnson- 
finished concrete. This indicates that the Johnson 
method removed a considerably larger proportion of the 
total water before final consolidation took place than 
was accomplished by the standard method. This ties 
in very well with the increased crushing strength shown 
by the Johnson-finished cores. 

This is shown graphically in figure 28. In this figure 
the crushing strength of cylinders representing concrete 
used in the standard and Johnson-finished sections have 
been plotted against the corresponding initial water- 
cement ratios together with the results of core tests on 
the same concrete plotted against the void-cement 
ratios which were obtained from the values for density 
of the hardened concrete. Each point represents the 
average of 16 tests on 8 sections. It will be observed 
that, for both coarse aggregate types, all points, both 
cores and cylinders, lie substantially on a curve par- 
alleling the conventional water-cement ratio strength 
curve. It should be borne in mind that the core tests 
were made on the same concrete, insofar as proportions 
were concerned, as the corresponding cylinder tests. 
The core tests, however, were made on the concrete 
after final consolidation had taken place and a con- 
siderable amount of water removed. The cylinders, of 

CONCLUDING 

The major facts developed by this investigation are 
summarized in the following paragraphs. 

SERIES A: EFFECT OF VIBRATION 

1. When finished by the standard method, the 
minimum slump required to insure pavement slabs 
substantially free from honeycomb was found to be 
porosity 2! inches. 

When finished by vibration, the minimum slump 
Peed to insure the same degree of uniformity was 
found to be approximately 1 inch. (In the previous 
investigation it was found that  standard-finished 
pavement slabs constructed of concrete having a 
l-inch slump were less uniform in quality than similar 
slabs in which 2-inch to 3-inch slump concrete was. 
used. ) 

3. The average flexural strength of all vibrated 
pavement slabs in which the concrete showed an average 

course, were not subjected to the finishing operation 
and retained most of the water. These data appear to 
indicate quite definitely the reason for the increased 
strength of the cores as compared to the cylinders, as 
well as the increased strength of the Johnson-finished 
cores as compared with the standard finish. It is all 
a matter of the final or net water-cement ratio which, 
in this case, seems to be measured quite accurately by 
tbe actual void-cement ratio of the cores as determined 
by test. 

As indicated above, the ‘Platte River concrete” can- 
not be analyzed in this way due to the presence of air 
voids. Here the actual void-cement ratio of the 
plastic concrete is much higher than the water-cement 
ratio. Consequently the density bears no relation to 
relative water content. 

On the assumption that the difference between the 
initial water-cement ratio and the final void-cement 
ratio is a measure of water loss during consolidation it 
will be of interest to compare the average difference for 
each finishing method and for each type of coarse 
ageregate. Reference to figure 28 will show that this 
average difference in the case of the Johnson-finished 
gravel concrete was 0.23 (from 0.57 to 0.80) as against 
0.13 for the standard-finished gravel concrete (0.62 to 
0.75). The difference between 0.13 and 0.23, or 0.10, 
may therefore be said to represent the additional de- 
crease in the volume of voids per unit bulk volume of 
cement (the void-cement ratio) obtained by the appli- 
cation of the Johnson method. The corresponding 
value for the crushed-stone concrete is 0.08. On this 
basis, it seems safe to assume that the use of the John- 
son method of finishing is equivalent, insofar as im- 
provement in strength and density are concerned, to a 
reduction in water-cement ratio of about 0.10. 

The effect of this additional increase in density on 
the ultimate durability of the concrete has not been 
investigated, although it is planned to make a series 
of tests along this line as a continuation of the present 
investigation. All available information on the subject 
indicates that, for a given mix, a very definite relation- 
ship exists between density and durability. It would 
seem, therefore, that any process which w ould result in 
an increase in density would be desirable from this 
standpoint alone, entirely aside from the effect on 
strength. 

STATEMENT 

slump of 1 inch was somewhat higher than the average 
strength of the standard-finished concrete of the same 
proportions in which the average slump was 2 inches. 
(In the previous investigation standard-finished slabs 
constructed of 1-inch slump concrete were generally 
lower in flexural strength than similar concrete haying 
a 2-inch slump.) 

4. The average increase noted under (3) was due to 
the marked increase in strength for the group of sec- 
tions in which crushed stone was used as coarse agere- 
gate. For the sections containing gravel as coarse 
aggregate, the vibrated concrete having a 1-inch slump 
showed a lower average flexural strength than the 
standard-finished concrete having a 2-inch slump. In 
the case of slag, the strengths for the two slumps were 
about the same. 

5. The average flexural strength of all vibrated 
pavement slabs in which the concrete showed an aver- 
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age slump of }s inch was lower than the average strength 
of the standard-finished concrete of the same propor- 
Bans in which the slump averaged 2 inches. 

The average decrease noted under (5) was due 
a 6 marked decrease in strength for the group of 
sections in which gravel was used as coarse ageregate. 
In the case of stone and slag the average strength of 
the vibrated concrete having a }-inch slump was about 
the same as the average strength of the standard-finish 
sections having a 2-inch slump. 

The average flexural strength of all vibrated pave- 
ment slabs constructed of concrete having the same 
proportions of cement, fine aggregate, and water but 
containing one fourth part more coarse aggregate by 
volume than the standard-finished concrete, was con- 
siderably higher than that of the standard-finished con- 
crete. (In the previous investigation, concrete con- 
taining more coarse aggregate by volume than the base 
mix when finished by the standard method showed 
lower flexural strengths than the base mix, the decrease 
being roughly proportioned to the amount of coarse 
aggregate added.) 

The increase noted under (7) was most marked in 
the case of the crushed stone concrete and least in the 
case of the gravel concrete. 

9. The average flexural strength of all vibrated con- 
crete slabs containing one half part more coarse agegre- 
vate than the standard-finished concrete was somewhat 
higher than that of the standard-finished concrete. The 
sections containing crushed stone gave considerably 
higher values, the sections containing slag slightly 
higher, and the sections containing oravel lower. 

10. The average flexural strength of all vibrated con- 
crete slabs containing three fourths part more coarse 
aggregate than the standard-finished concrete was lower 
than that of the standard-finished concrete. The sec- 
tions containing crushed stone and slag gave about the 
same results, whereas the sections containing gravel 
showed a decrease. 

11. For concrete having the same water-cement ratio, 
finishing by vibration did not increase the crushing 

strength of cores drilled from the pavement slabs con- 
taining gravel and slag as coarse aggregate. In the 
case of crushed stone a considerable increase in crushing 
strength was noted for the vibrated concrete containing 
one half and three fourths parts additional coarse 
ageregate. 

12. The process of finishing by vibration did not 
adversely affect the hardness of the surface. 

SERIES B: EFFECT OF DELAYED FINISHING BY THE JOHNSON 
METHOD 

1. Pavement slabs finished by the Johnson method 
showed higher crushing and flexural strengths than 
standard-finished concrete of the same proportion but 
mixed with less water. This observation applies to 
both of the proportions studied. 

2. Pavement slabs finished by the Johnson method 
developed substantially the same crushing ‘and flexural 
strengths as standard-finished slabs containing one half 
part less fine aggregate and one part less coarse aggre- 
gate. The Johnson-finished slabs, after correction for 
the amount of cement in the ‘‘dry mix’’, contained 
approximately one sack of cement less per cubic yard 
of concrete than the standard finished slabs. 

3. Although, for each proportion, the water-cement 
ratio at the time of mixing was lower in the case of the 
standard-finished concrete, the final density of the con- 
crete as revealed by tests on the cores was higher in the 
case of the Johnson-finished slabs. 

4. Variations in crushing and flexural strength due 
to changes in proportions and methods of finishing were 
more marked in the crushed stone concrete than in the 
eravel concrete. 

5. The process of finishing by the Johnson method 
did not adversely affect the hardness of the concrete. 

6. The process of finishing by the Johnson method 
resulted in decreasing the void-cement ratio approxi- 
mately 0.1 more than the corresponding decrease shown 
for the standard-finish concrete. 
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