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STABILIZATION BY DRAINAGE OF MUCK AND 
SAND FILL 

Reported by C. A. HOGENTOGLER, Senior Highway Engineer, and E. A. WILLIS, Assistant Highway Engineer, Division of Tests, United States Bureau of 
Public Roads 

OLUMBIA ISLAND, on which a section of the 
Mount Vernon Memorial Highway, 4,000 feet in 
length, has been constructed, is a body of land 

which was built up from the waste material resulting 
from the hydraulic dredging operations performed in 
deepening the Potomac River Channel between the 
Highway Bridge and Georgetown, D. C. In many 
places the material pumped in was extremely unstable 
and, in the condition in which it was encountered on the 
island, was unfit for use as a highway subgrade. The 
measures employed in improving the stability of those 
portions of the grade which were unsatisfactory furnish 
excellent examples of some of the fundamental prin- 
ciples of highway drainage and illustrate the behavior of 
a class of soil frequently encountered in highway 
construction. 

At the time it was desired to start grading operations 
on Columbia Island a section about 300 feet in length 
between stations 10+00 and 13+00 (see fig. 1) was 
covered with water and was so unstable that a person 
attempting to walk along the center line would sink 
in to his knees. 

Figure 1.—Looxine NortuH FRoM Station 13+ 00, ALONG 
THE CENTER LINE, BEFORE DRAINAGE 

The remainder of the grade, between stations 13 + 00 
and 50+ 00, was perfectly dry on the surface and was 
firm underfoot. It was, consequently, assumed to be 
in a stable condition and equipment was moved in. 
This step revealed the presence of soft undersoil in 
many places. 

The power shovel was bogged down in several in- 
stances (see fig. 2) even though it was traveling over 
timber mats and the trucks soon broke through the 

120304—32 

harder surface crust. It was evident that stabilization 
would have to be effected before construction could be 
attempted. 

PERMEABLE SAND AND IMPERMEABLE MUCK COMPOSE SOIL OF 
ISLAND 

Preliminary observations revealed that, in general, 
the island consists of only two distinet types of soil. 
One is a clean, permeable river sand. The other is a 
silty river bottom muck, almost impermeable in a 
compact state but having relatively high shrinkage 
properties which, under the action of evaporation, 
produced large cracks and fissures which would act as 

FIGuRE 2— Wet AREA AT STATION 20+ 00. PowrR SHOVEL 
Was Struck at Turis Point 

water carriers. The character of this muck is shown in 
Figure 3. Mixtures of the two soils were, of course, 
encountered. 

Table 1 gives the mechanical analysis and the sub- 
grade soil constants of each of the two soils. The nature 
of these test constants and the methods of obtaining 
them are discussed in a paper entitled, ‘‘Subgrade 
Soil Constants, their Significance, and their Applica- 
tion in Practice,’’ Part I, Pusiic Roaps, vol. 12, No. 4, 
June, 1931; and Parts I] .and III, Pusric Roaps, 
vol. 12, No. 5, July, 1931. The classification of sub- 
grade soils according to their characteristics into 
_groups A-1 to A-8 is also discussed in these articles. 

The test results shown in Table 1 indicate that the 
sand found on Columbia Island has the properties of 
the A-38 subgrade group. The muck is an A-8 sub- 
grade. The significance of these groupings may be 
understood from the following quotations: ! 

Group A-—3.—Coarse material only, no binder. Lacks stabil- 
ity under wheel loads but is unaffected by moisture conditions. 
Not likely to heave because of frost nor to shrink or expand in 
appreciable amount. Furnishes excellent support for flexible 
pavements of moderate thickness and for relatively thin rigid 
pavements. 

Group A-8.—Very soft peat and muck incapable of supporting 
a road surface without being previously compacted. 

1 PuBLIC ROADS, vol. 12, No. 4, June, 1931, p. 105. 
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TABLE 1.—Analysis of soils 

MECHANICAL ANALYSIS 

Percentage of particles 

we Coarse Fine ae Clay | Colloids 
Soil sand sand 0 es smaller | smaller 

2.0 mm | 0.25 mim) + ‘0 005 than than 
to 0.25 | to 0.05 | “yy, | 0.005 0.001 
mm mn mm mm 

A ASN es _| 

Sand. coca scenbau sues eee ee eee 39 51 8 2 1 
Neuckicc2 ud Se ae eee ] 4 59 36 11 

TEST CONSTANTS 

J See As te i = 

pe a or her Moisture 
Plage | Shrinkage | equivalent 

Soil Liquid | ticity | - Specific 
: limit mde gravity 

; ee atio | CeBtti-| 7; 
| Limit | Ratio fuge i Field 

Per Per Per Per | Per 
cent cent cent cent cent 

Es eae Ce oS eel 0:2 ecole | 1G.) heme 21 2.65 
Micke decal es 56| 25] 134 1.4 | 2641 44 2.70 

| 

1 Shrinkage limit of muck in undisturbed state is 43. 2 Water-logged. 

The values of the subgrade soil constants character- 
istic of these two groups are stated as follows 

Group A-38.—Grading: 
0.10 millimeter. 

Constants: Liquid limit not appreciably greater than 35; 
no plasticity index; no significant shrinkage limit; centrifuge 
moisture equivalent less than ee 

Ability of sands to resist sliding when wet indicated as fol- 
lows: Liquid limits of 10 to 14 signify beach and other rounded 
sands which slide easily; liquid limits of 30 to 35 indicate 
rough angular particles which do not slide easily. In addition, 
liquid limits when lower than field mositure equivalents indicate 
materials which flow under partial saturation; when equal to 
the field moisture equivalents, the liquid limits indicate average 
sands which flow under full hydrostatie uplift. Liquid limits 
ereater than field moisture equivalents indicate rough-grained 
sands which flow only when in a state less consolidated than that 
represented by the field moisture equivalent. 

Effective size not likely to be less than 

Group A-8.—Grading: Not significant. 

Constants: Liquid limit greater than 45; plasticity index 
generally less than those indicated by curve 3; shrinkage limit 
indicated approximately by curve 6; centrifuge moisture equiva- 
lent between curves 9 and 10; field moisture equivalent likely to 
be greater than those indicated by curve 12. 

Water-logging in the centrifuge test is characteristic of the 
mucks containing clay and colloids, whereas very high equiva- 
lents without water-logging are character istic of peat not more 
than shehtly decomposed. 

The curves referred to in this quotation are those of 
the soil identification chart, which is shown in PuBLic 
RoAps, vol, 12,3:No, <5: July, 193 Lepage yoo. ne 
equations of the curves are given on page isi 

Table 1 shows that the sand has a liquid limit of 21 
which is about the value possessed by the great majority 
of sands. 
cohesion and shrinkage is indicated by the fact that the 
sand has no plasticity index and no significant shrinkage 
limit. Since this material has no significant shrinkage 
limit it will not shrink or expand with varying moisture 
contents which do not materially exceed the liquid 
limit, and field moisture equivalent values of 21. Such 
excessive moisture contents are not ordinarily encoun- 
tered in the field. 

The liquid limit and the field moisture equivalent of 
the island sand are the same. This further indicates 

2 PuBLIC ROADs, Vol. 12, No. 5, July, 1931, pp. 136 and 137. 

A lack of the soil constituents productive of | 

MatTeE- CHARACTER OF Muck ENCOUNTERED. 
RIAL AT THIS Spot DISTURBED WITH DYNAMITE IN EFFORT 
to HasteEN DowNwaRpD PERCOLATION INTO UNDERLYING 
Sanp LayER 

FIGURE 3 

the average character of the 
when completely saturated. 

The constants for the muck shown in Table 1 agree 
with those previously specified for soils of the A-S8 
eroup containing colloids. For a liquid limit of 56 a 
soil should have, according to the relationship indicated 

(P. I.= es be =), a plasticity index of 26. 

The plasticity index of the muck is 25, which shows that 
this muck has about the maximum plasticity likely to 
be found in A-8 soils. 

sand, which will flow only 

by curve 8, 

ig 6 : 
: a ie ») the shrinkage 

limit should be 35. According to test it is 34. The 
centrifuge moisture equivalent should we between 
values indicated by curve 9 ie M. E. =0.72 L. L.) and 

curve 10 (c M. oe eee =e) These values are 
0. Be 

respectively 40 and 76. 

According to curve 6 (s. L.= 

The island muck has a centri- 
fuge moisture equivalent of 64. 

The field moisture equivalents of A-8 soils are 
likely to exceed those indicated by curve 12 

: eel (F. M. E.-= 

of a soil having a liquid limit of 56, as defined by this 
relationship, is 45. The field moisture equivalent of this 
particular muck is 44. 

Water-logging in the centrifuge indicates the presence 
of colloidal material. According to the mechanical 
analysis, Table 1, 11 per cent of the soil is smaller than 
0.001 mm. 

It is thus apparent that the two materials encountered 
are fairly representative of the subgrade soil groups to 
which they belong. 

The test constants in this case cle: arly indicate the 
character of the muck. In addition to the water- 
logging in the centrifuge test, the relatively low field 
moisture equivalent of 44 combined with a high shrink- 
age limit of 35 suggests the presence of organic matter 
in the colloidal state. Also the high plasticity com- 
bined with the relatively high shrinkage limit suggests 

10° : ; : 
— ) The field moisture equivalent 
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the presence of diatoms. It is clear, therefore, that 
this muck consists primarily of inorganic silt with 
some clay, colloidal organic matter, and diatoms. 

STABILIZATION INVOLVES REDUCTION OF MOISTURE CONTENT 
AND ADDITION OF MATERIAL TO FILL 

Generally, mucks of this character, more than any 
other soils, refuse to be stabilized by. drainage and at 
the same time suggest the necessity of drainage. This 
is because, first, they are impermeable with respect to 

MUCK SOIL 

WITH 115% MUCK 

MOISTURE. SOIL WITH 

TOTAL 115 °/o 

PORES MOISTURE. 

AND SOIL THICKNESS 

20FT. 

3.0 

MUCK SOIL 

AT MUCK SOIL 

PLASTIC AT 

LIMIT PLASTIC 

MOISTURE LIMIT 

31%. MOISTURE 

TOTAL 31°%o, 

PORES AND — THICKNESS 

SLO1E T. SOIL 1.84 

RATIO OF PORES TO SOIL PARTICLES 

MUCK 

GRAINS 

Ficure 4.—D1aGRaM ILLUSTRATING AMOUNT OF ADDITIONAL MATERIAL REQUIRED, ON Basis 
oF 20-roor Deprun or Muck Sort, wHEN Moisture ContTEentT OF Muck 1s REDUCED FROM 
115 pER Cent To Puastic Limit, 31 Per Cent 

the flow of gravitational water and second, they have a 
very great capillary lift which causes them to contain 
abnormally large amounts of water even at appreciable 
distances above the ground-water elevation. 

Thus, in the present case, open ditches were found 
to be ineffective for lowering the elevation of water in 
pockets or surface depressions less than 1 foot away 
and the moisture content at approximately 4 feet above 
the ground water elevation was found to be as much as 
100 per cent, * generally, and in some cases more. 

In order to comprehend fully the significance of this 
high moisture content, one should remember that a soil 
mass consists of soil particles and pores; furthermore, 
that when a soil shrinks or expands, only the volume of 
the pores changes, the volume of the soil particles 
remaining constant. 

It is generally recognized that the important decrease 
in supporting value caused by increase in the moisture 
content of a soil does not occur gradually, but instead 
occurs abruptly when the moisture content exceeds 
the plastic limit of the soil. Therefore, treatment to 
be effective for stabilizing the muck under discussion 
must reduce the moisture content at least below the 
plastic limit or 31 per cent. (56—25=31, Table 1.) 

In the present instance, with the muck containing as 
much as 115 per cent of moisture, which is not uncom- 

3 Moisture content based on the weight of oven-dried soil. 
4 It should be noted that the shrinkage limit of the muck soil is higher than the 

plastic limit. This is due to the spongy properties of the muck and indicates that 
moisture when present even in amounts as low as the shrinkage limit could cause the 
soil to lose its stability if manipulated. In contrast to the muck soils, plastic clays of 
the compressible A-6 variety are usually more stable at the shrinkage limit than at 
the plastic limit moisture content. 

mon for muck soils, the voids ratio is about 3.1 (00 X 
specific gravity X moisture content) and this means that 
the pore space is about 3.1 times the volume of the soil 
particles. 

In the stable sand, as indicated by the field moisture 
equivalent of 21 and a specific gravity of 2.65, the pore 
space is only about 0.6 and in the muck at the plastic 
limit is only about 0.84 as great as the volume of the soil 
particles. Thus,itcan beseen that the reason for the lack 

of stability in the muck is sim- 
MATERIAL COMPOSITION ply a low percentage of soil 
REQUIRED OF NEW z . i r . s 

TO BRING FILL AT particles. This low percent- 
Sescgyel > Aaeaklie age of soil particles in the 

11.0 FT. 31 Pe muck, as compared with the 
sand, is illustrated in Figure 
4, A. Therefore, to stabilize 
the muck by drainage or any 
other means, its pore volume 
must be greatly reduced, and 
this in turn causes a like re- 
duction in the volume occupied 
by the muck mass. 

If, for instance, the bed of 
muck containing 115 per cent 
of moisture were 20 feet thick 
it would consist, as shown in 
Figure 4, B, of 4.9 feet of solid 
soil particles and 15.1 feet of 
pores. In order to reduce the 
pore ratio of the unstable 
muck to that at the plastic 
limit the thickness of the 

o muck layer would have to be 
e reduced from 20 to 9.0 feet. 

(4.9X 1.84.) 
In order to bring the area 

back to original grade, a fill 
of 11.0 feet (20—9.0) would be required. And if the 
voids ratio of 0.84 were maintained throughout the fill, 
an additional thickness of solid soil equal to 6.0 feet (as 

shown 1 in Figure 4, C) must be prov ided. This would 

require, according to cut measure, a sand layer approxi- 

mately 9.6 feet iG X6.0) or a new muck layer 24.6 
feet (4.1 x ce thick. 

So much for the additional material required by the 
stabilization of the muck. Let us now consider the 
practical aspects of the problem. 

20 

ee 

° 

THICKNESS - FEET 

MUCK 
GRAINS 

COMPRESSION TEST DATA INDICATE REQUIRED REDUCTION OF 
MOISTURE CONTENT 

Figure 5 gives the results of a compression test which 
was run on a sample of the muck which had been 
manipulated. The shrinkage limit value of 43 for the 
material in the undisturbed state as compared with 
34 for disturbed soil (see Table 1) indicates that the 
support actually furnished by the muck in its natural 
position might be somewhat higher than is indicated 
by Figure 5. However, the values shown are of the 
safe side. Grading operations and the vibrations 
saused by traffic tend to destroy the natural structure 
of the material. For this reason the values shown 
in Figure 5 are believed to be fair. They indicate 
that under a load of 1,000 pounds per square foot the 
moisture content will be reduced from 65 per cent 
to 57 percent. Under a load of 3,000 pounds per square 
foot the moisture content will be reduced to 48 per 
cent; and under 6,000 pounds per square foot the mois- 
ture content will be reduced to but 41 per cent or 10 
per cent above the stabilization point. 
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Figure 5.—Compression Test oF Muck Sor in Dis- 
TURBED STATE 

These test data reveal information on two important 
points. On one hand they show that in order to sta- 
bilize a layer of the soil of indefinite thickness by drain- 
age, its moisture content must be reduced below 31 
per cent, and furthermore, that it would require a 
pressure much greater than 6,000 pounds per square 
foot actually to squeeze the water out. On the other 
hand, they show that if this muck serves as a base for 
a new top layer of soil it will support 1,000 pounds per 
square foot, or an 8-foot thickness of gravel, even with 
57 per cent of moisture; and that with a moisture con- 
tent of 61 per cent it will support a 4-foot layer of 
eround. 

If only the character of the material were known, 
and not the conditions under which it exists in place, 
a comparison of the results likely to be furnished by 
drainage and by covering would suggest covering to be 
the more logical pr ocedure in uniform deposits of ereat 
depth w here the eround water table is high. In strati- 
fied deposits, however, the removal by draimage of 
water which is the source of detrimental capillarity 
may serve to very quickly stabilize the surface muck 
layer. Columbia Island, according to a subgrade 
survey, was found to be an excellent representation 
of the type of stratified soil profile in which such stabil- 
ization could be accomplished quickly and economically. 

SOIL SURVEY INDICATED CHARACTER OF DEPOSITS AND 
DISTRIBUTION OF MOISTURE 

In connection with this survey borings made every 
50 feet, along and on both sides of the center line 
where trouble was encountered, brought to light several 

interesting conditions not usually found in natural 
soil deposits. The soil profile is shown in Figure 6. 
The sand and muck occurred in layers and pockets 
varying from an inch to several feet in thickness. In 
places wet sand occurred above dry muck; in others, 
dry sand over saturated muck; in others, wet muck over 
wet sand; and in still others, dry muck over wet sand. 

Finally, in several instances perched water tables were 
encountered. All of the free water surfaces were above 
the elevation of the river; but in certain places free water 
occurred in several layers vertically above each other 
with relatively dry material in between. 

The comparatively small pockets of saturated sand 
and muck presented no particular difficulties. The 
prevailing condition, particularly in the area between 
stations 10+ 00 and 13 +00, where the soil was the least 
stable, was that of a layer of saturated muck about 6 
feet thick underlain by a bed of saturated sand. 

A consideration of the characteristics of this material 
furnished important information. Those test results 
which showed how the fill would shrink if the moisture 
content were to be reduced from 115 to 31 per cent, 
also showed that if this soil had a chance to dry out 
by evaporation it would crack to such an extent that 
it would transmit water freely. It could be readily 
seen that if the water were taken away from the bottom 
of the muck, evaporation from the top would dry out 
the soil. These two factors pointed in only one 
direction and that was to drain out the sand laver and 
let the characteristic properties of the muck do the 
rest. 

Knowledge of the manner in which the island was 
formed was very helpful in selecting the location and 
depth at which the drains should be placed. The island 
was built up over a period of years from the material 
dredged out of the river channel. It was thus con- 
structed in a series of “lifts.” 

Each lft was formed by building a bank or dike 
around an area and pumping in sand and muck from 
the river bottom. The area inclosed by the dike 
formed a settling basin and the excess water was 
allowed to escape over a timber spillway. 

Great pains were taken to make the dike impervious 
as this reduced the danger of washouts. Wherever 
seepage through the banks was noticed, soft muck was 
spread over the inner faces of the dikes with hoes until 
the dikes were effectively sealed. In this manner 
impermeable walls were built up around the whole 
island. 

The coarse material naturally settled out of suspension 
faster than the fine material and was deposited nearer 
to the end of the discharge pipe. This action had the 
effect of separating the coarse from the fine material 
and several instances were encountered where a large 
amount of sand was surrounded by impermeab!e muck 
forming a reservoir. 

Since the island was formed in successive lifts with a 
considerable time interval between the placement of 
each lift, there was time for each one to become more 
or less consolidated and covered with vegetable growth. 
Consequently, a layer of slightly decomposed organic 
matter was often encountered and a difference in per- 
meability was noticed between successive lifts even 
where the material appeared to be the same. Further- 
more, the material from which the different lifts were 
formed was often obtained from different parts of the 
tiver, with the result that successive layers often con- 
sisted of widely different materials. 
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Fiacure 6.—Mapr anp Sort PRoFILE oF CoLuMBIA ISLAND 

PLAN OF DRAINAGE DESCRIBED 

In general, the drainage plan consisted of three essen- 
tial operations, namely: (1) Removal of free surface 
water, (2) removal of brush and vegetation, and (3) 
tapping of the impermeable dike and placing drains in 
such a manner as to remove all underground water 
which was trapped in layers or pockets. 

The surface water was removed from the wet area 
between stations 10+00 and 13+ 00 in an attempt to 
dry it up enough to make it possible to work in this 
area. Shallow “surface ditches (figs. 7, A and 8, A) 
were dug from the dikes back toward the center line. 
A great quantity of water was carried off in this manner 
and as soon as the water on the surface was removed 



PUBLIC ROALD Vol. 13, No. 4 

FigurRE 7.—STEPS IN THE DRAINAGE OF COLUMBIA ISLAND 

A.—Ditches for removing surface water. 
B.—Cut through dike. The ditch as shown barely tapped the_underground water. Unstable material prevented deepening ditch 

until it had been timbered. 
C.—Typical shrinkage crack in wet area after drainage. 

; D.—Shrinkage cracks in soil after drainage. 
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a crust formed. This crust was not very thick, but as 
it dried out it began to shrink and crack as illustrated | 
in Figure 8, B, indicating that the soil would eventually 
become more stable if the free water were removed | 
from it. 

All underbrush and vegetation was cut off the right 
of way. This step very materially aided evaporation 
and speeded up the drying-out process. 

In disposing of the underground water the first and 
most important step was to cut through the imperme- 

through the muck to the sand. The material close to 
the trench would begin to drain and as it dried out 
cracks were formed. These cracks, illustrated in 
Figure 7, C and D, extended back from the ditch and 
served as water carriers and so the whole area was 
gradually drained. 

In the most common condition encountered, that of 
a layer of wet muck at the surface resting on a bed of 
saturated sand, tile drains were so placed that they 
would take the water out of the sand. With the re- 

FIGURE 8.—PHOTOGRAPHS TAKEN AT Sratrion 10+00, ar DirreRENT STAGES OF THE WORK 

A.—Ditch for removing surface water, looking north from station along center line. 
B.—Looking north from station after surface water had been removed but before underbrush had been cleared away and under- 

ground drainage had been installed. 
C.—Constructing the fill after drainage, looking south from station. 
D.—The completed road. 

able dikes, as shown in Figure 7, B. This step alone 
would, in’time, have removed a great deal of the free 
water from the soil. 

As it was necessary to begin grading operations as 
soon as possible, tile drains were installed in such a 
manner as to tap the water pockets and dry them 
up rapidly. The location and depth of the drains 
depended on existing conditions as determined by 
borings. 

Where saturated sand was surrounded by muck 
problem was simply to locate the lowest spot in 
sand pocket and run a drain to that point. 

In instances where wet muck was found over dry 
sand, drainage was accomplished by cutting a trench 

the 
the | 

moval of this water through cuts in the dike, the muck 
would have slowly dried out. Tile drains connecting 
these outlets with lateral drains along the roadway 
materially hastened the stabilizing action. 

DRAINAGE OPERATION SUCCESSFUL IN CONSOLIDATING FILL 

The quantity of water which has been removed from 
the island can be estimated from the data shown in 
Figure 6. Several of the drains have been carrying 
water continuously for nearly a year. Further evi- 
dence as to the amount of water removed may be 
obtained from a comparison of the thickness of the 
muck layer before and after drainage. Borings made 

(Continued on p. 72) 



THE SEGREGATION OF WATER IN CONCRETE 
PLACED IN DEEP FORMS 

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

T IS well known that during the continuous placing 
of concrete in deep forms ‘such as columns, pliers, 
abutments, retaining walls, etc., there is a tendency for 

water within the concrete to rise as the form is filled. 
This results in an accumulation of excess water in that 
portion of the concrete at and near the upper surface 
of each continuously placed section with the consequent 
formation of layers of relatively weak, porous concrete 
at the fill planes. It is a matter of common observa- 
tion that such concrete, when exposed to the weather, 
deteriorates much more rapidly than the adjacent con- 

Typical examples crete at the bottom of the next lift. 

heights of column were used, 3 feet, 6 feet, 9 feet, and 
12 feet. One side of each form was provided with a 
series of ports equipped with closely fitting doors, 
spaced about 2 feet apart vertically. From 1 to 1y 
hours after placing, depending upon consistency, a 
sufficient quantity of the fresh concrete was obtained 
from each of these ports to permit the fabrication of 
one 6 by 12 inch cylinder as well as an analysis of the 
fresh concrete. A diagrammatic view of one set of 
columns is shown in Figure 2. This view shows the 
location of the ports (indicated by circles) and also the 
location from which cores were subsequently drilled 

Ficure 1.—Typicat EXAMPLES OF 

of this action are shown in Figure 1. It has been gener- 
ally assumed that this difference in the rate of weather- 
ing is due in large part to excessive water, generally 
known as water gain, although little or no ‘data have 
been published which show quantitively either the 
actual effect of water gain on strength and durability 
or the relative influence of various factors such as 
grading of aggregates, consistency of concrete, area of 
section, method of placing, tamping, etc., on the extent 
to which water gain takes place. 

The problem appeared to the bureau to be of suffi- 
cient interest to justify a preliminary series of tests 
under certain job conditions to determine the extent to 
which water gain developed and its effect upon the 
quality and uniformity of the concrete. 

It was not possible to cover a wide range in test 
conditions; and the applicability of the data is restrict- 
ed to the conditions under which it was obtained. 
While forms of different heights were used, they were 
all of one width, 8inches. Methods of placing included 
both spading and vibrating. The fine aggregate used 
was a relatively fine sand. The consistency of the 
concrete was varied from 2 to 8 inches. 

DESCRIPTION OF TESTING PROCEDURE 

The tests were made by investigating the variations 
in composition and strength of concrete in a series of 
8 by 48 inch vertical wall columns cast as units and 
ranging in height from 3 to 12 feet. Four different 

64 

DISINTEGRATION AT FitL PLANES 

from the hardened concrete (indicated by crosses). 
A %-inch vertical dividing strip divided each column 
into two 8 by 24 inch sections, as indicated. This 
division was made in order to permit the withdrawal of 
samples of wet concrete without disturbing the con- 
crete from which the cores were to be drilled. 

A total of 33 columns were cast. With the exception 
of series K, which consisted of one 12-foot column only, 
they were constructed in sets of four, one of each of the 
four heights being cast on the same day. Various con- 
sistencies were employed, ranging from 2 to 8 inch 
slump, as well as two methods of consolidating, hand 
spading and vibrating with an electric vibrator attached 
to the form. Table 1 gives the consistency and method 
of compacting employed in each series of four columns. 

f 

TABLE 1.—Consistency and method of compaction wsed in each 
serves 

Average Average | 
spas 2 Method of ane | Method of 
Eres pancrate compaction Beries ingbes | | compaction 

Awe eee LE oe 4 | Spaded. By Seo ieee oe | 8 | Spaded. 
Bit. Sass aoe 8 Do. LC HES ee eee t 5 | Vibrated. 
Cie eae ee 4 | Vibrated. Ee eee ee is Do.! 
Dra er ee eee 3 Do. Kwa ee () P= DO. 
Bic Sos eee 4 | Spaded. 

1 Sides and ends of forms also spaded. 
2 12-foot column only cast. 
3 Slump of concrete in the lower 1 foot, 2 inches. 

11 feet, 4 inches. 
Slump of concrete in remaining 
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ALL COLUMNS 8" THICK 

CONCRETE FOR CYLINDERS AND ANALYSIS 

CORES ORILLED 

MEIGHT — FEET 

xR O° LOCATION OF CORES AND CYLINDERS 

REFERRED TO IN TEXT ANO TABLES 

Figure 2.—LocaTion oF CONCRETE SPECIMENS TAKEN 
From CoLUuMNS 

A 1:2:4 dry-rodded volume mix, the aggregates being 
Potomac River sand and gravel, was used throughout 
the series. The results of tests on the cement are given 
in Table 2 and the results of tests on the aggregates in 
Tables 3 and 4. It will be noted that a relatively fine 
sand having a fineness modulus of 2.49 was employed. 
This is somewhat finer than the concrete sands employed 
in general in the Northern States, but is similar to the 
grading of many natural sands in other parts of the 
country. 

TaBLE 2.— Tests of cement 

Fineness, percentage retained on 200-mesh sieve__________ 7.8 
Time of set (Gillmore)— 

Tigi S| eer ae ay See 2 hours 35 minutes 
lui eS eee oe SL I ee eet ee 6 hours 00 minutes 

Onna Ve hetero Si Se eee) ees Ue ee ee Satisfactory 
MoOTrmMaleconsistene ver pel Celt -an=r. seca a= ease = wee eT 24 

TENSILE STRENGTH 

{Pounds per square inch, 1:3 Ottawa sand mortar briquets] 

| | 

1 day 3 days | 7 need 28 days 

aera Pp rel ary 
| 180 290 345 | © 425 
| 170 315 430 | 420 
| 155 305 370 | 425 
== | 

| Average 170 305 380 | 425 | 
| 

The concrete was mixed one minute in a l-sack 
mixer. Water was added at the mixer until the re- 
quired slump was obtained and this amount plus the 
free water in the aggregates was taken as the total 
from which the water-cement ratios at time of mixing 
(shown in fig. 11) were computed. 
The forms were placed on a grade so that the top of 

the 12-foot forms was only about 5 feet above the top 
of the 3-foot forms A scaffold was built from the 
mixer to the forms and the concrete hauled in buggies 
and dumped directly into the forms, each buggy 
depositing a layer of concrete about 9 inches in depth. 
The buggies were dumped in such a way that the con- 
crete from the left side of the buggy went into that sec- 
tion of the form from which concrete for analysis and cyl- 
inders were taken, while that from the right side of the 
buggy went into that section from which the cores were 
drilled. By this method of manipulation any segrega- 

TaBLE 3.—Tests of fine aggregate 

Sieve analysis: 
Total retained on— Per cent 

IN OM ASSICV Ginmed © oe ee Mee erie ene ae ts oe 1 
IN OGL OtRIG VO pete te en ee ee ek ee ee 10 
INOW G RIG Vien, ene ar eae eet an ee 20 
INGE OU LSIGV.O Sees eee eet. ee Pe re oe 40 
IN OMbOTSICVG as ete es see ee hee ee oe ee 83 
ING 1 OOSSIOWEs aces tee eee ne ee ee we! 2 95 

INTIMETIGSHS LOC ULL U1 Sees eee ee ee ener a re 2. 49 
Shi eaick bry a velo Wei gnos 2 ss | ee 228 
Dp DALCTUIS DECI Cr OTS Vill yemeern ates == seein, Seu 2. 65 
Weight per cubic foot (dry-rodded), pounds_.______ 100 

TaBLE 4—Tests of coarse aggregate 

Sieve analysis: 
Total retained on— Per cent 

Lin CHES eV Glee eae = en eee 2 Ad 0 
PLE CHECTCY Gee etek ay been es) Re 5 
PETC OLAIO VC =. aa ee es eee Se ae 65 
IN Oe ANSIOV Cree Peewee bene TP le Bg 97 

Ishanerayersteamavoyetbllelstee. =e Le a EWE 6. 67 
Jay oyoFsw eS NE: FS) OLEMOKO Warsaw 5 5 tee es eo eS 2. 55 
Weight per cubic foot (dry-rodded), pounds_______ 102 
Percentage absorption— 

SUV SUTUITNL COS tasty eee Be eee pe ee A fs pista) 
AST OUPSE een ee see eee ee eee SL ye . 91 

tion in the buggies was divided between the two sections 
of the forms. Cylinders were made from concrete 
taken from the mixer as the columns were being cast. 
In Figure 3 a general view of the project is shown. 

FiGgureE 3.—GENERAL VIEW SHOWING HARDENED COLUMNS 
OF DIFFERENT HEIGHTS, AND Forms BEING RESET 

There were two methods used for compacting the 
concrete, spading and vibrating. The spading method 
was as follows: After each bugey was dumped the sides 
and ends of the forms were spaded with a sidewalk 
scraper with 1l-inch holes punched in it to permit the 
fine material to come in contact with the form. The 
concrete was then cut with a vertical movement of the 
spading tool 18 times, 6 times in the center, and 6 times 
each in two places about midway between the center 
and the ends. Two men spaded simultaneously, one 
man spading the right section while the other man 
spaded the left. (See fig. 4.) In all cases the spading 
tools were driven down into the previous layer of con- 
crete. This procedure was continued until the form 
was filled, after which the top was struck off and wet 
burlap applied. The method of vibrating was as fol- 
lows: The electric vibrators were attached to the forms 
by clamping them to the 2 by 4 inch battens as shown 
in Figure 5. Hach vibrator consisted essentially of an 
electri ic motor carrying an eccentric weight on the shaft 

'and operating at a frequency of 3,600 vibrations per 
On the 3-foot forms one vibrator, clamped in 

On the 6-foot 
minute. 
one position near the top, was used. 
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FiaurE 4.—SHOWING METHOD OF SIMULTANEOUS SPADING 
AND VIBRATING 

forms one vibrator was used but was moved from near 
the bottom to a position about two-thirds up, as the 
form was filled. On the 9-foot forms two vibrators, 
placed on opposite sides, were used. They were stag- 
gered as to height and the lower vibrator was moved up 
to a position near the top as the forms were filled. On 
the 12-foot forms (for series C and D), two vibrators 
were used in a manner similar to that used on the 9-foot 

Figure 5.—VIBRATOR CLAMPED TO BatTTEN oF 6-FooT 
Form 

forms. In series G, H, and K, both vibrators were 
placed on the same side. This was done in order to 
permit the installation of pressure cells for measuring 
the pressure exerted by the wet concrete. The results 
of tests for distribution of pressure was published in 
Pusuic Roaps, vol. 12, No. 1, March, 1931. In series 
C the vibrators were run only a sufficient length of 
time (5 to 20 seconds) after each buggy was dumped 
to level off the concrete. In the other vibrated series 
the vibrators were run continuously while the forms 
were being filled. In series H the forms were spaded 
on the sides and ends in addition to being vibrated. 
This was done in order to eliminate as far as possible 

the pitted faces of the vibrated columns. Figure 6 
shows this condition. The column shown in the center 
background was vibrated while those in the right and 
left foreground were spaded. The tests indicated that 
spading the sides of the forms during vibration mate- 
rially reduced the amount of surface pitting. In all 
cases wet burlap was applied as soon as the forms were 
filled as in the spaded series. 

It was found necessary to brace and tie the form very 
securely when using the vibrators in order to avoid 
springing the forms. 

Series K (12-foot column only) was placed in order 
to study the effect of excessive vibration. No samples 
were taken for analysis or cylinders fabricated but cores 
were drilled as in the other series. In this series the 
vibrators were placed on opposite sides of the forms at 
the same elevation and moved up with the level of the 
concrete as the form was filled. By this method the 
form was given considerably more vibration than in 
the case of any other series. 

FIGURE 6.—SHOWING PITTED SURFACE ON Top oF CENTER 
CoLuMN, A CoNDITION TyPIcAL OF VIBRATED COLUMNS. 
CoLuMNS TO LEFT AND RIGHT SPADED 

The concrete for analysis was taken to the laboratory 
and the water-cement ratio and cement aggregate ratio 
determined by the method described by Prof. W. M. 
Dunagan in the Journal of the American Concrete In- 
stitute, December, 1929. The cylinders were made 
and stored adjacent to the columns. After 24 hours 
both the column and cylinder forms were removed, and 
no further curing provided. 

At an approximate age of 4 months the columns were 
placed in a horizontal position and cores drilled at the 
points indicated in Figure 2. 

All cylinders and cores were then capped and stored 
in the open until an age of 6 months, when they were 
tested for compression after immersing in water for 24 
hours. Both cylinders and cores were tested in a 
200,000-pound universal testing machine. The cores 
were approximately 5.7 inches in diameter and 8 inches 
high and a correction factor was applied to make the 
strength correspond to a specimen having a_height 
equal to twice its diameter. 

RESULTS OF INVESTIGATION DISCUSSED 

Segregation determined by analysis of fresh concrete.— 
In Table 5 will be found the volumes of cement to 
total combined aggregates and the water-cement ratios 
for each sample of concrete taken from the forms before 
setting. The method used in making these deter- 
minations, as proposed by Professor Dunagan, consists 
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of weighing the sample of concrete in air and in water, 
then separating the cement, fine and coarse aggregate, 
by washing through suitable screens and rew eighing 
each in water. From these w eights and the specific 
gravities of the materials, the weights in air are com- 
puted. The sum of these w eights subtracted from the 
original weight gives the weight of water. Knowing 
the weight of water, cement, fine and coarse ageregate, 
the mix may be readily computed. In these tests no 
attempt was made to separate the fine and. coarse 
aggregate so that the mix determinations are given as 
one part of cement to parts of combined fine and coarse 
ageregate by volume. <A No. 100 sieve was used to 
separate the cement from the aggregate, correction 
being made for the percentage of cement retained and 
percentage of sand passing the same sieve. In working 
with the fine and coarse aggregate combined, it was 
necessary to use one specific gravity. Inasmuch as the 
gravity of the sand was somewhat higher than that of 
the gravel, a weighted value was used assuming the sand 
and gravel to be present in the proportion of 1 to 2. 

The values given in Table 5 are shown for the 6 and 
9 foot columns in Figure 7 and for the 12-foot columns 
in Figure 8. Values for the 3-foot columns are not 
shown in plotted form. 

TaBLE 5.—Segregation as determined by analysis of fresh concrete 

3-FOOT COLUMNS 

Parts of total combined aggregate | Water-cement ratio, cubic feet of 
to 1 part of cement water to 1 sack of cement 

Sample 
No, Series | Series 

AED a Guia eletun, Ko oA Ba Ce) EB | E> | Gae 
| ie » 

See ee 5.2 a 5.4) 4.8) 4.8) 5.3) 5.6 6.20. 85/1. 00/0. 83 0. 85.0. 81/0. 89/0. 93/0. 80 
Dhaai Be 7.6| 5.8| 5.9| 5.6| 5.9] 6.2] 6.2] 6.2} . 98) . 96) . 88] 83] . 87) . 95] . 91] . 84 
Oe eeeessees 5.4! 5.8) 6. 2) ee e7 6. 4) 5.1) 5. 8] . 76) . 91) . 87] . 85 ‘91 . 96] . 82) . 7 

| 

6-FOOT COLUMNS 

| | | | | | 

LW as 5.2] 4.8 5.2) 4.6) aS Gidieoe-| GA2i 82) 98). 83). 29 . 87| Obie). 86 
| een ee 6.0) 5.8) 6.0) 5.9] 6.0, 5. 7)----| 6.1] . 82} . 93] . 97] . 81) . 81) . 87|----| . 89 
ee ee Be ew 5. 7| 5.8) 5.4) 5.7) 5.5 6.1] 6. 2} 5.0} . 79/1. 02! . 77] . 84) . 83) . 95) . 91! . 68 
| (eee | §.7| 5.8) 5.5 a 6.0 a 5. 9) 5. 6] . 79) . 92} . 83) . 83] . 83] . 83] . 87) . 79 

9-FOOT COLUMNS 

Saerane ee wee 6.3} 4.7) 5.5) 5.0 5.5 5.31 5. 7; 6.0} . 80) . 92) . 83) . 84) . 86} . 93) . 83] . 79 
Cie eres 5.3] 5.6] 5.1) 5.5, 5.9] 6.1] 5.8) 6.5] . 79] . 93] . 84) . 86] . 84] . 92) . 88] . 84 
1 egeee  e 5. 5) 5. 6] 5.3) 5.4, 5.3) 5.4) 6.1) 5.8) . 77) . 96) . 85; . 82) . 79) . 84 . 86) . 7 
Mie oe ea 5. 6) 5.1) 5.4] 6.7) 5.3|-5. 7] 6.1) 5.1) . 82! . 83! 82] 82) .'75| . 92) . 79) ..74 
i AS ay 5. 4) 5, 8) 5.8 5.9 5. 5] 5. 6) 6.6) 5. 4) . 75) . 88 . 86, . 87| . 80) . 87) . 86) . 73 

| | | 

12-FOOT COLUMNS 

1 ee oe 4.8] 4.1] 5.0, 5.4] 4.7] 5.0] 5.6] 6.4] .79 . 92] . 79] . 79 . 13) - 861 . 85) . 89 
i ae eee WE nell 5, 2) 5. 8) 5.6) 5.7) 6.5) 5.1) .81 . 98] . 80) . 76) . 83) . 87, . 81) . 69 
a eee | 5.8] 6.1) 5.1) 6.0} 5.4) 5. 5) 6.1) 5. 8/1.06 . 94) . 78) . 95) . 77) . 84) . 87) . 71 
(ooo ae et eS 5, 6! 5. 4) 0.5, 5.'51 5. 3)) 5.6) 6. 7) 6. 1) «89 . 85) 2.80) 275) 279) | 86) . 85) 77 
(oe ee es 5. 8] 5. 9) 5.3) 5.6 5. 4 6.1) 6.3) 6.3) .82 . 87 - 80) . 76) . 75! . 96} . 83) . 80 
1 ie Rae = Pepe 67575: 8)'5. 3) 6.6} 5.4! 6.7) 5. 7] 6.3) .82 .91| . 78] . 74| . 75). 89) . 78) .. 72 
12 ee eae 5. 4) 5.6 6.4; 5.7) 5. 7| 6.0 a 5.9) . 86 . 84 a: . 76) . 81) Nal . 76) . 68 

Before discussing these data, attention should be 
called to the fact that individual rather than average 
results are shown. Each plotted point in Figures 7 
and 8, therefore, represents the result of a single test 
on one sample of concrete taken from the indicated 
portion of the structure. Too great significance should 
not be attached to individual test results as such. 
Instead, an effort should be made to ascertain what, if 
any, ceneral trends appear to exist, as regards (1) the 
relative amount of cement in terms of the volume of 
concrete and (2) the relative amounts of water in terms 
of the volume of cement (the water-cement ratio). 
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FiagurE 7.—RESULTS OF TESTS TO DETERMINE UNIFORMITY 
OF COMPOSITION OF CONCRETE IN 9 AND 6 Foor CoLUMNS 
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FicureE 8.—RESULTS oF TESTS TO DETERMINE UNIFORMITY 
OF COMPOSITION OF CONCRETE IN 12-Foot CoLUMNS 

From an examination of the variations in cement 
content, as plotted in the upper portions of each 
diagram in Figures 7 and 8, it will be observed that 
there is a distinct tendency for the cement content to 
increase near the top of the columns. In 17 out of 24 
cases, the sample at the extreme top showed more ce- 
ment than any other position. This, however, is only 
a very general relation, the individual values not being 
very consistent except in a few cases, such as columns 
D-9 and G-9. In columns H-6 and H—9 the tendency 
is in the other direction. In still other cases, the 
individual values vary quite widely without any 
apparent reason. In spite of the many individual dis- 
crepancies, however, there seems to be a general 
tendency along the line indicated; that is, a somewhat 
richer mix at the top of the columns. The effect of 
this variation in cement content on strength is discussed 
in the next section of this report. 

Referring now to the variations in water-cement 
ratios, as plotted in the lower part of each diagram in 
Ficures 7 and 8, we find that a slight tendency “toward 
increased water content at the top of the columns is 
shown in some cases. The individual results, however, 
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vary quite widely. Here again we are confronted with 
the fact that each point represents but one test result, 
with a consequently increased tendency for experi- 
mental errors to affect the results. 

It is reasonable to suppose that water gain, if occur- 
ring at all, would develop in series B and F, the two 
sections in which 8-inch slump concrete, spaded i in the 
forms, was used. In Figures 7 and 8 it will be seen 
that for series B and F there is, with the exception of 
column F-12, a general tendency in all cases for water 
to increase toward the top. In only one case, however, 
F-9, is the maximum water found in the very top 
sample. In general, it may be said that, in so far as 
the segregation test was able to measure, there was no 
serious water gain in any of these columns. This con- 
clusion is verified by visual inspection made during 
the placing of the columns. No marked water gain 
was noted in any case. 

Segregation determined by strength tests ——As_pre- 
viously noted, concrete strength specimens were 
obtained from various portions of each column, both 
by molding 6 by 12 inch cylinders from samples of 
concrete taken from the ports and by drilling cores 
from corresponding locations in the columns. ‘Tests 
on these specimens may also be compared to tests on 
samples of concrete taken just after mixing and before 
placing in the forms. 

TABLE 6.—WStrength tests of concrete. 
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Figure 9.—ReEsuuts oF TESTS TO DETERMINE UNIFORMITY OF 
STRENGTH OF CONCRETE IN 9 AND 6 Foot CoLUMNS 

The results of these strength tests are shown in detail 
in Table 6 and are plotted for the 6, 9, and 12 foot 
columns in Figures 9 and 10. Here also, attention 

Values given are compressive strengths in pounds per square inch 
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strength of the concrete. 

and spaded, the tests on the cores gave in general much 
higher strengths than those on the cylinders. This 

'series contains the driest concrete used in the experi- 
'ment, 2-inch slump, and it is possible that under these 
conditions vibration consolidated the concrete suffi- 
ciently to increase the strength of core specimens 
considerably beyond the results obtained on the cylin- 

In no other series did the cores from the vibrated 
concrete show appreciably higher results than the 
cylinders. As a matter of fact the average core 
strengths, as shown by Table 6 and in Figure 11, were 

The conclusion is reached, therefore, 
that, in general, vibration did not increase the crushing 

Also, there appears to be no 
general tendency for either increased or decreased 
strength in the tops of the columns. ‘This checks the 
results of the segregation tests and further indicates 
that no serious segregation developed under these 
conditions. 

In Figure 11 are shown the average results of tests 
for strength as well as the average water-cement ratios 
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should be called to the fact that results of tests on indi- 
vidual specimens are shown and that therefore the 
same degree of concordance should not be expected as 
when average results representing a number of indi- 
vidual tests are given. 

In spite of this, the results seem to be reasonably 
concordant. Attention may be called especially to the 
agreement between the results of tests on the cylinders 
as compared to the corresponding cores. In only one 

oF MIxING AND THOSE OBTAINED FROM 

| for each series of columns. With the exception of the 
values for water-cement ratio as determined at the mixer 
(that is, the amount of water that went into the con- 
crete with proper allowance for moisture in the aggre- 
gates) the data are taken from Tables 4 and 5. Each 
value represents the average of all of the individual 
determinations made on each of the four columns mak- 
ing up the series. With one or two exceptions, then, 

(Continued on p. 72) 
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(Continued from p. 63) 

50 feet to the right of the center line at station 17 + 00 
before drainage revealed a depth of muck of 6 feet. 
Nine months later this had consolidated to 4.75 feet. 
This represents a loss of 54,450 cubic feet per acre. 

Figure 8 shows a series of photographs taken at or 
near station 10+ 00 at different stages of the work, from 
the construction of a surface drainage ditch to the 
completion of the road surface. 

As a result of the drainage this soil, which a few 
months before failed to support the power shovel on 
rafts, carried heavily loaded material trucks and grading 
was completed without difficulty. 

Thus, this soil was improved by the very means 
which might have been the least effective under other 
circumstances. 

The method employed was successful in this instance 
only because of the peculiar topographic features en- 
countered in combination with certain physical prop- 
erties possessed to such a marked degree by the muck 
soil. The decision as to proper methods of stabilization 
was possible only as a result of thorough knowledge of 
all the factors involved. 

(Continued from p. 69) 

each value represents the average of nineteen individ- 
ual tests. This chart indicates quite clearly that the 
crushing strength of the concrete as determined by cylin- 
der tests on samples taken as the mixer was discharged 
approximated very closely the actual average strength 
of the concrete in the column, as determined either by 
molding cylinders of concrete taken from the forms or 
by means of cores drilled from the hardened concrete. 

The data also indicate that the average net water- 
cement ratio as determined by the Dunagan analysis 
approximately one hour after the concrete had been 
placed was about 0.1 less than the net water-cement 
ratio at the time of mixing. 

The results of strength tests of cores en the one 12- 
foot column (series K) are shown in Figure 12. As 
previously explained this column was vibrated, but in 
a more severe manner than any other series. The 
concrete going into the bottom of this form (represented 
by core 19) appeared dry, so the consistency was 
changed from a 2-inch slump to a 4-inch slump after 
about 2 feet of concrete had been placed. While this 
change in water-cement ratio would naturally result in 
a higher strength at the bottom of the column than at 
the top, the difference in strength is greater than would 
be expected from this cause alone. The severe vibration 
is probably responsible for some of this difference for 
it will be observed that the strength increases from a 
point 9 feet from the bottom to 4 maximum at a point 
1 foot from the bottom. It also increases from the 9- 
foot mark as the top is approached. In series H the 
curve for the 12-foot column has the same general 
trend. (See fig. 10.) lt would appear from the above 
that the strength of the concrete is not appreciably 
affected by compacting it either by spading or moderate 
vibration as was done on series A to series G, inclusive. 
When the two methods are combined, or when the 
vibration is of a more severe nature, as in series H and 
series K, a marked effect is produced. 

CONCLUSIONS 

The conclusions derived from this study are naturally 
restricted in their application to conditions comparable 

SERIES K VIBRATED -—3” SLUMP 
7000 

6000 F 

5000 

4000 

3000 

2000 

COMPRESSIVE STRENGTH — POUNDS PER SQUARE INCH 

1000 

1s 16 17 

SPECIMEN - NUMBER 

12' COLUMN 

Fiaure 12.—CoMPRESSIVE STRENGTH OF CORES OBTAINED 
From Series K, WuHich was SUBJECTED TO SEVERE 
VIBRATION 

to those under which the tests were conducted. These 
conditions include a range in slump from 2 to 8 inches; 
placing by both spading and vibratory methods; forms 
8 inches in width; and a fine aggregate of relatively 
fine sand. The conclusions are: 

1. No serious segregation of concrete or water gain 
took place. This conclusion apples for a range in 
slump varying from 2 to 8 inches and for both the spad- 
ing method and the vibratory method of placing. In 
this connection, attention is called to the fact that forms 
only 8 inches in width were employed in these tests and 
also that a relatively fine sand was used. Both of these 
factors probably contributed considerably to the ab- 
sence of serious segregation. 

2. With the exception of the one series of tests in 
which the concrete was both spaded and vibrated (series 
H), the method of placing by vibration produced con- 
crete having about the same average strength and 
uniformity as similar concrete placed by spading. 

3. Acombination of spading and vibration appeared to 
increase the strength of the concrete considerably beyond 
the strength obtained by either spading or vibrating alone. 

4. With the exception of one series of tests (series H), 
the average strength of concrete as determined by 
cores drilled from the columns was approximately the 
same as the strength of the concrete determined by 
tests on samples taken as the mixer was discharged. 

5. The net water-cement ratio taken approximately 
one hour after the concrete had been placed averaged 
about 0.1 less than the net water-cement ratio at time 
of mixing. 

The bureau wishes to acknowledge the courtesy of 
the Electric Tamper & Equipment Co., Ludington, 
Mich., for the loan and operation of the electric 
vibrators used in the work. 
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