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ABSTRACT

Synthetically bonded steel mnldlng sands were studied to find
the effect of changes in sand grain size, size frequency distribution and
grein shape on the physical properties of the mixtures. Several cleys
were tested and their green compressive strengths compared. The clays
varied consideraebly in strength and each clay haed a green strength-water
content ocurve which was characteristic of the clay. A widely used cereal
binder of the corn flour typa was studied in mixes with bentonite and
in oclay free mizxes.
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AUTHORIZAT ION

1. The studies in steel casting research were originelly euthorized
by Buresu of Engineering letter QP/bastings (6-19-Ds) of 13 July 1928,
Previous research and development on molding sands used in meking steel
castings have been presented in reports l~1435 of 25 March 1938, M-1478
of 22 September 1938, and M=-1590 of 12 Februery 1940.

KNOWN FACTS BEARING ON THE PROBLEM

2. Although metal castings have been made for centuries the only
method of evaluating the molding sand was by feeling the texture and strength
with the hand. It is only recently that methods have been developed to
meesure accurately the properties of molding sands. Such work has been
sponsored in this country since 1918 by the American Foundrymen's Associa-
tion. In 1923 and '24 the permeability test was developed end adopted as
a tentative stenderd method. In 1925 some of the early compressive strengt?
tests Ygse mede and sgms interesting work on them has been done by Dietert ).
Hansen and Adams(3 «— Prior to this time prectically all molding sends -
were naturally bonded. Thet is, the send and clay which they contained
were combined in the proportions found in nature. Recently, however, syn-
thetically bonded sands have come into widespread use. These consist of
a washed and graded silica base sand which is mixed with a suitable clay,

3. The reasons for the use of synthetically bonded sands are meny
but they all lead to the same end; they reduce the cost of the castings.
The materiels used are reedily aveilable while good natural sands are some-
times hard to obtain. Synthetically bonded sends are easy to control and
when properly used they peel well and produce clean, smooth, casting sur-
feces which reduces cleaning costs. GOrain size and fines are very easily
controlled., There is little or no spent sand to haul saway. The first
cost is sometimes higher than that of natural sands but the durebiiity of
the syntheticelly bonded sands is so much greater that the ocost per unit
of finished cestings is less. Synthetic sands ere well adapted to use in
: modern molding machines and continuous production systems. The physical
A properties can be edjusted to produce all classes of work with one or two

base sands whereas it is necessary to maintein large stocks of several

- natural sands to meet the veried needs of the foundry.-

4, In previous reports at this Laboratory the effests of both
water and bentonite contents on the physicel properties of synthetically
i bonded steel molding sands were established. The principal fects brought
i out by this work are summerized in Plates 8, 16 and 18 of NRL Report M-1478
R vt which are reproduced here as Plates 1, 2 and 3. Plate 1 shows the relation
between green compressive strength and bentonite content. This graph
proved to be of practical value for the control of green sand mixtures.

5. Since send strength veries rapidly with both bentonite and
weter content, it is the usuel practice to decide on values of green com-
pressive strength and water content which amre appropriate for the type of




castings being produced. Plotting these values on the greph locates a

In heep or used sands where the strength of some of the bentonite is

point. The position of the point with respect to the bentonite ocurves
indicates how much bentonite is required to produce the desired strength.

destroyed, it must be replaced if the properties of the sand are to be
meinteined constent., This is accomplished by making routine tests for i
green compressive strength and water content. Plotting these values on i
the greph will indicate how much bentonite is necessary to bring the
mixture back to its original strength.

6, Plate 2 shows the dry compressive strengths produced by the
same mixes shown in Plate 1. Plate 3 contains the same series of curves
as Plete 1 with an additional set superimposed. The additional curves il
were derived from the dry compressive strength. In this manner it is i
possible to show the interrelation among the four variables, i.e., water
and bentonite contents, and green and dry compressive strengths. When
any two of these are known, the other two may be found from the zraph. w

—_—— e

_ Te It is clear that these statements apply only to the send end . - M i
bentonite used for the tests. Other sands and other clays will give some- |
what different results but the general cheracter of the curves would be -j
the same. It is & simple procedure to establish similar curves for any l
combination of sand and clay end since this work was presented, many
foundrymen have stated their need for such information. They wish to know,
for example, what changes in the curves would be brought about by veriations i
in sand grein size, size frequenoy distribution, grain shape and type of ;
cley. Information is needed also on cereal binders and their possible
effect in controlling the tendency of bentonite bonded sends to dry out on
the surface. Naturally bonded sands or washed sends bonded with fire dlay
do not exhibit this tendency, It might be poss%b%e to reduce surface dry-
ing by mixing other cleys with bentonite. Grim'%4) has reported that cleys
such as kaolinite or illite containing small amounts of montmorillonite
have a strength out of all proportion te¢ the amount of montmorillonite
present. This suggests the possibility of utilizing the high strength of
bentonite (composed chiefly of montmorillonite) and at the same time, by
the addition of other clays, lessening surface drying.

STATEMENT OF THE PROBLEM

8. Thus, the object of this report is to present information on
the effect of grain size, shape, and distribution, type of clay, and cereal
content on the physical properties of syntheticelly bonded steel molding
sands. (e

METHODS USED IN THE INVESTIGATION

9. The sand testing methods used in this investigetion ere those
recommended by the American Foundrymen's Associstion and given in the 1938
Edition of their handbook "Testing end Grading Foundry Sends and Clays.
Stardards and Tentative Standerds."




: 10. Test batches were made up so that the total weight of the dry
 materials was 2000 grams. Clay, cereal binder and send contents are re-
. ported on the basis of this dry weight. The dry materials were placed in
& Simpson 18" laboratory muller and mixed dry for one minute, Water was

" then added snd mixing continued for five minutes longer. The batoh was
dumped into & clean pail and transferred to half-gallon glass jars which
were immedietely tightly sealed. The sand was ellowed to temper in the
sealed jars for at least 24 hours. At the end of this time the sand was
removed, passed guickly through & 1/4 inch sieve and returned to the jar.
100 grams of sand were then weighed out into a glass orystallizing dish
for a moisture test. The sample wes dried to constant weight in an oven
at 105 to 110°C. cooled to room temperature in & desiccator and reweighed.
The loss of weight in grems wes taken as the water content. It should be
noted that the water content is based con total or wet weight eand the per-
centages of dry msterials on the dry weight.

11, In order to avoid vaeristions due to the effects of temperature
and humidity, a series of from 6 to 8 batches wes made up at one time and
ellowed to temper.. They were then opened, screened and tested one at &
time in as rapid succession as possible. This procedure was found to give
excellent agreement in test values.

12, The standard green permeability, green compressive strength,
dry permeability and dry compressive strength tests were made as well as
tests for flowability, deformation end resilience. A careful check was
kept on the amount of sand necessary to produce & test specimen exactly
two inches long and this was recorded as weight of specimen. Since the
volume is constant, this is also e measure of the density of the rammed
mixture.

13. Briefly the testing procedure was as follows: A weighed
amount of send was placed in & steel tube with en inside diameter of two
inches. This was placed in the usual ramming device consisting of a
plunger and & weight. The weight was reised end dropped three times. If
the length of the test oylinder was 2 inches * 1/32 inch, it was used.,
but if it wes not within this limit, it was discarded end another specimen
. wes made using an amount of sand corrected to produce a 2 inch long cylinder,
The permeability of the rammed specimen was determined by means of & Dietert
permeability epparatus. The orifiice method was used for all tests after
it had been found to be in agreement with the stop watch method. A Dietert
i hand operated pendulum type testing machine was used for meking the green
- compression, deformation, and resilience tests. Specimens for the dry
permeability and compresS1on tests were baked in a Dietert core oven,
between 105 and 110°C. for at least two hours. This oven is provided with
forced ventilation, & rotating table and thermostatic control. The
specimens were kept in e desicoator until they were tested. Dry permeability
was measured by means of & special dry permeability tube with a mercury seal
around the sides of the specimen which caused the air to travel the full
length of the specimen as in the green permeability test. Dry strength wes
measured on the Dietert machine with the high strength attechment or, for
very strong specimens, on & large Southwark-Emsry testing mechine.




14, Although sand sizes are expressed in A.F.A. fineness numbers
throughout this report it is quite instructive to plot and compare them on
the basis of their cumylative sieve analyses. Differences in size, dis-
tribution, clay end silt content as well as any unusuel or abnormal chere
acteristiocs ?f the sand are easily seen from the cumulative curve. The
Tyler Hethod 5) with slight modifications was used for this purpose. First,
the sands were sieved thru a set of Tyler 8 inch sieves. The cumulative
percentages retained on the various sieves were then plotted as e function
of the openings of the sieves in millimeters on a logarithmic scale. The
resulting curves are shown in plates 4 to 6. The point where the cumu-
lative curve crosses the 50% retained line was noted and the size at this
point is called "Center Grain Size." This may be expressed in millimeters
or microns. In the seme way the diemeters at 25% and 75% retained were
§ found. The larger diameter divided by the smaller is called fpistribution

! ~ Coefficient."
; [ 15. Two-cyole semi-logarithmic graph paper was used although eny
} - semi-log paper will be satisfactory if the scales are appropriate. Three-

: cycle paper is especislly suited to the molding gravels and naturally

i bonded molding sends while the two cycle is usually ample for the syn-

' thetically bonded sands. Placing the paper so that the logarithmic scale
decreases to the right, the end of the last cycle is given the value of
0,01 mm. The successive oycles to the left will then be 0.1 end 1 mm.
respectively. The sizes in millimeters of the openings of the sieves
are then marked on this scale and labeled with the mesh numbers of the
sieves. The linesr scale of per cent retained is made on the left hand
margin end the sieve analyses are then plotted es cumulative curves.
To illustrate with an example, the 63.7 (A.F.A, fineness) send was
tésted for finemess and plotted on Plate 4. The curve was found to cross
the 25; 50 end 75 per cent retained line at 0.250, 0.210, and 0.176 milli-
meters, respectively. The "genter grain size" is therefore 0,210 mm. or
210 m&crona (microns * millimeters x 1000) and the “distribution coeffi-
olent” is

0;250 =
o

lKPumbein(G) has discussed the edvantages of cumulative curves over size
Prequency curves. For the foundrymen the most important adventages are:

1. Any sieves may be used regarddess of the size, interval,
or make, so long &s the size of the openings is known end
is appropriate for the material being tested.

24 As few or &s many sieves as desired mey be used. Four or
five may be emple for routine work while twenty or thirty
may be used for exirems accuracy,

3. All sieve analyses plotted in this way are comparable.
tmericen sands separated on either Tyler or U. S. Standard
sieves may be compared with British or Continental sands.




MATERIALS USED IN THE INVESTIGATION

16. Sieve analyses and cumulative curves of the sends used are
shown in Teble 1, end plates 4 to 6, inclusive, Sands A to F, inclusive,
are washed silica sands with rounded grains all of which have approximately
the seme distribution but vary in size. These sands were used in the study
of the effect of grain size on the physical properties of the nixture.

17. Sends G and H are also weshed silice with rounded grains.
These ere of about the same average size but differ widely in distributiom,
send G having grains of a very uniform size end sand H having grains of

meny sizes.

18, Send I is a weshed silice send but has sub-anguler instead of
rounded grains. Sand J is & beech send from Cepe Henry end hes anguler
grainse.

19. Sand K is a Downer steel molding sand and L is en Albany sand.
A comparison of the test results of these sands with those above serves to
bring out the differences between naturally bonded and synthetically bonded
sands. *

20. The cleys used were a Wyoming bentonite composed chiefly
of the mineral montmorillonite, an Illinois clay composed chiefly of the
mineral illite and & Pennsylvania fire clay. The Downer end Albany sands
contained their natural olays. Their mineral composition was not deter-
mined.

DATA OBTAINED

The Effect of Grain Size on the Properties of a Synthetically Bonded Sand.

21s Each of the six sends, A to F, inclusive, in Table 1 was
used as the base sand for & series of mixtures. Bach series conteined
5% bentonite with moisture varying between 1 and 10 per cent. The physi-
oal properties of each mix were measureld as desoribed above and the results
are shown on Plates 7 to 12, inclusive. As can bs seen from these plates,
each property of the sand vaeries with water content. Beceause of the
similarity of the cheracteristic curves showing veriations in physical
property as a function of water content, it is only necessery to discuss
one set of curves in detail. Plate 10 was selected for this purpose
beceuse thesse mixes contain sand of a size (A,F.A. fineness 63.7) which is
very commonly used. The batch containing 1.,17% water was so dry and
powdery that it was very diffioult to work and wes definitely too dry for
molding purposes. In this moisture range the sand hes a tendency to pack
very tightly as shown by the high weight and low permeability values. The
green strength was 6.16 lbs. per sq. in. In the next batoh the water was
increased to 1.70 per cent. The inorease in water "opened up" the sand and
caused e large inorease in permeability with a corresponding decrease in
weight., The green strength was also increased from 6,16 to 9,25 lbs. per
54, in, The third batch contained 2.48 per cent water which produced a
smell increase in permesbility and & large deorease in strength, the




weight being slightly reduced, Further increases in water content in-
creased weight end decreased green compressive strength and green permes-
bility. The position of the meximum and minimum points of the various
curves chenge with different sands but their general shape is about the
same for all the sands which were studied.

22. Flowability, deformetion, and resilience curves also are shown
but so far they have been of very little assistance in controlling the sand.
A minimum flowability of 82.5 per cent is indicated at 2.5 paf sant water.
This is well sbove the amount needed for satisfactory molding 7). Deforma=-
tion and resilience values are erratic although in general they increase
with increase in water content. Dry permeability for any given mix is
elways higher than green permeability. At low moisture contents the dif-
ference is smell and increases in proportion to the increase in moisturs.
Dry compressive strength increases repidly with weter content up to ebout
2 or 3 per cent and then increases more gradually as the water is increased
to 10 per cent.

23, In order to show the effect of send grein size on the proper-
ties of molding mixtures; certain curves from Plates 7 to 12 have been se-
lected and drawn as composite curves in Plates 13 to 17. Plate 13 shows
the effect of send size on green compressive strength. This set of curves
shows clearly the remarkeble similarity in the shape of ths strength curves
for different sands. The maximum strength ocours in each case between the
limits of 1.6 and 1.9 per cent weter. Since 5 per cent bentonite was used,
this gives clay-water ratios from 2.6 to 3.1l. In general, the highest
strengths were obteined with the very coarse and very fine sands, the 31.0
end 120.3 sands (AFA grein fineness numbers) being the strongest, and the
intermediate sizes, 52.4 and 63.7, being the weakest of those tested. This
relation is probably influenced by two factors, the surface area and the
number of grein contacts. The coarse sands heve & relatively small surface
erea as compared to the fine sands so that for a given percentage of clay,
the grains are covered with a thick layer which tends to produce strength.
The fine sands with a large surfece area have a thin layer of clay but
there are a much lerger number of grain contscts which contribute to the
strength.

24, The green permeability curves are collected in Plate 14.
411 the ourves sre similer in shaepe, increasing rapidly to e maximum and
then decreasing approximately as a linear function of the water content.
The maxima occur between two and three per cent weter regardless of send
size. The magnitude of the meximum naturally varies considerably, being
45 for the fine sand and over 470 for the coarse sand.

25. The dry permeebility curves are shown in Plate 15. Here again,
increases in grein size produce corresponding inoreases in dry permeability.
In most cases the permeability increases to a maximum with increase in water
content end is nearly constant with further additions of water.

26. As stated above, dry strength is very low at low moisture con-
tents. It increases rspidly at first and then more gradually as the water
content increases. This is shown by the curves assembled in Plete 16. In
general, the fine sands produce higher strengths. The 120.3 send, for in-
stance, is nearly twice as strong as the 31.0 sand.
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_ 27, Plate 17 shows the effect of sand grain size and moisture con-
tent on the weight of the specimens which is a measurs of the density of
the mixture. The coarge sands (31.0 and 40.6) are the most dense while the
remaining four are so neerly alike that it is diffiocult to draw any con-
clusion regarding them. The shape of the curve is the same for all the
sands with the minime occurring in every case between 2.0 and 2.5 per

cent water.

The Effect of Grain Shape

28. In an effort to determine the effect of grain shape on the
physical properties of molding sends, two sends were tested = one having
angular and the other sub-angular grains. Comparison of these two series
of tests with each other and with the 63.7 sand (Plate 10) failed to show
any differences which could be ettributed directly to grein shape, It is
planned to study this variable further with sultable sands separated by
sieves in order to obtein semples of the seme grain size and distribution
but having different shapes varying from round to anguler.

The Effect of Distribution

29 In order to find the effect of distribution of the base sand
on the properties of a synthetic sand mixture, two sands were prepared
from samples separated in an AFA sieve series. They were mixed to give
one sand very uniform in grein size and one sand widely distributed.
(Teble 1 and Plate 5) The sieve analyses and cumulative curves of these
sends indicete that they are comparable to types normally used in syn-
thetically bonded molding mixes. The slopes of the curves show the dif-
ference in the distribution of the two sands. Although the fineness num=-
bers are not the same it may be seen that both sands have approximately
50% of the grain lerger and 50% smaller than 190 microns and that they are
distributed symmetrically eabout this point. Six batches of each type were
mixed in the usual way and tempered to water contents from 1.2 to 10 per
cent. Plates 18 and 19 show the results of the tests on the two series.
In Plate 20 the green compressive strengths of the two sands are compared,
The distributed send is stronger over the full range of water contents but
distribution has no effect on the shape of the ourve or the position of the
meximum strength with respect to water content. The two sands were about
equelly workeble but the distributed seand appeared to have more resistance
to rubbing off than the uniform sand.

30, Plate 21 compares the green permeabilities, Here again the
curves are elmost identical in shape and position of the maxime with res-
pect to water but the permesbility of the distributed sand is only about
60% of that of the uniform sand,

31 Plate 22 shows & large difference in density between the two
sands, the distributed sand being from 6 to 10 per cent more dense than the
uniform sand, This %g)explainad by the "fitting in" of small grains be-
tween the large ones which reduces the voids and therefore decreases the
permeability. These small grains also increasse green strength by increas-
ing the number of grain contaocts.
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a2, From Plate 23 it is seen that uniformity of grain size in-
creases flowability by about & per cent. Both sands, however, have emple
flowability for all prectical purposes.

33 The dry strengths of these sands are shown in Plate 24. IHere
the distributed sand shows & decided adventage. It is over 50 per cent
stronger than the uniform sand at the same water content, or, to produce
180 pounds per sguere inch dry compressive strength requires 1l per cent
water in the uniform ssnd but only 3.8 per cent in the distributed sand.
Baked specimens of the two sands were equally zood in surface finish but
the distributed send hed more resistance to rubbing off and therefore would
be less apt to wash in a mold.

34, In the past & uniform sand has been thought to be the best base
for a synthetic molding sand. The curves shown here, however, indicate that
e sand which is distributed over several sisves has many points of superior-
ity over the uniform sand.

The Effect of Type of Clay

o 35. © In all the sand mixes tested up to this point bentonite was

! _ used as the bonding clay. ieny other clays, however, are successfully used

: in the production of steel castings, fireclay being one of the most common.
They must, however, be used in larger percenteges than bentonite. Plates

25 and 26 show tests of two series mede with the 63.7 sand and 10 and 20%

of fireclay respectively. It will be seen that the green compressive strength
curves have & shape which is characteristic of firecley and that it varies
somewhat from that produced by similar mixes containing bentonite. The

maxima in the permeability curves occur at much higher water contents than

is the cese with bentonite bonded sands.

36, One of the most interesting differences betwsen the fireclay
and the bentonite bonded sands is in their behavior with respect to the
ebility of moisture to migrate more or less freely from place to place
within the mold. In the bentonite sands this migration is very limited;
that is, if a completely saturated spot is next to a dry spot the mois-
ture distribution remains practically unchanged. This characteristic can
be eesily shown by dropping en equal amount of water on the tops of two
test specimens, one made with bentonite end the other with fireclay, and,
af ter several minutes, cutting them in half vertically. In the bentonite
sand the moisture remains neer the top while in the firecleay bonded sand
it will be found distributed over a large part of the volume. This
property of bentonite leads to rapid surface drying since the surface
moisture is evaporated and is not replaced by moisture from the backing
sand, Wetting egents have been tried in en effort to modify tuis
characteristic of the bentonite but they have not been found to be very
effective. It is possible that clays such as bentonite and fireclay can
be blended to produce a mixture having the desireble properties of both
clays,

37. In order to show how the properties of naturally bonded sands
compare with synthetically bonded sends, a Downer Steel molding sand hav-
ing & fineness number of 52.1 and 10.7% olay was tested (Plate 27).
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38, Plate 28 shows the physical properties of an Illinois clay
kindly furnished by Dr. R. E. Grim of the Illinois State Geological Survey.
Its principal constituent is the clay mineral illite. A similar series,
made with the same sand bonded with bentonite, whose principal constituent
is the clay minersl montmorillonite, was shown in Plate 10. A comparison
of these series shows that the cleys are very similar in effect. The
illite gave approximetely 40% of the green strength produced by montmoril-
lonite. j

39, This is shown more cleerly in Plate 29 which gives strength
curves produced by several clays all of which are mixed with washed
silice sand (AFA fineness 63) except the Downer and Albany., These curves
show the large differences which exist between the various clays and such
an enalysis may provide a means of identification, and evaluation.

40. Plate 31 shows the result of blending two cleys in an effort
to obtain the most desireble propsertiss of both. The middle curve shows
the strength of 10% fireclay in a 63,7 washed silica sand. When two per
cent of the fireclay was replaced with two per cent of bentonite the
strength shown in the top curve was produced. The strength of the mixed
clay is much higher then the sum of the strengths of the two components.
The sand with the mixed clay absorbed water somewhat more readily than
the straight bentonite mix,

The Effect of Cereals

41, The use of cereal binders in molding sends has been the subject
of much discussion. kipst steel foundries use them claiming that they pro-
duce beneficial results. Usually the effect, however, is not stated in
terms of the measurable physical properties of the sand but is described
as an improvement in texture or in the behavior of the sand while it is
being molded.

42, In order to study this subject six mixes were made up contain-
ing O, 1/2, 1, 2, 3, and 5 per cent of a popular and widely used cereal
binder (“Mogul" - Corn Products Refining Compeny). The remainder consisted
of 5 per cent bentonite and enough sand (63.7 AFA fineness) to make up
100 per cent. These materials were mulled dry for one minute, sufficient
water was then sdded to produce 5 per cent moisture, and the mixture was
mulled for five more minutes. The six mixes were tested in the usual way
and the results are shown on Plate 32. The mix without ceresl had good
permeability end excellent flowability but felt wet and adhered slightly
to the hands. The eddition of small percentages of cereal caused the send
to feel much drier. At 1 per cent or more of cereal the sand did not stick
to the hands and seemed stronger. At cereal contents of 2 to 3 per cent,

8 pronounced change in texture was observed. The individual coated

greins united to form small pellets from 1/8 to 1/24 inch in diameter.

At 5 per cent this was still more pronounced. The sand felt dry although
the water content was held approximetely constant, The agglomerated grains
were quite large and the texture of the sand was so stiff that the sand
could not be peacked tightly., While the individuel pellets were very com-
pact, large interstices remained between them even after the sand was
rammed hard,

ugt




43. Plate 32 shows the effect of the cereal binder on the physi-
cal properties of the sand mixtures. Green compressive strength rises
rapidly from 4.4 lbs. per sq. in. without cereal to 8.1 lbs. per sq. in.
with 2.8 per cent cereal and then graduslly decreases. At first glance
it would appear that the cereal binder had approximately doubled the
strength. There is another factor which must be considered, however, The
strength produced in & sand mixture by bentonite varies rapidly with the
water content. When the cereal binder was introduced it ebsorbed part of
the water in the mix and left & smeller amount of water avaeilable to the
bentonite. With less water, the bentonite will produce & higher strengths
This is shown very well in Plate 9. From this it is seen that in a mix
containing the same grade of sand and the same emount of bentonite that &
strength of 4,1 1lbs. per sq., in. was obtained at a water content of 5.0
per cent. When the moisture was reduced, however, the strength increased.
This emounts to 8.2 1lbs. per sq. in. at 1.85 per cent water. This indicates
that the increase in strength is not entirely due to the strength of the
cereal binder but partly to its effect on the emount of water available
to the bentonite. (Another mix discussed below shows the strength of the
same cereal binder used without clay.) It is debatable whether & mix should
contain sand and cley with cereal binder and e moderately high moisture or
whether the cereal should be omitted and less water used. Each method has
its advantages. The omission of the cereal pérmits the reduction of water
but forms & mix which may cause trouble in certain types of work by becom-
ing dry and friaeble on the surfece. Using the cereal forms & mix which
does not appeer to dry out on the surface so rapidly. This mix will feel
about as dry as the one without cereal but will, however, contain more
water,

44, Most of the other properties in this series show the effect
of the agglomeration of the zreins at high cereal contents. Green per=-
meability decreases from 150 to a minimum of 138 at 3 per cent ceresal.
Further additions of cereal cause a remarkasble increase in permeability due
to the voids produced between the pellets. ODry permeebility was very
similar, starting et 179, decreasing to & minimum of 175 at 2 per cent
cereal and then increasing very repidly. At 6 per cent cereal the dry
permeability was so high that it could not be measured because the mercury
leaked through the voids in the specimen.

45, The dry compressive strength was 210 lbs. per sg. in. without
cereal, it increased to about 300 lbs. per sq. in. at 2 per cent cereal end
then decreased rapidly with further additions. This corresponds roughly
with the maximum in green strength. Unlike green strength, this increese
mist be attributed sclely to the cereal binder.

46, Flowability, which was excellent without cereal (83 per cent)
decreassd rapidly with the addition of the cereal. At 5§ per cent cereel
the flowability wes reduced to 56 per cent.

47, The weight of the specimen was nearly constant from O tec 3 per
cent cereal and then the weight decreased rapidly. This indicates in another
way the formetion of voids in the specimen.




48, For the specimens conteining cereal binder the fracture in
compression in the green state was unusual in that it was very slow.
As the load was applied the test oylinder held its cylindrical shape
for a time end then begen to deform slowly into a barrel shape, indicat-
ing a high deformation before the final fracture. The deformation attach-
ment, however, did not show this result as the needle usually started to
recede before the finel fracture occurred. The specimen was barrel-
shaped after fracture with both ends pushed in 1/8 inch or more. Longi-
tudinal cracks due to circumferential tension developed but the spscimen
did not bresk apart as is usually the casge.

49. Since the use of cereal binder with clay exhibited such in-
teresting characteristics, it was thought desirable to investigate the
effects of the material in mixes without clay to determine the strength
which could be attributed directly to the cereasl binder., A series of
mixes was made up containing the same sand (fineness 63.7) and 2 per cent
of the cereal. Water contents were varied from 0.66 per cent to 9.77 per
cent end no olay was used. Plate 33 shows the physical properties of the
series.

50. The mixture was sc weak that it was impossible to measure
green compressive strength at water contents below 2 per cent, The sand
would not hold together. As the water was increesed, the strength in-
creased gradually to 1.47 lbs. per sq. in. at 7 per cent water and then
decreased slightly. This strength is small compared with thet of most
clays. Another interesting point is that the shepe of the green compres-
sive strength curve is different from that of all other series disoussed
in that the high strength which occurs at low moisture contents with clay
present is missing when only cereel binder is used. Green permeability
rises rapidly with increase in water, reaches a maximum of 245 at about
1 per cent water and decreases rapidly at first end then more gradually.
The weight of the specimen, as would be expected, is just the inverse of
the permeability curve. Dry permeability is epproximately proportional
to green permeability in the range tested.

51. The dry compressive strength increeses rapidly to a maximum
of about 800 lbs. per sq. in. at 6.5 per cent water and then decreases.
This is far in excess of the dry strength produced by & comparable mix
containing clay. The dry ocompressive strength curve from Plate 33, for
example, shows a dry strength of 298 1lbs. per sq. in. for & mix contain-
ing § per cent bentonite, 5 per cent waeter, and 2 per cent cereal. From -
Plate 3.3 it is seen that the seme material without clay has e strength
of 700 lbs. per sq. in.
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52, Cumulative curves dreawn from sieve analyses are a convenient
and effective method of showing the characteristics of molding sands.
They show at a glance the size, distribution, clay and silt contents and
any unusual characteristics of the sand being studied.

53, Sand grain size changes the green compressive strength-water
content curve in magnitude but not in shape. The sands of intermediate
sizes (LFA Fineness 50 to 60) are weaker than either the finer or the
goarser sands. Dry compressive strength increases as the grain size de-
creases. The density of the remmed sand is much higher for the very coarse
sands (AFA Fineness 30-40) than for the medium and fine sands.

54, Sands of uniform grain size produce higher green and dry
permeability and flowability than do non-uniform sands. The non-uniform
sand produces higher strength in the green and dry stetes and higher den-
sity in the rammed materisal.

66, Since each of the clays tested produces & green compressive
strength-water content curve which is charecteristic of the oclay, the
shape and magnitude of this curve may provide a msthod of estimating the
mineral constitution of a clay. Each clay would have to be tested at
several water contents with a standard sand and compared with curves of
relatively pure clay minerals also tested with the standard send.

56. Small amounts of bentonite added to sands conteining other
clays give strengths higher than the sum of the strengths of the two
clays tested separately.

57. Bentonite sands dry out on the surface more rapidly than
fireclay bonded sands because the water from the backing sand does not
diffuse into the surface layer as reedily as it does in fireclay bonded
sends.

58, Cereel binder (corn flour type) increamsed green and dry
strength up to 2.5% cereal, but reduced these values as further cereal
was edded. The increase in green strength msy in part be due to the
absorption of water by the cereal, allowing the bentonite to work at a
more efficient clay to water ratio, since the cereal produces very little
green strength when used alone. The use of over 2% of cereal caused the
sand to ball up into small pellets which acted as individusl zrains. This
produced abnormally high permeability, low flowability and soft spots in
the sand.
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TABLE T.

Sieve Analyses of Sands Used in the Investigation.

Percent Sand A Sand B Sand C Sand D Sand E Sand F
Retained Indi- Indi- Indi- Indi- Indi- Indi-
MESH vid. Cumul. wide Cumul. vid. Cumul, vid. Cumul s vid. Cumul. vid, Cumul..
Retained on 6 mesh 0.00 0.00 0,00 0,00 0.00 0,00 0.00 0,00 0,00 0,00 0,00 0.00
" 12 0.20 0,20 0.00 0,00 0,00 0.00 0.00 0,00 0.00 0,00 0,00 0,00
" 20 " 14.80 15.00 0,16 0.16 0.40 0,40 0,14 0.14 0.00 0.00 0,02 0.02
" 30 v 20,44 35.44 b4l 6,60 - 134 1.7 0.44 0,58 0,00 0,00 0,02 0,04
" 40 v 28,14 63,58 27,02 33.62 4L.64 6,38 1.72 2.30 0,02 0,02 0.02 0,06
" 50 " 20.24 83.82 32,62 66.24  16.76 23.14 754 9.84 0.80 0,82 0.02 0,08
" 70 " 13,16 96.98 28.40 94.64 52.34 T75.48  41.50 51.34 @ 16.86 17.68 Q.28 0,36
" 100 n 2.78 99.76 4.86 99,50 23.18 98,66 36,76 88.10 50,70 68.38 14.80 15.16
" 140 v 0.34 100,10 0.50 100.00 1.48 100,14 9.36 97.46 24.60 92,98 42,12 57.28
" 200 n 0.02 100.12 0.06 100.06 0.10 100,24 2,56 100,02 6,00 98,98 33.62 90.90
" 270 n 0,00 100,12 0,00 100.06 0.02 100,26 0.30 100,32 0.90 99.88  6.56 97.46
Ssilt 0,00 100,12 0.00 100,06 0.04 100,30 0.12 100.44 0,34100,22 2.44 99,90
Clay 0,00 100.12 0,00 100.06 0,00 100,30 0.00 100.44 0.00100/22 0,00 99.90
A.F.A. Fineness 31.0 40.6 52.4 63.7 79.8 120.3
Center Crain Size 49/, microns 350 microns 243 microns 210 microns 167 microns 111 microns
Distribution Coef. 2.03 1.67 1.40 1.42 1.40 1.45




Percent Sand G Sand H Sand I Sand J Sand K
Retained Indi- Indi- Indi- Indi- Indi- Indi-
VESH vid. Cumul, wvid. Curmmul vid, Cunmul vide Cumul vid. Cumul vid, Cumul.
Retained on 6 mesh 0,00 0,00 0.06 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0.00
" 12 v 0.00 0,00 0.00 0.00 0.00 0.00 0,02 0,02 0.0 0,00 0.00 0.00
Al 20 o 0.00 0,00 0.80 0.80 0.16 0.16; 0,98 1.00 0,40 0,40 0,58 0.58
" 30 n 0.02 0,02 5.40 6.20 0.38 0,54 6,02 17.02 1,20 1.60 0.58 1.16
" 0 n 0,05 0,07 10,19 16.39 1.30 1,84 24.90 31.92 4eS4 6,14 1,86 3.02
4 5C n 1,00 1,07 13.58 29,97 9.64 11,48 30,20 62.12 9,86 16,00 4.20  7.22
i 70 " 33,74 34.81 14.51 44.48 52,00 63,48 26,82 88,94 27.82 43.82 11.58 18,80
" 140 v 12,42 98.83 15,32 76.80 5.20 08,62 0,82 99.78 Bo44 86,84 14,66  47.10
" 200 n 1.38 100,21 14.75 91.5% 1.30 99.92 0,00 99.78 1.58 88.42 19.82 66,92
" 270 0.03 100.24 7.27 98.82 0.18 100,10 0,00 99,78 0.40 88.82 10,40 "77.32
Clay 0.00 100,25 0,00 100,01 0,00 100,16 0.00 99,78 10,72 100,00 8,64 100,00
A.F.A. Fineness o, 67.7 82.9 58,7 2.1 63.3 134.8
Center Grain Size 192 microns 189 miecrons 221 microns 335 microns 198 microns 101 microns
Distribution Coef. 1.36 3.11 x,32 1.75 1.65 3,02
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12C
12D

12E

Type
of

Clay
Bentonite

Bentomite

Zentonite
"

Lif
"
n

Amount.

of
Clay

Size
-af
Sand

0
w
e

Other

Bonding
Material

Hone

. Welght
Water of
Content  Specimen
1.35 169.0
1,90 165.0
2458 165,0
5451 168,.0
4450 170
5455 173.5
TS 17745
10,32 184,5
1,23 165.0
1.79 161.0
2436 158.0
3445 162.0
4,30 164.0
54l 16645
Tedl 170
9.64 175.0
1,17 156,5
1,70 152,5
. 2,48 151.5
LT 153,.5
4444 156.90
5.29 157.0
7468 161,90
1.3%9 152.5
1,83 149,5
2otk 149,5
3453 1515
4449 1538
5451 155.0
769 159,0
10,01 163.0
1046 158.0
1492 153,5
Redl 153,5
3463 156.0
4,18 157.5
5042 159.5
7499 164.5
10,25 169.0
1,53 156.5
2,02 153.0
2457 151.0
5.50 153.5
4,48 155.5 -

TABLE 2

ZEST RESULTS

47
467
440
370
326
287
224
126

268
313
541
317
287
253
190
135

153
203
212
207
186
173
142

120
145
146
141
133
123
101

82

a1
94
93
90
88
81
6L
45

56
40
44
44
42

. (reen
Oreen Comprassive
Permeability _Stremgth

9,28
11,51
8423
8,70
5,90
5.11
4439
4,00

8459
12,27
8437
6,16
5420
4,54
3489
5e55

6,16
9625
6438
4,92
4.47
3.94
3479

8,31
Be23
6405
4,80
4,21
3.%
3s72
5433

12,11
13,35
7490
5695
5,03
4064

4,15

3.A7

12.36
13.52
10.53
7458
6452

0,0107
0.0191
0,0265
0,0328
0,0391
0,0388
0,0424
0.0391

0,0115
0,0124
0.0196
0,0285
0,0528
040348
0.0367
T 0.0372

04,0096
0.0138
~-0,0210
0,0280
00514
040324
040360

0.M16
040141
0.0195
00264
00304
00,0314
0.03%26
0,0328

0,0111
0.0154
0,N218
0,0293
00344
0.0340
0.0402
0,0585

0.0105
0.0122
0.9171
0.0253
0.0302

Resilience
99.5 -

218
7R
220,0
2310
198,0

186,0
15660

oy
Flowability [Permeability

874
80,8
80,2
81,8
82,5
m.s
85,9
87,0

89,7
85,7
8l.7
83,1
84,0
35.1
86,5
87,0

90,9
86,1
82.5
8342
85‘8
84,2
B5.3

8742
35.1
80,6
82.0
32'4
B4.0
84,2
84.8

89,1
83,65
81,4
82,7
8345
83,7
B85.0

_ B5.6

83.3
g2.8
80.5
80,3
80,1

550

458

R75
275
279
283

173
188
195
185
198
198
133

123
131
137
154
126

40
43
57

60

L]

138.8
168,5
17745

51,6
110.2
139,5
152,1
172.9
2002

69.5
109.4
154.8
180,7
20266
23549
26501

UL I T T I B T |

3%.8
2.7
142.6
195,58

213.9
240 7
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1,65
2047
3427
4,00
5067

156,0
157.0
161,90

152,5
149.5
149.5
151,5
153.2
155,92
159,0
163,0

158,0
153,5
153.5
156,0
15745
159.5
164,5
169.0

156.5
153.0
151.0
153.5
155.5
157.5
162.0
1660

16045
154,5
152,0
155.5
150.5
1650

171.9
166.5
161.0
154.5
170.5
180.5

162.0
161.0
160.0
159.0
161.0
162,0
164.0
170,0

163,5
169,5
170.0
172,0
130,00
189.0

163.0
151.5
158.0
159,90
1G2.0
160.0
173.0

1530
16040
159,0
161,0
162,0
163,7
167,0

186
173
142

120
145
146
11
133
123
101

82

81
94
99

88
81
6l

56
40
44

42
40
34
29

70
a9
102

35
57

39
40

55
45
29

61
m

103
108
108
116

95

57
50
55
S8
62
40

66
108
111
108

g9
112
129

129
151
14

4047
3.9‘
5479

8431
Be23
€403
4480
4.721
3496
3a72
5433

12,11
11,35
7490
5485
5.03
4464
4,15
3437

12.38
13.62
10,53
7.58
6.52
5.88
5,20
4074

420
11.95
10.53

BaT2

4,79

GelB

10465
14.74
11.54
3356
6428
5,93

3,00
S.14
5420
4,65
3.29
2,38
1,72
1,64

15,59
15,16
13,24
9,75
3491
2459

7.10
13.05
15,90

9.07

S.42

5,00

2.45

4.13
4497
5493
2,18
1,53

122

T TN

Ueoia
0.0324
040360

040116
0,0141
0.0195
00204
04,9304
040314
0.0326
0.0328

0,0111
Cl0154
0,0218
040293
0a0544
0.0340
0.0409
0,0308

0.0105
0.0122
0.7171
0.0253
0.0302
2.0302
0.9359
040351

J.0L09
0.0116
0.0157
040231
0.0500
0.0034

0.0134
0.0114
0.0118
0,N135
0,090
0,0233
0.N256
0.0714

2.0100
0.0138

040223 -

0,03510
0.0384
0.0386

0.0123.

0,0137
00,0133
0,0208
0.0261
0.0328
02,0443

0,0112
0,0132
040135
040220
040256
040300

0,0541
N.NRT73

diited
127.8
118,4

9664
117.3
1175
12647
12840
124,53
121,2
109,2

134,58
17447
172,3
171.4
1730
1577
1697
1490

123,7
16642
180,.2
192.0
137.9
178.0
18647
170.0

10063
133.6
16243
132,.1
153.7
141,2

111,8
17245
187.5
1385.5
17343
205.1

41.4
5846
62,4
62.6
62,5
55.5
40.6
35.5

135,8
209.4
295.5
302.0
150.0
100.0

87,3
1788
185,0
189,5
141,53

9.4
108,3

46,2
6546
523
4B8.0
392
58,1
41,6
48,5

84,2
85.3

8742
83,1
8046

o
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23338 88

83,8

%.?

87.0

88,5
B8R

279
283

173
138
193
195
198
198
133

120
129
137

112

172,9
200,2

€9.5
109.4
154,.8
189.1
20246
25549
265,1

432.9
60.1
108.4
12E,3
16€.5

59,9
103.1
160.6
204.7
255.1

13.5
27.5
43,1
47.1
55,5

735

32.3
47.3
65.8
80.1
80.3
173.0

24.8
38,90
4343
63,9
89.0

42,5
637
66.1
98.5
134.0




lom
100
10m
108
10F
105
10H

116
11E

115
1

124
128
12¢
12D
12E

120
12H

Tyve
of

Clay
Bentonite
"

5%

5%

Amount

of

Sand

95%
n

Other
Bonding
Vaterial

Hone

Water

Content,

1,35
1,90
2458
5.51
4,50
5455
Ted
10,30

1.23
1.79
2436
Ge45
4030
Sedl

Specimen

169.0
165,0
165.0
16840
171,0
175,5
177.5
184,5

165.0
1610
158,0
162.0
164.0
166.5
1710
175.0

15645
152,5
151.5
155.5
156,90
157.0
161.0

152.5
149,5
149,5
151,5
153.2
155.0
15940
163,0

158,00
15345
153.5
156,0
1575
159,.5
164.5
169.0

156.5
153.0
151.0
153.5
155.5
157.5
162.0
166.0

TEST RESULTS

Oreean
Parmeability

417
467
440
370
326
287
224
126

268
513
341
317
287
253
150
135

153
205
212
207
136
173
142

120
145
146
141
133
123
101

82

36
40
44

42
40

29

Oreen

Compreaaive
Strength

9,28
11,31
8425
6o70
5,90
Sell
4,39
4,00

8,59

4,47
3,29

Be31
Be23
6405
4,80
4,21
3496
3472
3433

12,11
11,35
?.%
5485
5.05
4064
4,15
3487

12.36
13.62
10,53
7.58
6,52
5.88
5.20
4.4

Dry

Deformatfon Resilience Flowability Permeability
0,0107 99,5 B7+4 =
0,0191 zls:g B0.8 550
0.0265 218 80,2 550
0,0328 22040 81.8 550
0,0391 231,0 82,5 550
0,0388 19840 843 550
0,0424 1860 8549 550
0,039 156,40 87.0 525
0,0115 98,8 89,7 e
0.0124 152,40 85,7 576
0.0196 16440 81,7 467
0.0285 17565 83,1 487
0,0%28 1706 84,0 458
0,0%48 158,0 B5.1 467
0.0%67 142.8 86,5 440
© 0,0372 132,0 87,0 440
00096 59,1 90,9 -
0.0138 1277 86,1 228
-0,0210 134,.0 82,5 284
0.0280 137,68 8342 275
0.0314 140.3 83,8 275
0.,0324 127.8 84,2 279
0,0360 118,4 8545 283
00116 96 04 B7.2 =
0.0141 11743 83,1 173
0.0195 117.5 8046 188
0,0264 12647 B240 193
040304 128,0 8244 195
0.0314 124,3 84,0 198
0,0326 121.2 84,2 198
0,0328 109,2 8448 193
0,0111 134,46 89,1 =
0,0154 17447 8345 120
0.0218 172,53 8l.4 129
0,0293 171.4 82,7 131
0,054 17540 B3.5 137
0.0340 1577 83,7 134
0.0409 169.7 85,0 126
00385 149.0 _ B5.6 116
0.0105 129,7 83.3 40
0.0122 166.2 82.8 48
0.0171 180.2 80.5 57
0.0253 192.0 80.3 50
0,0%02 137,90 0.1 60
2.0302 178,0 0.6 58
0,0359 186,7 2.6 58
0.0351 170.0 82.8 52

Dry
Compressive
_Strength

82,0
111.5
126.1
15004
135.5
145.1
169,09

6641
1065
127.4
132.6
138,8
168,95
17745

51.6
110.2
139,5
152,1
172.9
200.2

69,5
1094
154,.8
180,7
202.6
235.9
2651
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