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ABSTRACT 

Synthetically bonded steel molding sands were st udied to find 
the effect of changes i n sand grain size , size f r equency distribution and 
grain shape on the physi cal properties of t he mixtures . Several clays 
were tested and the i r green compressive strengths compared. The clays 
varied considerably in strength and each clay had a green strength-water 
content curve which was oharaoteristio of the clay . A widely used cereal 
binder of the corn flour type was studied i n mixes with bentonite and 
in c i ay free mixes . 



AUTHORIZATION 

1. The studies in steel casting research were originally. authorized 
by Bureau of Engineering letter QP/Ce.stings (6-19-Ds) of 13 July 1928. 
Previous research and development on molding sands used in making steel 
castings have been presented in reports I~l435 of 25 March 1938 • .M-1478 
of 22 September 1938, and M-1590 of 12 February 1940. 

K.i.~OWN 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 t~ 
measure accurately the properties of molding sands. Such work has been 
sponsored i n this country since 1918 by the American Foundrymen's Associa­
tion. In 1923 and '24 the permeability test was developed and adopted as 
a tentative standard method. In 1925 some of the early compressive streng(Y) 
tests Vfe~e me.de and s~me interesting work on them has been done by Dietert , 
Hansen~2J and Adams(3J . - -Prior to this time practically all molding sand& -
were naturally bonded. That is, the sand and ,clay which they contained 
were combined in the proportions found in nat~re. 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 many 
but they al l lead to the same end; they reduce the cost of the castings, 
The materials used ere readily available while good natural sends are some­
times hard to obtain. Synthetically bonded sands are easy to control and 
when properly used they peel well and produce olean, smooth, casting sur­
faces which reduces cleaning costs. Grain size and fines are very easily 
controlled. There is little or no spent sand to haul awe.y . The first 
cost is sometimes higher than that of natural sands but the durability of 
the synthetically bonded sands is so much greater that the oost per unit 
of finished castings is less. Synthetic sands are well adapted to use in 
modern molding machines and continuous production systems. The physical 
properties can be adjusted to produce all classes of work with one or two 
base sands whereas it is necessary to maintain large stocks of several 
natural sands to meet the varied needs of the foundry. , 

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

5. Since sand strength varies rapidly with both bentonite and 
water content, it is the usual practice to decide on values of green com­
pressive strength and water content whioh are appropriate f9r the type of 



castings being produced. Plotting these values on the greph locates a 
point. The position of the point with respect to the bentoni te ourves 
indicates how much bentonite is required to produce the desirei strength • 
. In heap or used sands where the strength of some of the bentonite is 
destroyed., it must be replaced if the properties of the sand are to be 
me.inte.ined constant. This is accomplished by making routine tests for 
green compressive strength and water content. Plotting these values on 
the graph 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 curV'es 
as Plate 1 with an additional set superimposed. The additional curves 
were derived from the dry compressive strength. In this manner it is 
possible to show the interrelation among the four variables ., i.e., water 
and bentoni te contents ., and green and dry compressive strengths. When 
any two of these are known., the other two may be found from the graph. 

7 . It is clear that these statements apply only to the sand and - --· 
bentonite used for the tests. Other sands and ot~er clays will give some­
what different results but the general character of the curves would be 
the same . It is a simple procedure to establish similar curves for any 
combination of sand and clay and 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 variations 
in sand grain size, size frequency distribution, grain shape and type of 
clay. Information is needed also on cereal binders and their possible 
effect in controlling the tendency of bentonite bonded sands to dry ou~ on 
the surface. Naturally bonded sands or washed sands bonded with fire ~lay 
do not exhibit this tendency . It might be poss~ble to reduce surface dry­
ing by mixing other clays with bentonite. Griml4) has reported that clays 
such ~s kaolinite or illite containing small amounts of montmorillonite 
have a strength out of all proportion to 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 dr ying. 

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 synthetically bonded steel molding 
sands . 

METHODS USED IN THE INVESTIGATION 

9. The sand testing methods used in this investigation are those 
recommended by the American Foundrymen•s Associat ion and given in the 1938 
Edition of their handbook "Testing and Grading Foundry Sands and Clays. 
Standards and Tentative Ste.nde.rds~" 



. 
10. Test batches were made up so that the total weight of the dry 

materials was 2000 gram~. Clay, cereal binder and sand contents are re­
p9rted on the basis of this dry weight. The dry materials were placed in 
e. Simpson 1811 laboratory muller and mixed dry for o~e minute. Water was 
then added and mix_ing continued for. five minutes longer. The batch was 
qumped into a clean pail and. transferred to half-gallon glass jars which 
were immediately tightly sealed. The sand was allowed to temper in the 
sealed jars for at least 24 ho~rs. ~t the end of this time the sand was 
removed, passed quickly through a 1/4 inch sieve and returned to the jar. 
100 grams of sand were then weighed out into a glass crystallizing dish 
for a moisture test. The sample was dried to constant weight in an oven 
at 105 to ll0°C. cooled to room temperature in a desiccator and re-.eighed. 
The loss of weight in grams was taken as the water content. It should be 
noted that the water content is based on total or. wet weight and the per• 
centages of dry materials on the dry weight. 

11. In order to avoid variations due to the effects of temperature 
and humidity, a series of from 6 to 8 batches was made up at one time and 
allowed to temper. - They were then opened, screened and tested one at a 
time in as rapid succession as possible. This

1
prooedure 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 me.de as well as 
tests for flowe.bility, deformation and resilience. A careful check was 
kept on the amount of sand necessary to produce a test specimen exactly 
two inches long and this was recorded as weight of specimen. Since the 
volume is constant, this is also a measure of the density of the rammed 
mixture . 

13. Briefly the testing procedure was as follows: A weighed 
amount of sand was placed in a steei tube with an inside die.meter of two 
inches. This was placed in the usual ramming device consisting of a 
plunger and a weight. The weight was raised and dropped three times. If 
the length of the test cylinder was 2 inches+ l/32 inch, it was used, 
but if it was not within this limit, it was discarded and another specimen 
was made using an amount of sand corrected to produce a 2 inch long cylinder. 
The permeability of the rammed specimen was determined by tneans of a Dietert 
permeability apparatus. The orifice method was used for a ll tests after 
it had been found to be in agreement with the stop watch method. A Dietert 
hand operated pendulum type testing me.chine was used for me.king the green 
compression, deformation, and resilience tests . Specimens for the dry 
permeability and compression tests were be.Jed in a Dietert core oven, 
between 105 and ll0°C. for at least two hours. This oven is provided with 
forced ventilation, a rote.ting table and thermostatic control. The 
specinens were kept in a desiccator until they were tested. Dry permeability 
was measured by means of a speoial dry permeability tube wi th 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 was 
measured on the Dietert me.chine with the high strength attachment or, for 
very strong specimens, on a large Southwark~Emery testing machine. 



14. Although sand sizes are expressed in A.F.A. fineness num.be~s 
throughout this report it is quite instructive to plot and compare them on 
the basis of their oumqlative sieve analyses. Differences in si~e. dis­
tribution, clay and silt content as well as any unusual or e.bnor_mal o}J.ar• 
aoteristics qf the sand are easily seen from the cumulative curv-e,. The 
Tyler Method ~5) with slight modifications was used for this purpos~. First, 
the sands were s i eved thru a set of Tyler 8 inch sieves. The cumulative 
percentages retained on the various sieves were then plotted as a function 
of the openings of the sieves in millimeters on a logarithmic soale. The 
resulting curves are shown in plates 4 to 6. The point where the cumu­
lative curve crosses the 5~! 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 same way the diameters at 25% and 75% retained were 
found. The larger diameter divided by the smaller is oalle~ nDistribution 
Coefficient. 11 

15. Two-cycle semi-logarithmic graph paper was used although•~ 
semi-log paper will be satisfactory if the scales ar, appr.Qpriate • .. Three• 
cycle paper is especi ally suited to the molding gre.ve·ls and naturally 
bonded molding sands while the two cycle is usµally · ample for the syn­
thetically bonded sands. Placing the paper so that the '1ogarithmio see.le 
decreases to the right, the end of the last cyole is given th~ value of 
O.Ol mm. The suocessive oyoles to the left will then be O.l and l mm. 
respectively . The sizes in millimeters of the openings of the sieves 
are then marked on this see.le and labeled with the mesh numbers of the 
sieves. The linear ~cale of per oent retained is mad,e on the left hand 
diargin e.nd the sieve analyses are then plotted e.s cumulative ourves. 
To illustrate with an example, the 63.7 (A.F.A, fineness) sand was 
tested for finehess end plotted on Plate 4 . The curve was ·round to cross 
the 25, 50 and 7,5 per cent retained line e.t o .250, 0 . 210, and 0.176 milli­
metet-s, respectivdy. 'l'he "center grain size" is ' therefore 0.210 mm~ or 
210 microns (mio~ons • millimeters x JOOO) and the "distribution ooeffi­
oient'' is 

0,260 = 
o ... l1s 1.42 

Ktumbein (6) has d:tsoussed the e.d:vantages of cumulative curves over size 
tt-equenoy curves. F¢r the fou.ndryman the most. important advantages are: 

l. Any sieves may. be used .r-ega-rd,)ess of the size. interval, 
or make, so long -as ·ttie site of the openings is known and 
is appro,pr"iate tot the .material being tested. 

2. As few or as many sieves as d~sired may be used. Four or 
five '1¥.y be- ample fer ro~~ine work while twenty or thirty 
may be use~ for &xtr~ma. ~ooure.oy, 

3. All sieve ·anatyse-s plotte4 in this v,ay are oompe.re.ble. 
American sands separated on either Tyler or U. s. Standard 
sieves may be oompe.red with British or Continental sands. 

- 4·- -



MATERIALS USED IN THE INVESTIGATION 

16. Sieve analyses and cumulative curves of the sands used are 
shown in Table 1, and plates 4 to 6, inclusive. Sands A to F, inclusive, 
are washed silica sands with rounded grains ~11 of which have approximately 
the same distribution but vary in size. These sands were used in the study 
of the effect or grain size on the phys~cal properties of the mixture. 

17. Sands G and Hare also washed silica with rounded grains. 
These are of about the same average size but differ widely in distribution, 
sand G having grains of a very uniform size and sand H having grains of 
many sizes~ 

18. Sand I is a -washed silica sand but has sub-angular instead of 
rounded grains. Sand J is a beach sand from Cape ·Henry and has angular 
grains. 

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

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

DATA OBTAINED 

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

21. Each of the six sands, A to F. inclusive, in Table l was 
used as the base sand for a series of mixtures. Ea.oh series contained 
5% bentonite with moisture varying between 1 and 10 per cent. The physi­
cal properties of each mix were measurei as described above and the results 
are shown on Plates 7 to 12, inclusive. As can be seen from these plates, 
ea.oh property of the sand varies'with water content. Because of the 
similarity of the characteristic curves showing variations in physical 
property as a function of water content, it _is only necessary to discuss 
one set of curves in detail. Plate 10 was selected for this purpose 
because these mixes contain sand of a size (A,F.A. fineness 63.7) which is 
very commonly used. The batoh containing 1.17% water was so dry and 
powdery that it was very difficult to work and was definitely too dry for 
molding purposes. In this moist~e range the sand has 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 batch the water was 
increased to l. 70 per cent. The increase in we. ter "opened up11 the sand and 
caused a larg~ increase in permeability with a corresponding decrease in 
weight. The green strength was also increased from 6,16 to 9.25 lbs. per 
sq. in, The third batch contained- 2.48 per cent water which produced a 
small increase in permeability and a large decrease in strength, the 



weight being slightly reduced. Further .increases in water content in• 
creased weight and decreased green compressive strength and green permea­
bility. The position of the maximum and minirm.un points of the va'rious 
curves change with different sands but their general shape is about the 
same for all the sands which were studied. 

22. Flowability. deformation. and resilience curves also are shown. 
but so far they have been of very little assistance in controlling the sand. 
A minimum flowa.bility of 82.5 per cent is indicated at 2.5 per. Qent water. 
This is well above the amount needed for satisfactory moldingl7J. Deforma­
tion and resilience values are erratic although in general they increase 
with increase in water content . Dry permeability for any given mix is 
always higher than green permeability. At low moisture oontents the dif­
ference is small and increase13 in proportion to the increase in moisture. 
Dry compressive stre:Qgth increases rapidly with water content up to about 
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 sand grain 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 sand size on green compressive s trength. This set of curves 
shows clearly the remB.rkable similarity in the shape of the strength curves 
for different sands. The maximum strength occurs in each case between the 
limits of 1,6 e.nd l.9 per cent water. Since 6 per cent bentonite was used. 
this gives clay-water ratios from 2.6 to 3.1. In general, the highest 
strengths were obtained with the very coarse and very fine sands, the :n.o 
and 120,3 sands (AFA grain 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 grain contacts. The coarse sands have a relatively small surface 
e.ree. 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 surfe.oe area have a thin layer of clay but 
there are a much larger number of grain contacts which contribute to the 
strength. 

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

25. The dry permeability curves are shown in Plate 15. llere again, 
increases in grain size produce •corresponding inoreases in dry permeability. 
In most oases the permeability increases to a maximum with increase in water 
content and is nearly constant with further additions of water. 

26. As stated above. dry strength is very low at low moisture con• 
tents. It increases rapidly at first e.nd then more gradually as the water 
content increases. This is shown by the curves assembled in Plate 16. In 
general, the fine sands produce higher strengths. The 120.3 sand. for in­
stance, is nearly twice as strong as the 31,0 sand. 



. 27. Plate 17 shows the effect of sand grain size and m::>isture con• 
tent on the weight of the specimens whioh is a measure or the density of 
the mixture. The coarae sands (31. 0 and 40.6) are the most dense while the 
remaining four are so nearly alike the.tit is diffi cult to draw any con­
clusion regarding them. The shape or the ourve is the same for all the 
sands with the minima ooourring in every oase between 2,0 and 2.5 per 
cent water . 

The Effeot or Grain Shape 

28. In an ef fort to determine the effect or grain shape on the 
physical properties or molding sands. two sands were tested - one having 
angular and the other sub-angular grains. Comparison or these two series 
of tests with each ot her and with the 63.7 sand (Plate 10) failed to show 
any differences which could be attributed directly to grain shape . It is 
planned to study t~is variable further with suitabl e sands separated by 
sieves in order to obtain samples of the same grain size and distribution 
but having diff erent shapes varying from round to angular. 

The Effect of Dist:rj.bution -· 

29, In order to find the eff-ect or distribution or the base sand 
on the properties of a synthetic sand mixture. two sands were prepared 
from samples separated in an APA sieve series. They were mixed to give 
one sand very uniform in grain size and one sand widely distributed. 
(Table 1 and Plate 5) The sieve analyses and cumulative curves of these 
sands indicate that they are comparable to types normally used in syn­
t hetically bonded mol ding mixes. The slopes or the ourves show the dif­
ference in the distr i bution or the two sands , Although the fineness num• 
bers are not the same it may be seen that both sands have approximately 
So% of the grain larger and 6o% smaller than 190 microns and that they are 
distributed symmetrically about this point. Six batches of es.oh 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 or the two sands are compared, 
The di stributed sand is stronger over the full range of water contents but 
distribution has no effect on the sh.ape of the ourve or the position of the 
maximum strength with respect to water content . The two sands were about 
equally workable but the distributed sand appeared to have more resistance 
to rubbing off t han t he uniform sand. 

30. Plate 21 compares the green permeabili ties. Here again the 
curves are almost identical in shape and position of the maxima with res• 
pect t o wat er but the per meability of the distribut ed sand is only about 
60% of that or the uniform sand. 

31, Plate 22 shows a large difference in density between the two 
sands. the distributed sand being f r om 6 to 10 per cent more dense than the 
uniform sand~ This ~a )explained by the 11fi tting i n" of small grains be• 
tween the large ones \~ which reduces the voids and therefore decreases the 
permeability, These small grains also increase green &trength by increas­
ing the number of grain contaots. 



32. From Plate 23 it is seen that uniformity of grain size. in-
creases flowability by about 5 per cent. Both sands, however, have ample 
flowability for all practical purposes. 

33. The dry strengths of these sands are shown in Plate 24. Here 
the distributed sand shows a decided advantage. It is over 50 per oent 
stronger than the uniform sand e.t the same wat er content, or , to produce 
180 pounds per square inch dry compressive strength requires 11 per cent 
water in the uniform sand but only 3.8 per oent in the distributed sand. 
Baked specimens of the two sands were equally good in surface finish but 
the disu-ibuted sand had more r ·esiste.nce to rubbing off and therefore would 
be less apt to ~ash in a mold. 

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

The Effect of Type of Clay 

35. In all the sand mixes tested up to this point bentonite was 
used as the bonding clay. Vs.ny other clays, ~owever, are successfully used 
in the production of steel castings, fireclay being one of the most common. 
They must, however, be used in larger percentages than bentonite. Plates 
25 and 26 show tests of two series made with the 63.7 sand and 10 and 20% 
of fireclay respectively. It will be seen that the green compressive strength 
curves have a shape which is characteristic of fireclay and that it varies 
somewhat from that produced by similar mixes containing bentonite. The 
me.xin:e. in the permeability curves occur at much higher water contents than 
is the case with bentonite bonded sands. 

36. One of the most interestinb differences between the fireclay 
and the bent onite bonded sands is in their behavior with respect to the 
ability 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 easily shown by dropping an equal amount of water on the tops of two 
test specimens, one made with bentonite and the other with fireolay, and, 
after several minutes, cutting them in half vert ically . In the bentonite 
sand the moi sture remains near the top while in the fireclay 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. Wett i ng agents have been tried in an effort to modify tuis 
characterist ic of the bentonite but they have not been found to be very 
effective. It is possible that ole.ys such as bentonite and fireclay can 
be blended to produce a mixture having the desirable properties of both 
clays. 

37. In order to show how the properties of natural ly bonded sands 
compare with synthetically bonded sands, a Do~'Iler Steel molding sand hav­
ing a fineness number of 62.l and 10.7% olay was tested (Plate 27). 

- 8 -



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 prinoipal constituent is the olay mineral illite. A similar series. 
made with the same sand bonded with bentonite, whose principal constituent 
is the clay mineral montmorillonite. was shown in rlate 10. A comparison 
of these series shows that the clays are very similar in effect. The 
illite gave approxims.'tely 40% of the green strength produced by montmoril-
lonite. · 

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

40. Plate 31 shows the result of blending two .clays in an effort 
t o obtain the most desiz:e.bl,e properties of both. The middle curve shows 
t he strength of lo% fireclay in a 63.7 washed silica sand. When two per 
cent of the firecle.y was replaced with two per cent of bentonite the 
strength shown i n the top curve was produced •. The str ength of the mixed 
clay is much higher than the sum of the strengths of the two components. 
The sand with the mixed clay absorbed water somewhat more readily than 
t he straight bentonite mix, 

The Effect of Cereal s 

41. The use of cereal binders in molding sands has been the subject 
of much d i scussion. Most steel foundries use them claiming that they pro­
duce beneficial results. Usually the effect. however. is not stated in 
t erms of the measurable physical properties of the sand but is described 
as an improvement i n 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 oonta.in• 
i ng 0# 1/2. 1. 21 3. and 5 per cent of a popul ar and widely used cereal 
binder_ ("Moguln • Corn Products Refining Company). 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 added to produce 5 per cent moi sture. and the mixture was 
mulled for f ive more minutes. The six mixes were tested in the usual way 
and the results are shown on Plate 32. The mix without cereal had good 
permeability and excellent flowe.bility but fe l t wet and adhered slightly 
to the hands, The addition of small percentages of cereal caused the sand 
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 content's of 2 to 3 per cent# 
a pronounced change in texture was observed. The individual coated 
grains united to form small pellets from 1/8 t o 1/4 inch i~ diameter. 
At 5 per cent this was still more pronounced. The sand felt dry although 
the water content was held approxime.tely const ant. The agglomerated grains 
were quite large and the texture of the sand was 10 stiff that the sand 
could not be packed tightly. ~'hile the indivi d~al pellets were very com­
pact. large intersti ces remained between them even after the sand was 
rammed hard. 



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 l bs. per sq. in. 
with 2.5 per cent cereal and then gradually decreases. At first glance 
it would appear that the cereal binder had approxirr6tely doubled the 
strength. There is another factor which must be considered. however. The 
strength produced in a sand mixture by bentonite varies rapidly with the 
water content. Y,ben the cereal binder was introduced it a~sorbed par t of 
t he water i n the mix and left a small er amount of water available to the 
bentonite. With less water. the bentonite will produce a higher strength. 
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 amount of bentonite that a 
strength of 4,1 lbs, per sq. in. was obtained at a water content of 5 ,0 
per cent. When the moisture was reduced. however. the strength increased. 
This amounts to 8.2 l bs. 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 amount of wat er available 
to the bentonite. (Another mix discussed below shows the strength of the 
same cereal binder used without clay.) It is debatable whether a mix should 
contain sand and clay with cereal binder and a moderately high moisture or 
whether the cereal should be omitted and less water used. Each method has 
its advantages . The omission of the cereal pe'rmits the reduction of water 
but forms a mix which ma.y cause trouble in certain types of work by becom­
ing dry and friable on the surface. Us ing the cereal forms a mix which 
does not appeP-r to dry ·out on the surface so rapidly. This mix will feel 
a.bout 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 pf the 6rains at high cereal. contents. Green per­
meability decreases from 150 to a minimum of 158 at 3 per cent cereal. 
Further addi tions of cereal cause a remarkable increase in permeability due 
to the void•s produced between the pellets. Dry permeability was very 
similar. starting at 179, decreasing to a minimum of 175 at 2 per oent 
cereal and then increasing very rapidly. 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 sq, in. without 
cereal. i t i ncreased to about 300 lbs. per sq. in. at 2 per cent cereal and 
then decreased rapidly with further additions . This corresponds roughly 
with the maximum in green strength, Unlike green strength, this increase 
must be attr ibuted solely to the cereal binder. 

46. Flowe.bility, which was excellent without cereal (83 per cent) 
decreased rapidly with the addition of the cereal. At 5 per oent cereal 
the flowabil ity was reduced to 56 per cent. 

47. The weight of the specimen was nearly constant from 0 to 3 per 
cent cereal and then the weight decreased rapidly. This indicates in another 
way the formation of voids in the specimen. 
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48 . For the specimens containing cereal binder the fracture in 
compression in the gr een state was unusual in that it was very slow. 
As the load was appl i ed the test cylinder held its cylindrical shape 
'for a time and then began to defor m slowly into a barrel shape, indicat• 
ing a high def'ormtion before the final fractur e . The def'ormat.ion e.tte.oh­
ment , however, did not show this result as the needle usually started to 
r ecede before the final fracture occurred. The S)?ecimen was barrel­
shaped after fracture with both ends pushed in 1/8 inch or more. Lo!lgi­
t udinal cracks due to circumferential tension developed but t he specimen 
did not break ape.rt e.s is usually the case. 

49. Since t he use of cereal binder with clay exhibit ed such in-
teresting characteristics, it was thought desirable to i nvestigate the 
effects of the material in mixes without clay to determine the strength 
which could be attributed directly to the cereal 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 and no olay was used. ?late 33 shows the peysical properties of the 
series • ... 

50. The mixture was so weak that it ~ s impossible t o measure 
green compressive strength at water contents below 2 per cent. The sand 
would not hold together . As the we.ter was increased, the st rength in­
creased gradually to 1.47 lbs. per sq. in. at 7 per cent water and then 
decree.sad slightly. This strength is small compared with t hat of most 
clays. Another interesting point is that the shape of the green compres­
sive strength curve is different from that of all other series discussed 
in that the high strength which occurs at low moisture cont ents with clay 
present is missing when only cereal binder is used . Green permeability 
rises rapidly with increase in water~ reaches a maximum of 245 at about 
l per cent water and decreases rapidly at first e.nd then more gradually. 
The weight of the specimen, as would be expected, is just t he inverse of 
t he permeabi lity curve. Dry permeability is approximately proportional 
t o green permeability in the range tested. 

51. The dry compressive strength increases rapidly toe. maximum 
of about 800 lbs . per sq. in. at 6. 6 per cent water and then decreases. 
This is far in excess of the dry strength produced by a comparable mix 
containing clay. The dry oompressive strength curve from Plate 32, for 
example, shows a dry strength of 298 lbs. per sq. in. for a mix contain­
ing 5 per cent bentonite, 5 per cent water, and 2 per cent cereal . From 
Plate 3.3 it is seen t hat the same material 1,vithout clay has a. strength 
of 700 lbs . per sq. in. 
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SUMMARY 

52. Cumulative curves dravm from sieve analyses are a convenient 
~nd effective method of showing the characteristics of molding sands. 
They show at a glance the size, distribution; clay and silt contents and 
any unusual character i stics of the sand being studied. 

53 . Sand grai n size changes the green compressi ve strength-water 
content curve in magnitude but not in shape. The sands of intermediate 
sizes (AFA Fineness 50 to 60) are weaker than either the finer or the 
coarser sands. Dry compressive strength increases as the grain size de­
creases . The density of the rammed sand is muoh hi;her 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 states and higher den­
~ity in the rammed .material . 

55 . Since each of the clays tested produces a green compressive 
strength-water content curve which is characteristic of the clay, the 
shape and magnitude of this curve may provide a; method of estimating t he 
mineral constitution of a clay. Each clay would have to be tested at 
several water contents with a standard sand _and compared with ourves of 
relatively pure clay minerals also tested with t he standard sand . 

56 . Small amounts of bentonite added to sands containing other 
olays give strengths higher than the sum of the strengths of t he two 
clays tested separate ly. 

57 . ~entonite sands dry out on the surf ace more rapidly than 
fireclay bonded sands because the water from the backing sand does not 
diffuse into the surface layer as ree.dil:t as it does in fireclay bonded 
sands. 

58. Cereal binder (corn f l our type) inc reased green and dry 
strength up to 2. 5% cereal. but r educed these values as furt her cereal 
was added. The increase in green strength may 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 a s individual grains. This 
produced abnormally h i gh permeability, low flowa.bility and soft spots in 
the sand. 
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TABLE I. 

Sieve Analyses of Sands Used in the Investigation. 

Percent Sand A Saad B Sand C Sand D Sand E Sand F 
Retained Indi- Indi- Indi- Indi- Indi- Indi-

MESH vid. Cumul. vid. Cumul., vid. Cumul. vid . Cumule vid. Cumul. vid. Cumul~ 

Retained on 6 mesh o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.:_oo 
II 12 II 0.20 0. 20 o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo . o. oo 
ti 20 ff 14. so 15.00 0.16 0.16 0.40 0.40 0.14 0.14 o.oo o.oo 0.02 0 .,_02 
II JO II 20. 44 J5 . 44 6. 44 6.60 1.34 1.74 0.44 0 .. 58 o.oo o •. oo 0 . 02 0.04 
II 40 II 28.14 63. 58 27.02 33.62 4.64 6. 38 ,1.72 2. 30 0. 02 0.02 0.02 O..o6 -
It 50 II 20.24 83. 82 32.62 66.24 16.76 23.14 ? . 54 9. 84 0 . 80 o.82 0.02 0.08 
If 70 II 13.16 96. 98 28. 40 94.64 52. 34 75.48 41. 50 51. 34 16. 86 17. 68 · Q;28 0 ... 36 
It 100 II 2. 78 99.76 4. 86 0 9.50 23.18 98. 66 36.76 88.10 50. 70 68. 38 14.80 15~ 
" 140 11 0. 34 100.10 0.50 100.00 1.48 100.14 9.36 9?.46 24.60 92.98 42. 12 57. 2e 
II 200 II 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 II o.oo 100.12 o. oo 100.06 0 .. 02 100. 26 0. 30 100. 32 0.90 99. 88 6. 56 97.46 
Silt o.oo 100.12 o.oo 100. 06 o.o,.._ 100.30 0.12 100.44 0.34100.22 2.44 99.<}0 
C1ay o.oo 100.12 o. oo 100.06 o.oo 100.30 o.oo 100. 44 0 . 00100122 o •. oo 99.98 .. 

A.F.A. Fineness 31. 0 40. 6 52. 4 63.7 79. 8 120.-3 

Center Grain Size 494 microns 350 microns 243 microns . 210 micr ons 167 microns 111 mi crons 

Distribution Coef. 2.03 1. 67 1.40 1. 42 1. 40 1.45 



TARLE I (Concl.uded) 

Percent Sand G Sand H ')and I Sand J Sand K'- Sand 'L 
Retained Indi- Indi- Indi- Indi- Indi- Indi-

MESH vid. Cmnul . vid. Cumul vid. Cumul vid. Cumul vid. Cumul vid. Cumul •. 

Retained on 6 mesh o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo O~OCl 

" 12 II 0.00 o.oo o •. oo 0.00 o.oo o.oo 0.02 0.02 o.oo o.oo o.oo 0~00 
" 20 II o.oo o.oo o.so 0.80 0.16 0.16 0.98 1.00 0.40 0.40 0.58 0.-58 
II JO II 0. 02 0.02 5. 40 6.20 O. J8 0. 54 6.02 7.02 1. 20 1. 60 0.58 1.16 
II 40 II 0.05 0. 07 10.19 16. J9 l.JQ · 1.84 24.90 31.92 4~54 6.14 1. 86 J •. 02 
II 50 II 1. 00 1. 07 lJ.58 29 • .97 9.64 11.48 J0.20 62.12 9. 86 16.00 4.20 · 7·.22 
II 70 II 33. 74 34. 81 14. 51 44.48 52·.00 63. 48 26. 82 88.94 27 •. 82 4.3.82 11.58 18.80· 
fl 100 II 51.60 86./41 17.00 61.48 29.,94 93. 42 10.02 98..,96 31.-58 78. 40 lJ. 64 32.44 
" 140 II 12.a 98. SJ 15 • .32 76. 80 5.20 98 .. 62· 0 •. 82· 99· •. ?8 . 8.44: 86 .. 84 14. 66 47-10 
II 200 ti 1.38 100. 21 14.75 91 • .55 l.JO 99.92 o.oo 99.78, 1.58 88. 42 l9.S2 66.92 
tt 270 " O.OJ 100:24 7.27 98. 82 0 .. 18 100 .. 10 o.oo 99. 78 0.40 88.82· 10.40 77.32 

Silt 0. 01100.25 1.19 100. 01 0. 06 100. 16 0.00 99.?8 0~46 89.38 14.04 91 • .36 
Cl~ o.oo 100.25 o.oo 100.01 o.oo 100.16 o.oo 99.78 10. ?2 100. 00 8 .. 64 · 100. 00 

A.F.A. Fineness r o. 67.? 82.9 58/0'7 42.1 6J.J 134. 8 

Center Grain Size 192 microns 189 mi crons 221 microns 335 mic~ons 198 mj_crons 101 microns 

Distribution Coef. 1.36 J.11 1.32 1.75 1.65 J.02 
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TEST RESULTS ,.r~-; 
'' ------ --··-·· ;... --~ -~· 

······-· --
No. Type Amount S1:1.e Amount ot.>ier ·- ]'eigM,_ ·--•-·--- ··-- --ONen-... -- -- -- -----------~- ---··------ Dry -', 

- of - ·· u-r - of .o.t of Bonding Water or Oreal -~aifl 'DrT C<npNelfiff 

Mix ~ ...fil!!.l.. Sand Sand Material content 3pec1Mg Pemeabilltz 3trenitl\ ~tfon JtesiUenoe P'lowabil1t7 Pel"IIIClabilitz ~ ~;~?~· i;- : ,.;. 
7A Bentonite 5% 51.0 95% None 1.55 169.0 417 9.28 0.0101 99,S 87.4 - .,. __ . - ·;,,:. 

7B n " n n 1. 90 16S.O 467 11.:11 O.Ol.91 m:g 80.8 550 82.0 
7C " ti " ti n 2.53 16s.o 440 0.2s 0.026S 218. 80.2 550 lll.5 
7!) " ti II n 5.51 168,0 370 6.70 0,0528 2ZQ.O 81.8 550 126.1 

7E II ti ti 4,50 111.0 526 5,90 o.o59i 231.0 82,5 sso 150.4 

7F " " " ti 5.ss 173.5 287 5,11 0.0388 198,0 84,3 550 155,5 

7G " " 7,45 177,5 224 4,59 o.0424 186.0 85,9 550 145.1 

7H ti 10.50 184,5 126 4,00 0,0391 156,0 87,0 525 169.0 

BA Bentonite 5% 40,6 95:t !lone 1,25 165,0 268 8,59 0,0115 98,8 89,7 
30 h II " II " 1,79 161.0 515 12,27 0,0124 152.0 85.7 576 66.l 
8C II 2.56 159.0 Ml 8.57 0.0196 154.0 81,7 467 100.s 

8D " " tt 3.45 162,0 :517 6.16 0,0285 17505 83.l 467 127,4 

BE " tt 4.~ 164,0 287 5.W 0,0528 170,6 84.0 458 152,6 

fJF " " ti 5.41 166,S 253 4,,54 0,0548 158, 0 85,1 467 158,8 

fJG ti 1.4,1 171,0 190 3.89 0,0367 142.8 86,5 440 168,5 

8H ti " ti tt 9,64 175.0 155 5,55 0,0572 152.0 87,0 440 177,5 
' 

9A llentonite 5% 52,4 95% None 1.11 156,5 155 6,16 0,0096 59,1' 90,9 
9B " ti " " 1.70 152.S 205 9,:?S 0,0138 127,7 9&,l 226 51,6 

~ " , 2,48 151,S · 212 6,58 • ,0,0210 134,0 82,S 264 1.10-~1? 

9D 5,46 155, 5 207 4.92 0,0280 l:57,8 83.2 275 159,5 

9E " 4. 44 156,0 186 4,47 0,0514 140,5 85,8 275 152,1 

9F N " 5,29 157,0 17:s 5,94 0,0324, 127,8 84,2 279 172,9 

90 " 
,, 7,138 161,0 142 3,?.9 0,0560 118.4 85,5 285 200,2 

lOA. Oent,m~te 51 63,7 95;t. None 1.:ie 152,5 120 0,:n 0.0116 96,4 87,2 

10!! " II II 1.85 149.5 145 8,23 0,0141 111.5· 85.1 173 69,5 

lOC 2.44 149.5 146 6.03 0.0195 117.5 oo.s 188 109,4 

lOD o.s:5 151,5 141 4.80 0,0264 126, 7 82,0 195 154.8 

lOE II II " " 4.'19 153,2 135 4,?.l 0,0304 120.0 02,4 195 180,7 

13F II 5,51 155,0 123 5,96 0,0514 124.'.I 84,() 198 202,13 

1cx; 7.69 159,0 101 5,72 0,0326 121.2 84,2 198 255.9 

lOH 11 10.01 165,0 82 5.53 o,m2a 109,2 84,8 193 265.1 

llA Bc:itcnitc 5~ n.a 95.~ Hone lo46 150,1) 91 12.11 O,Olll 154.'3 89.1 

llB " 1.92 153,5 94 11,55 0,lll54 174.7 83,'> 120 

llC 11 11 2,41 153,5 99 7.90 0,0218 172,3 81,4 129 

llD / I 5.65 156,0 90 s.% 0.0293 171,4 82.7 131 

llE \, 4.48 157,S 88 5,05 0,1)344 175,0 83,S 137 

llF II 5,42 159,5 81 4,64 0.0310 157.7 85,7 134 

11G II 11 7,99 164,S 61 4,15 0,0409 169,7 0s.o 126 

llll 10.25 169,0 46 3,87 0,0305 149.0 85,'3 116 

12.; Jentonite s;t 120.3 ss_, Nona 1,55 156.5 u 12.36 0 ,()105 129,7 83, 5 40 39.8 

12B 2.02 153,0 40 13.'32 0, 1)122 166,?. 82.9 40 83.7 

12:: 2 • .57 151,0 44 1(),.53 0 .1)171 180,2 80,5 57 142,6 

12D 5.50 155. S 44 7.58 0.0253 192,0 80.3 so 195.9 

l2E " " 4,48 155. S 42 6,52 0.0502 197,0 80,1 60 213. 9 
- -- - --- .. '" .,A? "? 



"' " 4.44 1ss.o 186 4.47 v . u.1..1..-. p " 
.1'tUe.J v~•1, 

" II 5,29 1s1. o 173 3.94 0. 0324 127. 8 84, ?. 279 172,9 ., II II 1.68 161.0 142 3.?.9 0,0360 118.4 85. ~ 283 200.?. 

~ Bent on!te 5% 63.7 95% !lone 1.38 152.5 120 8 . :n 0, 0116 96.1 87,2 
8 II 

1.83 149,S 145 8 , 23 0. 0141 117, 3 83,l 173 69 . 5 ; 2.44 149.S 146 6. 03 0. 0195 117.5 ao.r, 188 109,1 
D " 3, 53 151.5 141 4.ao 0. 0264 126,7 82,0 193 154. 8 
"' " II 4, 19 153.2 133 4, 21 0,1)3(),\ 120, 0 02,1 195 180. 7 r, 5,51 155,0 123 3,96 0,0514 124, 3 81.1) 198 202. i; 
~ 11 7, 69 159, 0 101 3. 72 0,0:S?.6 121.2 84,?. 198 235. 9 
It " 10, 01 163. 0 82 5. ;3 0,0320 109, ?. 0!.8 l '.>3 265.1 

;\ Ocnto:1itc 5~ 7(), 8 95.! ::one 1.46 150, 0 81 12, 11 O,Olll 13':,'> 89, l 
B " l.!'.l?. 153.S 9'1 11,35 D, 0154 174, 7 03,r, 120 
C " " 2 . 41 153. S 99 7, 90 0, 0218 172.3 81,4 129 
D " :'l,63 156. o 90 5. 85 0 , 0<93 171,4 82.7 131 
E II 

" 4.48 157,5 88 5.()3 0, C):$44 173.0 83.5 137 :;- " " 5.42 159.S 81 4, 1\4 0 ,0310 157,7 83.7 134 
.G 7.99 164.5 61 4.15 0 .0409 169,7 85 . 0 126 
JI 10. 2s 169. 0 46 s . 137 0. 0305 149,0 a5. '> 116 

>• J entonite 5;t 120.3 95,( Ilona 1 . 53 156. 5 40 3:,, 9 -~ 36 12. :s6 0, ()105 129.7 83. 3 
!8 n " n :! . 02 153.0 40 13. 62 0 ,0122 166.?. e:? .. !3 40 83,7 
!C II II 2. 57 151, 0 44 10, 53 0 . ·')171 100.2 30,5 57 14~ . '3 
m " 3. S'l 153.5 44 7. 58 0 , 0253 192,0 00.3 60 195. 3 
~E " 4,48 155,5 42 6 . 52 0, 0502 137, 1) !JO. l 60 213 , 9 
2F . II 5,60 157, 5 40 5, IV,l 0. 0502 178, 0 00, f; sa 242 , 7 
20 n " 7,66 162.0 34 S, 20 O, :J3S9 106, 7 82.6 58 275.l 
2H " 10.00 166.0 29 4.84 o.o~Sl 170.0 8:2,3 52 

0A flentJnit e S.t G7 , '3 05.~ None 1,.18 160. 5 70 9, 20 0 , 0109 100,3 90.4 
an II l , 6~ 154.5 09 ll, 9S 0 . 0116 133,6 07. 0 112 40. 9 
BC " " ?. , OS 1s2.0 102 10,33 0,01S7 162.3 33. 3 126 00. 1 

~ . SJG 155,S n 6 .7::? o. o?.31 192. 1 a2,3 129 108.4 

f · 4, 97 lSJ, 5 35 4 . ~9 0 ,0500 153. 7 84,2 150 12€ . '3 
" 9 ,59 16S,O 57 t., 23 0 . 0~34 141,2 04 ,7 lS9 166 . '3 

9/< !Jenton~te SI~ 02. 1 J'' Hone l.?.?. 171,0 39 10. r,5 0 .011)5 111. 8 88,4 ;) , 
9B II " 1. 59 lGG, 5 40 14, 71 J . :)117 11:.s 03. 7 54 59 , 9 
9C II n II II 2 . 1'? lol, 0 59 11,64 O. JlG! 187.S 'iG, 9 80 103. 1 
.9D " :'.? . 91 164.S ss s.~6 0 . 02~2 185,S 1a.o ~ 00 160.6 
.9E. " " 5. ~9 170 , S 45 6 , 29 0 .0276 173,3 79. 7 00 204. 7 
.9F " n 10. 02 180.5 29 5.93 0.0546 :?OS. l Bl.O 67 25S,l 

!51\ Fireola;r 10% 63,7 90% !!one 0 .94 162,0 61 3,09 0,1)134 41,4 91. S 
?59 " II 1,58 161,0 ?l 5.14 0,0114 58,6 09.7 
?SC " " n 1. 90 160. 0 88 5, 29 0 . 0110 62,4 97,4 96 13. 5 
~S::J II • 2,84 159,0 103 4,,;5 0,015S 62.6 84. S 126 27. 5 
25:e: " n " 3, 78 161,0 108 3,:?9 0,1)190 62. S 03.9 139 4 ~.l 
ZSF • " " 4,sr, 162,0 108 2 . 38 0. 0233 ss , s 85,2 145 47 . l 
25() " " ti 5,76 164.0 116 1, 72 0,1)236 40,6 06. 7 156 53,5 
25:l H " 0. 12 170,0 93 1 ,1;4 o. lY-!14 35, S 06.4 1.22 75.5 

26A Fireclay 20% 63. 7 00% None 2 . :n 16fl, 5 37 13.S'.l :.). 0100 135, 9 03. l 44 32. 3 
26B " " II II 3 . ?.9 169,5 50 1S.16 0 .0130 209. 4 79. 6 60 ~ 47 . 3 
26C II 4,19 170, 0 55 13, ?.4 0 .0~23 29S,5 77,8 74 65.3 
26D " " u 5, 31 172,0 S8 9, 7S 0 ,0310 :302. 0 76. 7 81 t,O • l 
26E II n 7,1'3 100. 0 62 3,91 0 . 0384 150,0 81,3 102 90,:'l 
26F " " n 10, 35 109,0 40 2. 59 0 , 0300 100.0 84. 6 76 1:1~. o 

27A Downer 10.721; 52,1 09, 28:: ::one 1 , 54 163,1) 44 7 ,10 0 ,0123. 87.~ 09,2 
270 II " " 2, ?.2 161 , 5 66 13,05 0 .0137 178. 13 as.4 
27C " II 3. 02 150, 0 106 13,00 0,0133 185,0 7\l,4 126 24.9 
27D n 4 . 00 159, 0 111 9 , 07 0 . 0200 180,5 78.6 133 38 . 0 
27E s . oo 16~. o 100 5, 42 0 , 0261 141.3 79 . 5 142 43.3 
27F 6,64 160, 0 94 3,00 o.0328 90,4 32,5 142 63. 9 
27G n II n O,'.)() 173. 0 71 :? , 45 0 .0443 108,S 03.'3 128 09. 0 

28A nute 5% 63, 7 95% 1:ono o.ae 163.1) C9 4,15 O, Oll2 46. '? 91.S 
28B " II 1.36 160.') ll2 4.97 D.0132 65.6 88.7 
28C n n " 1.65 159,0 129 3.93 0 . 0133 52.3 86,3 
200 II 

" " 2.47 161,0 126 2.10 0 ,0220 40 . 0 86, 5 151 42 . 5 
20E 3,27 152.0 129 1.53 0 ,0256 39.2 87. 0 161 65.7 
28F " n n " " 4,00 163,7 131 1.22 0. 0300 38.1 88,4 167 66,l 
~0" " 5. 67 167,(l 114 1.22 O,C\341 41.t' so. f. 145 93 . 3 ...... n .n:r,7:r, 48. S 80,f:l 94 134,(\ 
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TEST RESULTS 

No. Type Amount Size Amount Other Weignt Groen Dry 
of of of .o! of Donding Water ot Or881l Compree31Ye Dry CaupreedY& 
~ Clay -..£1&. Sand Sand ~1.!1 ~ SpeciMn Permeability Strenlith Deformatfon Jtesillenoe Flpwability Pel'l!leab111 tz st.Nngt.h 

7A Oentonite 5% 31.0 95% I/one 1.35 169,0 417 9,28 0.0101 99.3 87.4 
7B " " " • 1.90 165.0 467 11.31 0.0191 216:g eo. 8 550 sz.o 
7C It 11 " " 2.55 165.o 440 0.2s 0.026s 218. 80.2 550 111.s 
7'.) " II 3.51 168.0 370 s.10 0,0328 220.0 81.8 550 126.l 
7E " tt II 4.50 171,0 326 5,90 0,0391 231.0 82.5 650 15-0.4 
71' tt s.ss ' 173.s 287 s.u 0,0308 198.0 84.3 550 135.S 
7G II " 7.45 1n.s 224 4.39 0,0424 186. 0 85.9 550 us.1 
7H " 10.~'l 184,.5 126 4.00 0,0391 156. 0 87.0 525 169.0 
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12F " " 5,f;O 157,5 40 5.88 0,()302 178,0 oo.,; sa 242.7 

120 7,66 162,0 34 s.20 0,0359 186,7 82.6 58 275.l 

12H 10,00 166,0 29 4,131 0,()351 170,0 02,9 52 
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