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THESIS ON THE STRENGTH OF CEMENT UNDER THRE

DIFFERENT CONDITIONS,

1st. relation between Strength and Time(neat Cement)in water.

2nd. Relation between Strength and Time (of one Qement,to cne

gand) in water.

ard, Relation between Stremngth and proportion of sand(in water)
4th,. Relation between Strength and quantity of water (neat
@ement) .
5th. Relation between Strength and proportion of sand(out of
water)
6th. Strength under various conditions.
Object:~

-Derivation of some Emplrical Formulae,showing relation
between breaking strength,and various functions which enter intoe
Cement testing.

We find a great deal of experimental work done in Cement test-
ing,also some curves plotted,but there are but few equations fitted
to these curves,this,then,is the obiect of the present work.

In this work a great many interesting points have been made
manifest,most of them are of no practical value but merely of interest
in themselves. The work has been on severdl of the most important
opes,to be given subsequently.

On these and a few others is the foundation of Cement testing,
as given by all writers on the subject.

This work is entirely on the tensile strength,as that is the

most important,so that all the experimental data show relations

existing between breaking strenzth in pounds per square inch,and the
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other functions which may enter in the experiments.
Apparatus.

The following is a list of the Apparatus used in this work:

1st. Testing Machine.

2nd. Moulds,

drd. Sleves,

4th. Trowels,

5th. Others of minor importance,such as ther=-

mometers,scales,glass,water,etc.
| The testing machine was of Rheile's make and capable of
reglistering a breaking strength from 0 to 1000 poundw.

The moulds were Tinius,Olsen & Co's, "Standard Type."

Sieves. They were of "Standard mesh" used to get varicus
sizes of sand,and remove any foreign products which may happen to be
present,and also in testing the fineness of the Cement.

Sand.

The sand used was not Standard sand,nor as good a quality as
desired,but it was the best at hand. It was nqt analyzed but apparent-
1y had some material in it,such as chert,which injures its quality
as a material for cement mortars,

Tt was dried and cooled to the temperature of the room before
using.
Materials,

Cement,Sand and Water were the materials for this work,

The Cement was the best quality of Portland Cement that could be
obtained. Sufficient quantity was taken from the barrel at a time
for eaéh experiment,which comprised from one hundred tc¢ one hundred

and fifty briquettes.
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Thls quantity was placed in a box and thoroughly mixed,the
objeet of mixirng belng to have all the material ih each briguette as
nearly an average as possible. For instance,lf the cement was used
directly out of the barrel we might get cement of different guality
for the different briquettes,due to the couditions of packing the
cement,and also the difference between outer surface of barrel and
center,

;reliminary Tasts,

I used cement from two different barrels,that is, in
experiment I and Il cement was ussed from one barrel,and in experiments
ITI, IV, Vy VI cement was used from another barrel.

The following are the Preliminary tests made upon these
barrels.

Finensss of first barrel:

Cement depends greatly upon fineness of grinding for some
of its good qualities,hence tests for fineness are usually made.

The sieves used for the test were,viz,

No. 50 (2600 meshes to square inch)

Fo. 80 (6400 meshes to square inch}

The average results of the cement of the first barrel in
expgriments I and ITI were as follows:

O6f two hundred (200) grams taken there were rejected from

No. 50 sieve= 3.6 grams = &

No 80 sieve=15.04 " = b
80 that total rejection of No. 80 was a+4b =18.64

Rejected from No., 100 sleve= 21,5 grams = ¢

Hence total rejection from No., 100 was g4‘b+-c==40.14 grams.
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Therefore
200 -40,14 = 159.86 grams passed through all the sieves.

Soundness:i:~ of first barrel.
This test is made to determine whether or not the cement
will bulge or crack.
The test was made by the usual method,that is, cne fourth part
of water and three-fourths part cement (neat).
The pats made from the cement glave no sign of bulging or
cracking.

Setting.
This test was determined by the aid of two wires,one of

which had a point finer than the other,the latter having a larger
brass(weighted) ball on the end than the former,The lighter ball
containing the thicker wire was used to determine the time of
beglinning of setting,that is, when the pat of cement held the lighter
ball "setting had commenced",and when it held the finer wire with
the larger ball it was completely set.
The following are results from first barrel:
On March 1st. 1899 at 11.40 o'clock AM. I made a mixture of
cement and one quarter water,
Tt held wire Ro, 1 (or began to set) at 1l.o'clock P.M.
Tt held wire No. 2 ( or was set) at 6 o'clock P.M,
Rinenessi-of second varrel,
0 200 grams taken there were rejected from
No. 50 sieve=2.7 grams=a
No. 80 " -14.00 " =D
50 that the totalrejection of a+b=16.7 grams pejected from No,100
.

sieve =20,0l grams = ¢,making a total of g+b+c¢c=36.71 grams.

Hence
200 —36.71 = 163.29 passed all sieves.
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Soundness of second Barrel.
T could see no signs of bulging or cracking.
Settinz for 8ecoud Barrel.
I piade up pats under the same conditions as first,
It was made up March 22nd. at 6 o'clock,A.M,
Held No, 1 wire at 7.55 o'clock A.M,

Held No. 2 wire at 2 o'c¢lock,P.M,

Mortars.

The sand aad cement were weighed instead of taking parts of
volume,and water was first measured in a graduate before using. The
temperature was also noted.

After welghing out the desired amount for conditions of esach
mortar, the sand and ¢ement were thoroughly mixed before besiug made
into briquettes.

The proportions used will be given in the details of the
different experiﬁents.

Experiments.

The experiments will first be briefly stated and explained in
a general way.

The object of each experiment was to find,if possible,a
ralation between breaking strength and some one of the various
functions,such as time,quantity of sand, quantity of water,etec.,
keeplng all other conditions constant.

The temperature of the room and water was always recorded

before mixing a bateh of briguettes,
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Experiment ¥o. i.
teength and Time (neat cement).

The obJect of this expsriment w_as to find a relation betwsen
tenslle strength per square inch,and time after mixing,

;aving mixed cement with water I noted ths quantity of cement,
gquantity of water and tsmperatirs of room fnd of water.

The quantity of cement and water were the same for sach lot
of thirteen.

The amount of water used was 375 grams %o 1500 grams of
cement,or 25% was water,

For this experiment I made up thirteen batches of elsven bri-
guettes. Bach batch reguirsd 1500 grams of cement and 375 grams of .
water,

Rgch batch was allowed to set 24 hours in alr{after being made.
They were then placed uder water to narden and there remainsd until
time for uvreaking.

In breaking I took one from sach batch at the end of first
day after mixing and breaking it,é@ the averags gave me one point
for a curve. I repeatsd this at end of second day,also fourth day,
ete. This was comtinued until all the polnts wers obtained,which
enabled me to plot my curve,the record and discussion of which will
be given later.

Experiment No., 2.

Strensth and Time of a 1 to 1 cement mortar (in water),

This experiment was to determine ths relation between breaking
strength per square inch,and time after mixing of a 1 to 1 mortar,

all other quantities being constant as in experiment No, 1.
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In this experiment T used 1500 grams of mixture,that is,750
grams of Cement and 750 grams of Sand-and 250 grams of water.

The sand was passed through a No. 20 sieve t0 remove pebbles,
stones,etc.

The sand and eement wers weighed separately,thoroughly mixed
before moulding and then treated aw in the previous experiment.

This time I had an average of twelve brigquettes instead of
thirteen as in the first expsriment.

I let them all set for twenty-four hours in air, just as in the
previous experiment before putting them in water. Then as before
oxplained I tested one from each lot at the end of certain times,

such as first day,second day,etc. and cvtained my average from the
different points of the curve(which will be discussed later).

Although a 1 to 1 mortar was used,it is rational to suppose
that for the same conditions any other morior as 1 to 2, or 1 to 3,
etc, should follow the same law,the only differsence being in the

constants involved in the equations.
Bxperiment No. 3. _
Qement with different proportions of Sand(in water).
Here the ratio of the constituants 1in the mortar varied,all
other things remained constant.

The mortar varied from a neat cement to all sand,giving thirteen
points for the curvs.

The method of making and breaking the briquettes was as
follows:?

Iﬂ order to get the best average,the 1ot was made up of one
batech at a time,making conditions for the average the same as in

experiments I and IT,
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The temperature of room and of water used were recorded.

The quantity of water used was 250 grams to 1500 grams of the
mixture of saad aud cement,

In thls experiment the briquettes were allowed to set for three
days before putting them in water as some of them contained much

sand and appeared very wet,and by this means had time to dry and
to set thoroughly
Experiment No. 4.

Strength of Neat Cemend by Varying Amount of Water for Mixing,
(let harden under water).

In this experiment the weight of cement,time,ete. remains
constant,but the Bmantity of water varies.

In this experiment it is necessary that the different batches,
or lots be made up without loss of water.

The moudds rested on glass,(as in the other experiments) and
were sealed around the edge on the lower side with 0il to prevent the
cement, (which was almost liquid in some cases) from escaping.

The mixture of cement was as usual 1500 grams but the quantity
of water varied from 50 grams to 1000 grams,giving eleven points for
the curve.

In this experiment the briquettes were allowed to sst
two days in air before placing them under water.
| Bxperiment No, 5.
Strength with Different Proportions of Sand{out of water).

In this experiment the preliminary discussion is the same as
for experinent No, 3. as all the conditions,ete. are the same except
in this case the briquettes are allowed to harden in the alr,instead

of under water.
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In tﬁis experiment bLatch No. 62 (whefe the mixture is all
sand) is the same as batch No. 32 of experiment No. 3,a8 I took six
briquettes from it,as it is also all sand.

Experiment No, 6.
Neat Cement Briquettes,Hardening under Water for Various

Purposes.,

The objeets of this experiment are as follows:

1st. Strugth at six months. A1l to varify or prove
2nd. 8trength at one ysar. ~the results obtained from
3rd. Strength in five years equation of curve in

‘.experiment No. 1.
4th. Time required to break the brigquettes under some percent

of the average maximum load,that is,supposs than ten (10) of these
-briquettes are broken at one year,and by this means get an average,
then,I load a briquette up to 75%'of this average maximum load and
wait for it to break,continuing this process am at different
percentage® of the maximum loading I get(by thi-s means) some relations
that are yet to be obtained.

The briquettes for this experiment are finisned but the linit
of time is so great that it will not be possible for me to put any of
the results in this thesis,but the conditioﬁs,such as making them up,
quantities of cement and water,temperature,etec. are just the same as
in Experiment No. 1.

Some general remarks uporn the :different Experiments.

I used two barrels of c¢ement for this work, The Tirst barrel
was used up on Experiments No. 1 and No. 2,
The second barrel was used for the rest of the experiments.

The water used was well and cisterm water,obtained from those

of the Missourl School of Mines at Rolla,Missounri.
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In all these experiments the cement was sieved through a No,
30 Sand sieve to get rid of all foreign particles.

In experiment No. 2,amd No. 3;;he.sand was sifted through a
No. 20 sieve to'remove pebbles ete. Then the sand was thoroughly
dried and cooled to the temperature of the room before using,as hot
dry sand may evaporate some of the,water addied in mixing.

In experiment No., 1 Sets G, and I, were mixed on a cold,freez-
ing day,and as a result cracked and had to be thrown out as the re-
sults were so bad. Hence only had eleven in a set for an average \
instead of thirteen as stated befors.

In all the data where parentheses (---) appear are places
where results were so bad that they were disregarded.

In all cases the moulds were oiled and placed upon glass,so

that they could be easily slipped in order to prepare them for further

moulding,
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Discussion of Qurve No. I.
Results of my first experiment are given on page :'from which
the data given on page{;?}were obtained by taking the average results of

one day,two days four days,etec.
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From thls data the curve on Plate I was plotted,strength per square
inch being plotted as ordinates and time as abscisses,
A curve drawn through these points resembles that of an
Equilateral Hyperbola whose asymptotes are par~allel to the axes.

The curve is shown in Figure I and & 1 refarcnce will be made

to 1t during the derivation of its equation

] M I '
3{; % i ]
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1 |
| |
| |
} i
i T
& 1 )
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o ISR
PF— a1 ! wl '
i Q; v
|
s BRI |
I i \
T ! ! ¢
0, H i ! H A,
. ]
S : \
' 1 f
N 3z = i X
i © ! I L pigure I.

Let us assume the general equation of an Hyperbola which is
X y=¢ ¢ being a constant,
Let O" X! and O"Y' be asymptotes of the curve,
Since the curve does not pass through the origin take some know
point0, for reference,this 1s referring the curve to a new axis,and
in this case the origin is the first point on the curve,hence we
have 0,X, and 0, y, as the new axis and the coordinates of the new

origin are S, and t,

Hence the equation of the curve with reference to the asymp-

totes is X! Y'=( = = =1

The problem is to get a constant valuse of C.
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Take any kunown or average point on the curve as G.

S=J G =average strength in pounds per square inch after mixing
it is also equal to the distance of the average point
from the old X axis.

b=HI = distance of new X,axis from asymptotes O" Y!

b+S' = distance of 01ld X. axis from asymptote O" Y?
t =K@ = time in days after mixing before briquettes wsre
broken,also distance of average point from old Y axis.

a=PQ = distance of new Y, axis from the asymptote O"Y!

S, = RT = average strength of 'eleven briquettes of one day after

mixing.

T, = UV~ Time (ome day) of breaxing of first lot after mixing.

Now agaln let X and Y, pass through 0' and now
we use this as origin.

Now to get values of X' and ¥! in terms of (t= ~ ty ) and

E{Sﬁ-;é:) hence we have from fignre
3= (x, -a)
Y'=(b~y,)
¢ = ab Henqe for any point
(X'-Q-a J(b = yy)zab=c = = = = s = o= === (2)
Now x of first péint is a ‘ ‘ ‘

y of first podnt is b hence solving for C, we get from (2)

bXi-Xa1¥yr + ab —ay=ab

bX.-X .
1Y:Tdy,-: O HNow to solve Tfor a and b as ¢ = abh,
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(b-Y, )x, = ay, - divided by x;and y,

we get

b ~1 __-& gdidived by 1L
Ve X,

a
b, 1\_1 .12 b a
a y a ~ Xy divided by “a or multiplied by %
and we have (1 _ 1) /& , 1
Vi b/ (b Xt this is equal
1 _ 1 a 1
S;',-;‘)‘“(g X ;) but y= 8 -~ S,and X,=t - t»

Tn which & is the intercept and & 1s the slope of line,
b ' b

Now multiplyin;; by b we get

b\ . I A £ |\
= 1+ab ( . ab = -'(t—t)= c.
S - S' t - t ) S - S' .

If this assumed equation is the right equation to the curve
they by plotting
1l  and 1 _ _~ we get a straight 1line as
S -8 t - t,
Shown on plate I which proves our statement,.
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Let us now investigate the meaning of the constants dnvolved

tn this equation.

1 :
From the intercept on the g . g1 @xis the value of Ll
b

taken
from the plot is 0016. from wheéh b = 625,

8
Likewise 2 taqk: - = .B648.
b 9,25
and from the value of b= (625) we find that a=b tan =540,5,

S, and t» are obher ccnstants that enter but whose values are given

in the tables.

Havinrg -these constants determived we may simplify equagion(3) by

putting in their values.
s, = 17.7.
t _ 1:
a = 540.5

Hence equation (3) becomes

. e _ ; ,
| ; =i} oo o 7' from this
\8 = 17.7 Itezs / 6256 '\t = 1/
s  _ 1 -
S - Y- N T
37625 t ez T- 1} - 17.7
\
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Discussion of CQurve No. II,.

This curve is shown on Plate II page 25 and when plotted it

has the appearance of being of same type as curve No.I.

Hence we are justified in assuming a similar ecuation as in
firét case,the derivetion of which is the same,and need not- he repeated.

IT we use an equation similar toi3} of curve No,l,but intro-
duéing the values obtained for this second curve we will obtain a liﬁe
and if it is straight our second assumption 1s correct. The values of
these quantities of sacond curve are given in Plate II. page.;;ﬁﬁ.

The results of this plot is shown on Plate IT, & straight
line apparently satisfies all the poinfs. Therefore our assumpiion in
Bxperiment No.I also holds good for this secoud experiment.

The symbols S, t &tc., involved in the following discussion ,are

strength, time,ete. as before explained, the equation then is,

1 _ - é{_-lﬂ__.~pl- . e m e e e e = (1)
8§ = Sy b

t -4ty D

The constants fcor this eduation are determined as they were in

previous discussion,

1 i sent i
= the iutercept on the axis is =,0028 from which
b S = Sy
b =357.1.
Now '% = tan .B=s8lope of line and = %% —. ,8567.

a=b tan( =357.1 x .857 =306.035.

Combining these values (b and & ) we get =306.035,
b{-s' gives the strength that the briquettes would reach at an in=
firite time. b4S' being the distance of old X axis to X' axis. X! a#is

being one asymptote of the curve.
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This is also shown directly from the equation by making t= - thus

— S i a _..s_!:f.__- + g:

§ = Sy b t - t, b becomes
1l _0 +_§._ from which

S = 8y b

b=8 =5, Or S=b+8, =bt 9.29= 557.1+9.29 = 566,39
To determiﬁe the other asymptote(which is Y') may be done in
either of two ways. Pirst,by knowing the value of a and t' taken from
the plot, Second, by making s= “*in equation of the curve.

The equation then be comes

a1 1
N | . , 1
or O.:pagg-*"——-* +—1 dividing through by-——
Lt -t b

and multiplying out zavesi= t = t' = a=1 - 306,035=~ 305,035,

mThe curve fully drawn shows fhat Tor any time éfter the curve
crosses the X axis that the streugth is very negative butl apparently
has no physical meaning.

The equation in its reduced form obtained by the substitution
of the known values of the constants is

) 1 1

ja— — —— .. ——_*"—"T-'JM,_--

‘j? - 9, 5

a1 : ‘0064-857
-+ T =ty -5 ("

- -

Bym making S=0. t becomes equal to 11 kours 20.4 minutes which
shows that same thing holds true 1in this experiment as in experiment
No.I. viz, that it takes a certain time after mixing before cement
gequires any streungth.

This glves a means of determining the time of setting of

cement mortars(allowing this time to be what we c¢all time of setting)

which cannot be accurately done by arbitrary means,used for neat cements,



(21)

the most common belng the wires and balls as previously explained.
¥t will be noticed in this experiment that the values of the
time when S =0 is greater than in experiment No.I., This seems rational
from the experimental data,viz. that it requires a longer time for a
briquette of morter to reach a given strength than one of neat cement.
From this it 1s rational to conclude that as proportion qf
mortar increases the time of setting also increases,that is a mortar of
all sand would require and infinite time to set in order to give any
strengtﬁ. This interesting point gives material for further investi=
gation,viz. to determine relation that exists between amount of sand énd
cement used and time of setting,also the relations that exists between
streugth and different proportions of sand in the mortar.'This latter is
considered in next curve discussed.
By making 5S=0 we get t =11 hours and 20,4 minutes which shows from
calculation,and also from plot that there is a certain time after mixing
before cement acquires any strength. |
This being the case it seems allowable to call this time t?
at which cement began to show strength.
Zrom plot ﬁhe time t'= 21 hours.
The curve shows that strength approaches an infinite 1limit in an
infinite time.
This finite value is;:b4_3g;:557.1+-9.29;=566.39 pounds per square
inch,hence our curve becomes a horizontal line after a comparatively

short time.
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Discussion of Curve Number ITIIX,

The results of the third experiment are as given on pageil?}

from which the data on page 33 were obtained by taking the average of

eleven briquettes.

From this data the curve on Plate III was plotted,with strength as

ordinates and parts of sand as abscissas.

This curve gives results which seems to justify the assumption

of an equation to an equilateral hyperbola referred to its asvmptotes

(X Y ) as axis.

The derivation of the equation is as follows:

¢ |7

Lf2

Tet S average strength of ten briquettes in pounds per squarse

inch.

referred

p = proportion of sand.

a and b —distance between v Y and x X respectively.

s=0F (fig. 2) = strength of neat cement (properly slacked)
Let us now take point F for refserence.

Tet B be any point on the curve whose coordinates are x and y
to X Y axes,

Now A B=X=p+a

Substituting in equation ¢1} we get.



(P+a)(S4bB)=K m = m = mm o m m m mm oo oo (2)

To find the value of K in terms of known constant S' and
unknown constants a and b,consider the point F on the curve. The x and
y of this point are a atd b +S' respectively. |

Then K for this point F=xy —a(s'+ b) putting this value in

(2) we have.

R e

If our assumption is correct,by plotting s and S' = s we get
a straight linse. P
a = slope and b = intercept on s axis.
The points were so scattered in parts of ,t/& W that the line
could only be drawn approximately. o

This line is shown on Plate III page (33).

The value of b= = 65 and 2 = tanc(=.2, = 4 a= ;éz ué‘i:—/éZ, o
. a ko 4 s
The values of a and b having been determined squation(3) may be writ-
ton o _~162.5 x 600 _ 65
p (~162.5)

By making S—=0 we get p 23.1 proportion of sand that would give a
zero .breaking strength.

By making S —oowe get the value of p which located the X axis =

- 3,
A (.S_L:.,s;} - b
Thaas S= a P ‘
ps =as' ~ as -~ pb,
s(p+a)=as®' = pb from which
As' = pb A s' - pb
p+a~ s = gl - o

. I)== -3

* .



By making p- ®» we locate X @~

LIPS
sa (25 hie
P .

S' from plot = 600
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Discussion of Curve No,.IV,

The results are given on page (35 ). from which the data on
Plate IV, page (38 ) is obtained and from this data we plotted the
curve shown on Plate IV,,using breaking strength as ordinates and
amounts of water as abscissas.

The curve is so irregular that it is impossible to derive an
equation for it,so that all T can conclude from the curve is that it
rises gradually until it reaches a certain height,about 520 pounds and
then remains constant regardless of amount of water used,provided the
experiment is conducted as we preformed it,that is, be sure and keep
putting cement in the moulds until thev are completely fille#& or packed
and allowing all excess of water to flow off.

It is also ;easonable to suppose that strength decreases as
water (added) decreases, and that it finallv reaches zero when there is

A

not enough water added to slack the cement,or cause setting,
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(39)
Discussion of Curve Number V.
The results are shown on page 41 and data on page45 from
which the curve shown on Plate V was obtained.

Now this curve is similar to that of No.IXII and all the conditionms
that fulrill No.IIT likewise fulfill this curve,therefore the discussion
are exactly similar and need not be repeated here. The onlv difference
between this Experiment and Experiment-No.III is,that the briquettes in
this experiment were allowed to harden in air instead of under water.
Theconstants involved are the only things that differ.

S', S a,b, etc. have similar meaning to those of Curve No.IIT,

s' = 590
b = =25
b _ tanB= .1 = .2
a 1! 5
=25
& = TT= 125,
s ~ Sfa—-b _ 590 x (-125)+25
a4+ p =125 + p
Similar

p==~a and S==b

The following conclusions may be drawn:

As amount of sand increases the strength decreases. Hence curve has
two finite limitw,one being strength with zero amount of sand,and the
other being pure sand with zero strength.

Tt can also be noted that the more sand used the donger it takes
to set(in order to jain strength) From this we conclude that a pure
sand briquette must set for an infinite time in order to obtain

strength or set,this however has no physical meaning.
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Conclusion.
From these experiments it is observed that many experiments
collld be preformed,as there are other relationg that might be discussed,
accompanied by many points of interest,hence we conclude that this

subject is unlimited in regard to experimental work.
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