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EXPERIMEINTS

UroN THE

Transverse Strength and Elasticity of Building Stones.

By THOS. H. JOHNSON, C. E. M. A.

‘When the Board of State House Commissioners for the State
of Indiana assumed the duties of their office, one of their
earliest acts was to investigate the relative merits of the difter-
ent building stones that might be available for the new State
House. In the course of these investigations they procured
samples of many building stones, both from quarries in the
State of Indiana and in other States. These samples were of
two forms, cubes two inches each way and bars one inch square
and fifteen inches long. Specimens of the two-inch cubes from
each quarry were sent to Maj. Gen. Q. A. Gilmore to be tested
for resistance to crushing, and his report upon the same was
published by the Board of State Hlouse Commissioners in their
“Report No. 6,” January, 1879. The one-inch square bars were
placed in the “Stone Room,” in which the Board of Com-
missioners have accumulated a fine cabinet of samples of vari-
ous building materials. Through the kindness of the Board the
writer was furnished with samples of these one-inch bars, so
far as there were duplicates in their collection.

At the time these tests were made the samples were about
one year old, and were therefore thoroughly seasoned. They
were tested under transverse strain and the deflection under
each application of the load carefully measured. From each
deflection so measured, and the load producing it, the Modulus
of Elasticity was calculated, and the Modulus of Rupture from
the load under which the specimen broke.

The term *“Modulus of Elasticity” is used by writers on
strength of material to designate the unit or standard of measure
of the elasticity of a material, and is an arbitrary and hypo-
thetical quantity. All materials, however solid and rigid
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apparently, will stretch under tension, and shorten under com-
pression, to an extent which may be measured if appliances of
sufficient delicacy be used. Having found the rate at which
any material will stretch under a given pull, we may calculate
the force that would be necessary to stretch it to double its
original length, supposing that rate of stretch could continue
without breaking the material. The amount of that force, in
pounds, would be the “Modulus of Elasticity.” The same
force that would stretch it to double its length would, if applied
as a push or compression, shorten the piece to one half its
length. Under transverse strains; the amount of bending
depends on the amount of stretch along the bottom, and short-
ening along the top of the bar; and hence the measured
deflections enable us to determine the modulus of elasticity of
the material.

The modulus of rupture is the load that would break a beam
one ineh square, resting on supports one inch apart, the load
being applied at the center.

The machine on which these tests were made was constructed
from designs by the writer, and consists of an upright rectang-
ular frame, with a double cross-bar a little above the center, on
which are two knife-edge bearings on which to rest the test
piece. These bearings are movable along the cross-bar so as to
be readily adjustable to the length of the test piece. At the
center of the test piece is a saddle carrying a stirrup on a knife
edge, bearing over the center of the saddle. A dynamometer
connects this stirrup to an eye in the top of a screw, which
passes through a hand-wheel-nut attached to the lower cross-bar
or sill of the frame. The dynamometer has a capacity of four
hundred and fifty pounds, and is graduated to intervals of five
pounds. By using a second pair of attachment rings for
lighter strains, the dynamometer will read to single pounds up
to fifty pounds. The accuracy of the readings of the dyna-
mometer was verified before using by putting it in a Rehle
testing machine and subjecting it to measured strains through-
out the whole range of its scale. By this arrangement of sad-
dle, dynamometer and screw, each test piece could be readily
subjected to transverse strains of measured intensity.

To observe the deflections the following device was resorted
to: A cord made of silk fibres, laid parallel and wrapped with
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fine metallic wire, was attached to the saddle and carried up
- through a hole in the cap of the frame, where it passed around
a small pully on a horizontal spindle, upon one end of which
was a small plate glass mirror. From this spindle the cord
passed along the top of the frame, to a pully at the side, from
which the end of the cord hung free, and carried a counter-
weight which was adjusted to balance the weight of the sad-
dle, dynamometer and their attachments, thus relieving the
test piece of all strains excepting those applied by the screw
and registered on the scale. The counterweight also served to
hold the cord taut, and insure a proper motion of the mirror,
following the deflection ot the test piece. The amount of the
deflection is measured by reading, through the telescope of an
ordinary transit or level, a graduated scale as seen in the mir-
ror. This scale is set up at a distance of ten feet from the
mirror, and admits of reading the deflections accurately to
rovoe Of an inch.

In making the tests the piece to be tested was first accu-
rately calipered for dimensions and placed on the bearings.
Tlie wheel was then turned until the index of the dynamome-
ter began to move, showing that the slack was taken up and
that the test piece began to feel the strain. The whole was
then slowly backed oft’ until the index just touched zero. In
this position the mirror was then adjusted to show the zero of
the deflection scale on the cross-wire of the telescope. Strains
were then applied, beginning generally with ten pounds, and
increasing by ten pounds intervals until rupture oceurred, the
deflection at each increase of strain being observed by an assis-
tant it the telescope.

The results are appended both in tabular form and in dia-
gram.

As the pieces differed in their scctional dimensions, it was
necessary for more ready comparison, especially in the diagram,
to correct the recorded deflections, so as to get the deflections
due to standard dimensions of one inch square. This was done
in accordance with the established principle that the deflection
is inversely proportional to the breadth and to the cube of the
depth. These corrected deflections only were used in construct-
ing the diagram, and are given in the table in the several
columns headed *corr.”
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The modulus of rupture was calculated from the formula
SPL
R_-..-

2b.d.?
in which R is the modulus of rupture, P the load producing
rupture, { length, 6 the breadth and d the depth of the test
piece, all in inches. In this equation the weight of the test
plece is neglected; but the error arising from this is very
small, and does not materially affect the results.

The modulus of elasticity was calculated from the equation

ol £
| ) S
" 4 N.b.dd
in which E is the modulus of elasticity, /\ the deflection caused
by a load P, and the remaining factors the sume as before.

The diagram sheet shows three groups of lines having their
origing of co-ordinates respectively at A, B and C. The group
A embraces all experiments on oolitic limestone, in which the
quarry beds were horizontal, and the mode of preparing the
saimple known. Group B embraces all other tests except sand-
stones, in which the loads were so small and the deflections so
great as to require a different scale of platting in order to keep
them within the limits of the paper. They are shown in
group C.

Group B contains four experiments on oolitic limmestones,
Nos. 3, 18, 19 and 33. Nos. 3 and 33 were sawed vertically
from the quarry ledge, making the beds at right angles to the
axis of the bar, like a strip sawed off the end of a board.
With Nos. 18 and 19 the mode of working was unknown.

RESULTS.

A very interesting result of this series of experiments is the
apparent relation indicated between the resonance of the sam-
ples, and their strength and elasticity. 1 use the word *“indicated ”
becanse it is 1mposible to get an exact measure of the resonance,
or to describe it except by the use of such relative adjectives as
“dull,” **clear,” ete., which have no exact meanings, and are
incapable of mathematical comparison.

Each bar before testing was held vertically, lightly clasped
between the thumb and finger, near one end, and then struck
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with some hard object, usually another piece of the same stone.
Some of them (notably No. 1) would give out a clear, ringing,
musical note. Others, such as the sandstones, would respond
with a dull thud, like dried clay or putty. Between these
extremes there were various degrees of resonance which could
only be described in the erude way mentioned.

Prof. John Collett, now State Geologist, while a member of
the Board of State House Commissioners, had repeatedly
pointed out the difference in the resonance of the different
samples, and had urged its importance as an indication of their
relative strength.

Sound waves occurring singly or at irregular intervals im-
press the senses as noise, while regularly recurring waves are
recognized by the ear as music.

In order that a body shall possess the property of resonance
two conditions are necessary. The particles composing the
material must be so intimately united as to transmit from par-
ticle to particle the force of the blow; and there must be
sufficient elastic recoil and re-recoil to produce sustained vibra-
tion. The same physical properties, therefore, which give a
material strength and elasticity, should also give it resonance
in a nearly proportional degree.

In the absence of a measure of the resonance, I may say that
throughout this series of experiments, as nearly as the ear
could estimate it, the resonance of each piece tested was pro-
portional to the modulus of elasticity as found from the test.

Passing from this to the more exaect results, we find the most
striking feature to be the very marked difference between the
sawed and tool-dressed specimens of oolitic limestone. Indeed
when attention is called to the subject, it becomes apparent
that such difference must occur.

It is well known that a stone, however large, may be broken
by striking a sufficient number of blows with a hammer, along
the line where it is desired to break the stone. In this process
the force of the blows is expended in gradually weakening the
cohesion of the particles in a line following the direction of the
blows. This weakening is increased by each successive blow,
until finally rupture occurs.

If large stones may be thus broken, it is evident that the
many blows, needed to dress a small sample by hand, must
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largely affect its internal condition. The blows, too, are uni-
tormly distributed over all faces of the sample, so that all parts
of the interior are equally affected. The small dimensions of
test pieces (usually 2-inech cubes, for comparison, and in this
series 1 inch bars), renders it certain that the disintegrating
effect of the tool penetrates throughout the mass. It should
not, therefore, be matter of surprise that the tool-dressed sam-
ples show lower results than the sawed samples.

It may be objected that the samples sawed and tool-dressed
are from different quarries, and that the differences may be due
to inherent differences in the stone, and not to the difference
in the mode of working. But a glance at the diagrams will
show that the two classes separate themselves into groups too
distinctly marked to admit of such an explanation. If the dif-
ference between the groups fell within the range of difference
between individual specimens in each group, this objection
might have force. But such is not the case; the highest of
the tool-worked does not reach the lowest of the sawed samples.

In order to show that the tool-dressing has in like manner
affected the 2-inch cubes sent to Gen. Gilmore, the crushing
strength as reported by him is given in the last column of the
table.

It should be here stated that the cubes and bars sent from
each quarry, were in each case, prepared alike, so that where
my samples were sawed Gilmore's were sawed, and where mine
were tool-dressed his were glso tool-dressed, and his reported
results have been classitied on this assumption.

The average results of the two groups are presented in the
following table, for more convenient comparison:

Average Results from Experiments on Sawed and Tool-Dressed
Samples of Oolitic Limestone.

MODULUS OF
RUPTURE. COMPRESSION, | ELASTICITY.
T S R LG S 2,338 12,675 4,889,480
Toal-dressed. . - - - -« ¢ i v v s s v v v ioa 1477 7,857 2,670,475
Ratio of tool-dressed tosawed . . . . . . . ., 63 62% 53%
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The close agreement between these ratios is remarkable.
Referring to the general table it will be seen that the average
results for sawed samples is obtained from only four tests, and
that one of these, No. 1, shows an exceptionally high elasticity.
It is probable that if the number of samples had been greater,
this exceptional case would have had less effect on the average
modulus of elasticity, which would then have been less than
here given. If we assume the average of the other three sam-
ples as more nearly representing the general average elasticity
of that class of stone, then the ratio of the modulus of elasticity
of the tool-dressed to the sawed samples would be 62§ per cent.
It would thus appear that the disintegrating effect of the tool
is equally fatal to correct results in experiments on all modes
of resistance.

These experiments show that owners of quarries who desire
their stone to be properly set before the public should never
allow tool-dressed samples to be submitted for testing purposes,
and that the results of tests heretofore published have no value
for purposes of comparison, where the mode of preparing the
samples is unknown.

Referring again to the diagrams it will be noticed that the
lines representing the sandstones and the tool-dressed granites
approximate to the form of the parabola, while the sawed
Oolitic limestones, together with the Niagara and Devonian
group, are approximately straight lines. The tool-dressed
Oolitic limestones show, in some instances, a tendency toward
a straight line, and in others a tendency toward the parabolic
form.

The straight line means that the elasticity is constant and
unimpaired up to the instant of rupture. The parabola means
that the clasticity is diminishing with each successive applica-
tion of the load. In both cases the results are unique. With
all other materials that have been made the subject of experi-
ments, it is found that the line representing the test is approxi-
mately straight for the first portion of its length, and parabolic
for the last portion, the change from the straight line to the para-
bola being usually well defined, and marked by a sharp cusp or
point on the line.  This point is called the “limit of elasticity,” and
it marks the load under which the elasticity of the specimen first
becomes impaired. With the sawed limestones it would seem
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that the limit of elasticity is greater than the tenacity, and that
the stone fails by tension along its lower surface before its elas-
ticity has been impaired. With all those cases which show the
parabolic form, the elasticity had been impaired by the tool-
dressing, so that the limit had been passed before they were
subjected to strain. The sandstones, however, were sawed, and
the parabolic form developed by them was not the effect of tools,
but shows a low degree of elasticity as inherent in the stone
itself, and which renders them not well adapted for beams or
lintels.

The Oolitic limestone, which forms the leading feature of
the foregoing series of experiments, is so little known beyond
the immediate neighborhood where it is quarried, that it may
not be out of place to give here a fuller description of it and of
its character as a building stone.

Geologically it belongs to the St. Louis group of the subcar-
boniferous period and has been formed from the crushed re-
mains of the marine shells, corals, etc. These have been pul-
verized to the condition of fine sand; their soluble impurities
washed away, and their insoluble residue reunited into solid
rock by a deposit of carbonate of lime as a cementing material.
Its structure is, therefore, that of a close grained, compact
sandstone, while chemically it is a limestone of rare purity.

Like the sandstones, it works freely under the tool, while
the homogeneity of its particles and binding material enables it
to be worked to a clean, sharp arris. Like the sandstones,
also, and unlike other limestones, its formation in the ledge is
massive and solid ; not stratified with clay partings. It hasno
well defined cleavage in either direction, and is of nearly equal
strength whether on “edge™ or on “bed.” The formation is
generally about forty feet in thickness, and presents a solid
face, from which the quarryman may choose his dimensions
unrestricted by any conditions save his ability to handle and
transport the blocks. The Egyptian obelisk or the mighty
stones of Baalbec could be readily surpassed in these quarries.

The Indiana Geological Report for 1878 gives analyses of
samples from different quarries along the out-crop of the form-
ation, from White river, in Owen county, to the Ohio river in
Harrison county, showing a remarkable uniformity in its com-
position. All the samples show from 95 to 98 per cent. carbo-
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[

nate of lime, which is indestructible by ordinary atmospherie °

influences; while ferric oxide and alumina, to which most per-
ishable stones owe their failure, occur here only from 0.34 to
1.00 per cent. This is a degree of purity rarely found.

In so far as durability can be inferred from chemical analy-
sis, the oolitic limestone gives every assurance of permanence,
which is further attested by the perpendicular and unworn
aspect of all exposed faces along the out-crop and by its reten-
tion of tool-marks after forty years of exposure in buildings.
It is only slightly absorbent of moisture; is perfectly free from
saltpeter or other eflorescent salts; and its high degree of elas-
ticity enables it to resist, without injury, the otherwise destrue-
tive effects of freezing the absorbed moisture, and of unequal
expansion or contraction from sudden and unequal changes of
temperature.

Its rich grey color, close and uniform texture, and facility of
working, both by hand and by machinery, make it extremely
valuable for architectural purposes,and its assured strength and
durability make it especially desirable for all permanent engi-
neering works. When it has become better known and appre-
ciated abroad, it will form a prominent item in the commerce
of the State, It is already beginning to find its way to east-
ern markets, and the recent use of it in Mr. Vanderbilt’s new
residence in New York city, will serve to show eastern archi-
tects its many excellencies.
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No. 32.—Deflection at instant of rupture, observed .0166; corrected .0209.

| No.8

.—~At 60 1bs. no permanent set; on edge. -

NoTE.~. ll?experfu{euts in this series were upon a length of 14 inches between supports, and all “on bed "’ except where ot
FIRST GROUP—OOLITIC LIMESTONES, TOOL-DRESSED.
. ] ) "
,,E QUARRY ‘ :i “11%1};%18\" LOADS APPLIED.
7} i 3 . ' - T
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! o I i ] : ; :
2 | Dark Hollow . . . . .. .. .. { Bedford, Indiana . - Lmpaired . {i 100 | 1.00 || .0021 | 002 0101 i1 .0125 | 0125 |1 0151 10151 [} . . .. il .. . .
34 | Dark Hollow . . . . . . .. .. Bedford, Indiana . [mpaired 00§ 0.98 1 .0035 | .00 0111 || 0145 [ 0136 | 0180 | 0169 | 0213 | .0200 | . . .. . . . .
11 | Hege & Jackson. . . . . . . .. ear Spencer, Indi: [mpaired .90 | 1.07 1] .0026 | 4 0090 || 0104 | .0114 |, 0123 | .0136 i| .0140 | 0154 1} .0172 | .01 . .
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12 | Simpson & Archer . ., . . . . Near Spencer, [ndian Impaired J2 1 1.8 1| .0018 | 00381 0112 {| 0076 | .0140 |1 L0091 | 0168 i1 .0107 | 0197 ;[ .0126 | 02321 . . . ]. . . .
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17 | Dunn & Co., Baalbec Quarry . Near Bedford, Indiana . lmpaired 03 0 100 1 0041 | 10042 0126 1 .0156 | .0161 |} . . . P | I C. PR IV | RO IR
26 | Dunn & Co., Baalbec Quarry . Near Bedford Indiana . Impaired 08 - 0.85 110036 | 0036 0112 1. . . .. T T T
20 | E.R. Bladen . . . . .... .. Near bpeneer. Indiana . Impaired | 107 J 0091 11 0091 | .0117 ¢ 0153 | .0197 .1 .0179 | .0230 || .0200
22| E.R.Bladen . ... ... ... Near Spencer, Indiana . Impairved . ; 5 1.06 K 0104 11 0102 .0128 0166 | L0208 {1.0188 | .0235 1] . . .
30 J.Glover . ... Near Bedford, Indiana . | Tmpnaired 106 002 400107 0110 1 .0140 | D180 (02271 . . L Bl
31| J.Glover . . ... ....... Near Bedford. Indiana | | Impaired . 1. 0034 0104 10094 L0127 L0147 | 0198 1] .0172 | L0232 i} 0192
Averages ! 0029 0104 .| o 0204 ozl .
b . o . i ! : :
k SECOND GROUP-—-OOLITIC LH\IESTONES, SAWED
; o ‘ - T K ! | i ! | ]
1| John Matthews & Son. . . . . . Kllettsville, Indiana . . . . . . YVery Clear. | 1.06 | 1.03 : 0009 . A0 0026 10031 11,0037 | L0044 1] L0045 | L0053 {1 0053 100621 . L, i . il L L. . L 10084 ].0098 || L0087
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8 23 . Hallowell Granite. . . . . . . . } Co.,New York . . . . .| Very Dull . || 1.04 | 1.06 | .0018 | .0023 }| .0040 | .0050 |} .0066 | .0082 ‘ L0094 1 .0117 {] L0120 | 0149 0177 | .0219 || .0210 0260] 0245 | 0304
| ; | | —
N Averages. . . . . . .. h L Lo s - . ‘[ . 0022 L0047 0078 } C 0113 0146 0217 0260 }; . 0309 |
o o N i i
N SIXTH GROUP—SANDSTONES, SAWED.
[ 5Lbs. || 10Lbs || 15Lbs. | 2Ebs || 2Lbs || 30Tbs. || sLbs || w0Lbs. || sTbs. || 01|
: T : ‘ : | 0 | o ’
o ! Grafton, Obio S Lo onwo bl L] 0280 | L02ss 0439<0402i...i...ii‘.w‘...]:'.. t‘;f
2 Grafton, Ohio 10800 100 L L L L x] 0022 | .0288 o .0042[.0550;3. . “ i ‘ K70 N P
20 |l ! (irafton, Ohio DL Ti00, 100 | 0046 | 0040 ) 0140 | 0140 || J0376 | lodro | 1| | oisi |0l .|.. . S . LR O !
14 | Halderman . . . .. ... ... i Berea, Oh10 ........... L. 108, 103 . L L, . 012‘3 0145 ¢ 0]93{ 0228 | .0270\ 0%18 ~0364 | 0430 | 1} 0468 | Oob{) S I | NI i
2¢ | Halderman . . . . . . . . erea. Ohio . . . . . . . .. .. .1 1,07 103 F 0028 | 0038 0096“ 0153 .0179f .0720_ 0257 ()2‘40 L0339 1 03711 04.)8‘ {0483 | 0666 | . \‘ R :
AVETBZES . . . . . . e I . R 0036 “ .0196{_ LLlss . . oavnt ! 0385 oss L A;.0565 e ! |
! ! o : : i | i ! ! q ! R
No.2,—At 20 1bs. no permanent set; at 60 lbs. permanent set, 6028, No. 21.—Deflection ht instant of ruptnre, obgerved .0170: corrected .0203. : No. 19.—At 40 1bs, left under strain twenty-four }.{
No. 25.—Deflection at instant of rupture, observed 0175 ; Loxrected 0234, “Average, Second Group,—Crushing str enzth, average of five of Gilmore’s ; tion inereased from .0056 to .0090, and strain x|
No. 22.—Deflection at instant of rupture, observed .0206: currecied 0258, tests, not identipal with these quarries, but known to have been sawed., ! _ On restoring strain to 40 lbs. deflection becam >
No. 30,—Deflection at instant of rupture, observed Ol%, eorrected .0247. Nos. 18 and 19. —Moda of workmg unknown, probably sawed, and No. 18 . Nos.3 and 33.—Sawed with quarry beds at right 4 :4
At 60 1bs. no permanent set. wrongly marke d for ‘“ bed,’’ and therefore tested on edge. I No.6-—At 70 lbs. permanent set .0006; on bed.
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P | 1. TR PN ’; (Lol e 1as) 2880400 | 6%
[T TR § I $9E 391,
|- ,[ N | R DR | DA 80 | 1,630 | 2,952,500 750
N DR D D 88 [ 1,460 | 2,738,800 | . . .
S A S DR | D 90 | 17212 | 24637750 |~ 7,300
I SN 90 1 1,431 | 3184500 | 8750
S| DA D oo 55 | 1,121 | 2,062,000 | 6500
I N A 40| 7950 [ 2,553,750 | . . . .
0258 }) .0225 | 0290 B N R IS | D 110 | 1.928 | 2,930,000 ..
1 DR | R D S DA N o8 | 1,744 | 2603500 | . | -
R > | 1500 26000000 | To,1d5
‘0359 (| 0215 | 0200 N Lo R B ! 110 | 1,800 | 2681,000 | . . . .
0259 020 |, . [ . i . .. . ’ . { 1477 | 2679475 | 7,857
- 1 , ‘
.0102(.0100.11 N N 41,. ’ “ 120 | 2,240 | 6,494,000
‘0168 || 10148 | L0187 {| -0161 | 6203 || - BT D10 ) 124 | 2,187 | 4,083,800
10140 || ‘0124 | 0163 | 0134 | 0176 0170 S| 180 | 2a08 | 4,691,670
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hours, and found deflec-

educed from
e 0097,
ngles to axis

40 to 34 Ibs.
of bar.

No.
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7.—At 60 1bs, no permanent set; on bed.

No.9.—At 60 lbs. no permaneut set; on edge
No.4.—~At10 lbs. permanent set ()04')

No. 5,~Length betw een supports six inches.
pieces of No, 4.

No. 14 —Ab 20 lbs. permanent ‘set 0080,

This was one of the broken






