ON THE OVERTURNING AND FRACTURING
'OF BRICK AND OTHER COLUMNS BY HORI-
ZONTALLY APPLIED MOTION.

) BY
Joun Ming, F.R.S.,
IMPRRIAL UNIVERSITY QF JaraN, Torio,
AND
F, Owmory, (Rigakushi),
IMpgRIAL UNIVERSITY OF JapaN, Tokio.

The following paper gives an account of a series of experi-
ments carried out with the object of determining the accelera~
tions necessary to overturn or fracture columns of various
descriptions standing freely, or fixed upon g trock which was
moved horizontally back and forth through a small range of
motion, As the object of these experiments was to Furnish
those who have to baild in earthyuake countries with data
respecting the quantity of motion certain forms of structure
might be expected to withstand, the range of back and forth
motion employed was from a half to four inches,—guantities
- which are comparable with the greatest extent of earthquake
movement of which we have any sure measurements.

As examples of such records we quote the following e

1.—For the Neapolitan Earthquake of 1857 from observation
on cracks in buildings and other phenomena, Mr. Mallet
estimaled amplitudes of motion of from 2.5 to 4.7 inches.
From projection phenomena and the dimensions of bodies
which were overturned, the same investigation determined
maximum velocities, the average of which may be taken at x2
feet per second. The fact that these data lead Lo the conclusion
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that the period of a wave would be about 0,125 seconds, where-
as we know from observations in Japan that period increageg
with amplitude, and that waves with amplitudes of even one
inch have invariably a period of at least one second, we arg
compelled to accept Mr., Mallel's conclusions with caution,
Vet until absolute measurements of earthquake motion were
miade in Japan Mr. Mallet’s investigations respecting the
amplitude and period of earthquake vibrations were by far the
best to be obtained.

2.—February 2znd, 1880. On hard ground in Tokio g
range of 21 millimetres was recorded.  From the measurement
of many earthquakes on sintilar gronnd we may safely con.
clude that the frequency of the vibrations did not exceed one
per second.  This indicates a maximum velocity of 6o mm,
per sec. and a maximum acceleration of 360 wm, per sec,
per. sec. A few chimmneys fell, tiles were projected from
the eaves of buildings, and one or two walls were slighty
cracked. In Yokohama the range of horizoutal motion was
from 15 mm. (§ in.) to somm. (2 in,). Many brick chimneys
fell, tiles were shaken loose, some buildings were unroofed,
grave stones were rolated, walls were cracked, and many
Bodies, like tiles, &c., dnd coping stones, were projected.

Oclober 15th, 1884.~In Tokio, on so/7 ground, the greatest
range of motion was 43 mm. and the period 2 seconds. This
indicates a maximum velocity of 68 mm. per sec. and & maxi-
mum acceleration of 210 mm. per sec. per sec.  One or two
chimneys fell and a few walls were cracked.

January xg5th, 1887.—The observations at three places in
‘Fokio, the first of which is on soft ground; and the latter on

moderately hard ground, were as follows :

Range af Period Pertod of
motion in in Maximum  Mazimnm  Veetieal Vertical
Millimetre. Seconds. Veloeity,  Acceleration, Motion. Motion.

Hitotsu-bashi. 21 .0 2.5 viies 26 s 66 vivee 18 winre 09
Hongo e 7.3 viee 20 siins 12 1vavss 36 wieens 1.3 vies 10
Cliirl Kioku,,. 10.2 siee 2.3 viver 24 vevnre 04 wovene 5.5 vernne 08

- In Tokio a few brick walls were cracked slightly.
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In Yokohama, about xo miles nearer tothe origin of the
~ distarbance where a horizontal motion of 35 mm, was recorded,
many chimueys fell and buildings were shatiered,

The conclusion is that when there is an ear#h movement of
18 mum. (§ in)) or over, the period is usually sufficiently short
to result in accelerations causging destruction, and ranges of
motion used in the experiments may be described as com-
parabla with the motions thal steuctures may have to withstand
in earthquake countries.

Earthquakes liave undoubtedly oceurred where movements
greater than four inches have been experienced, bul measure-
ments of these movements are nol obtainable, Eye-wilnesses
testify to the fact that the ground has thrown out wave-
like undualations, and buildings therefore have not simply
been subjected Lo horizental stresses but have been tipped and
rocked, Such disturbances are, wmoreover, extremely rare,
and even when they do oecur (he areas whers the motions
have exceeded the lmils discussed in the fullowing paper
have been small.

The reasons why the effects due to the vertical component
of motion have been overlooked sre, first, the difficulties of
experiment, and seeondly the fact that in all earthquakes re-
corded in Japan the vertical component is invariably very
small as compared with the horizontal movement, In the
case of the earthquake of Janaary 15th, 1887, just given, it will
be seen that the range of mation for the vertical component
is to that of the horizontal component in the ratio of 1 to 103

“at the most 1 Lo 4, the later being unusually large,

The only other experiments bearing on the oscillations
necessary {0 overturn bodies of various dimensions are those
given by one of the present suwthors in a paper on Seismic
Experiments in Vol, VI, of the Transactions of the Seismon
lo gicai Saciety.‘ These Mpummm, which ouly refer to ex~

; (*) Seismic Expcrmwntx, hy }w}m Mﬂnex Trang, Seiu, ‘mx., Val,
VIL, pp. 182,
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ceedingly small columns of wood, are again referred to in the
following papers.

Theoretical investigations, many of which are due to the Rey,
Samuel Haughton, F.R.S., respecting overturning, fracturing,
and projection, are given by Mr. Mallet in his classical work
on the Neapolitan Earthquake®,

The overturning and rocking of columns has been treated
by Messrs, Milne,? Gray,® Perry* and West,® The effects
produced by earthquakes of known dimensions in causing
overturning, fracture, projection, rotation, &e., may be found by
reference to the descriptions of earthquakes given in the Trans-
aclions of the Seismological Society. Mr. Mallet and other
investigators, who worked prior to the establishment of the
Seismological Society, used the destructive phenomena of earth-
quakes to determine the dimensions of the earthquakes, The
following experiments show how far the hypothesis then em-
ployed cdan be regarded as correct.

For assistance in carrying out the experiments, the authors’
thanks are especially due to Mr. D. Larrien, representative of
Decauville & Co,, who put at their disposal the truck and rails
on which the experiments were made ; Mr. K. Tatsuno, Pro-
fessor of Architeclure, who designed and built the walls and
columns; the Authorities of the Imperial College of Engineer-
ing, who furnished the workshop and workmen ; Mr. Y, Yama-
gawa, who superintended and furnished the electrical ap-
pliances ; and finally to their colleagues who from time to time
rendered valuable assistance, :

The method of conducting the experiments will be under-
stood by reference to Fig., 1 A is a steel-framed truck,
with a wooden floor, measuring 3.6” by 2'.8", the gauge
of the rails on which it moved being 20", The back and forth

"1 The Neapolitan Earthqualee of 1857, by Robert Mallet, .R.S., &ec. 2 vols.
2 Trans, Seis, Soc, Vol. 111, p. 44—48.
& Trans. Seis, Soc, Vol. 111, p. 48—40.
4 Trans. Seis, Soe. Vol. 111, p. 1o3—106,
5 Trans. Seis, Soc. Vol. VIII. p. 35~—236.
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movement of this was given by a connecting rod B, about ro ft.
long connected by the crank C to the shaft D, which was
turned by hand, there being a large fly-wheel to insure regularity
of motion. Columns or walls to be fractured were fixed upon
the truck A by blocks of wood EE which were first brought to-
gether horizontally by cramps and then bolted down as shewn
in plan and elevation, It will be observed that the range of
motion of the truck can be altered by the slot and crank ar-
rangement shown at C. The back and forth motion of the
truck A. was recorded by means of a pencil at the end of the
arm F. wriling on a band of paper passing over the drum
driven by the clock H. The speed of the paper was
recorded by the arrangement shown at I, consisting of a small
pendulum swinging across a pool of mercury and completing
the circuit of a battery and an electro magnet. At each com-
pletion of the circuit, which occurred at intervals of about 3
second, the electro magnet deflected a lever carrying a pencil
resting on the paper carried by G, At J there was a second
battery, electro-magnet, lever, and pencil. This circuit was
closed by a key at the moment of overturning or fracturing
and a mark was made on the paper opposite the particular
vibration which was taking place when such result occurred.

Fig 2 represents the diagram obtained when overturning a
brick standing freely on its end with its flat side facing the
direction of motion, It will be seen that the back and forth
motion commenced gently, the wave A being described in 1.4
seconds, this interval being delermined by reference to the
time scale, 27 ticks on which, corresponding to 27 swings of
the pendulum, being described in 10 seconds. When B was
described, which by measurement has a period of 0.71 seconds,
the brick was overturned, the overturning point being shown
by the tick at D in the line DE. The amplitude or half
range of motion at B or Cis 18.7 millimeters, On the as-
sumption of a simple harmonic motion, calling the period T
and the amplitude a, from the formula
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2na
V D s
T
the maximum velocily may be csgculated. Other quantities
8 . .
which follow from the above are Zor maximum acceleration,

V/% or mean time acceleration,

CarcunaTions EMPLOYED.

Tor varions reasons, amongst which the following are the
principal, it seems impossible to absolutely determine the
quantity of motion necessary to overturn a body of given
dimensions.

1.—The body may be set in motion and by rocking with a
definite period and amplitude when it receives the final impulse
which may determine its overthrow.

2.—Bodies like columns standing on end have a period of
oscillation varying with the arc through which they rock.

3.—An earthquake seldom if ever consists of a single sudden
movement, but of a series of movements which continually vary
in amplitude and period.

4.—Although an earthquake may consist of a series of move«
ments which are recorded as a series of distinct waves, it
often happens that such waves are accompanied by asmaller
superimposed waves,

The second and third reasons would lead to the conclusion
that a body might be overturned by movements of exceedingly
small amplitude, provided that the periods of these movements
decreased at the same rate that the period of the oscillating
body decreased.

Although the effects of earthquakes may be accelerated or
retarded by the above mentioned phenomena, the destrucs
tion chiefly occurs with the larger movements; therefore by
only congidering Lhese, although the analysis is imperfect, the
results obtained are sufficiently near the truth to carry with
them a practical significance,
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OVERTURNING.

Our colleague, Prof, C. D. West, treats the subject as follows:
Let A7 be mass of a column resting on the
ground undergoing an acceleration of / feet

F per sec,

Let ybe the height of the centre of gravity
> of the columns, and x the horizontal dis-
¥ tance of the centre of gravity from the edge
; W about which it may turn.
The inertia of the column is equivalent to a force
: Fe=M f -
The overturning moment
B y=M fy
This is opposed by the moment of the weight or
W x=alM g x==M fy

whence fmgf-f
If £ exceeds this value the column may go over, if less it
“may stand,

If the column is practically at rest when it receives the ac-
celeration £ it ought to fall, but if it is in a state of oscillation
its fall may be hastened or retarded.

It will be shown that the quantity gﬁ which only depends
on the dimenaiona‘ of & body, often closely agrees with the ob-

served quantity = ot maximum acceleration.
When V and T are small, gﬂ; iz nearer to the observed
v
quantity % or mean-time acceleration,

» Mr. Mallet, by equating the statical work done in raisir_xg the
centre of gravity of a body up to the edge over whichit falls as
equal to the kinetic energy of rotation, obtains the formula :—

L A% YI—cos
s LR Sl 2K 4
V¥ w2 X o X )
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when ¢==the angle formed between the verti.
cal edge of the body and the line joining itg
o centre of gravity and the edge about which it
e tarng

a==the distance of the centre of gravity from that edge,
A==the radius of gyration about the same edge. For solid

. 1
rectangular solids T

g==acceleration due to gravity,

p==the velocity when suddenly applied horizontally to the
centre of gravity of the body is able to bring it verti-
cally over the edge about which the bndy rolates,

For a rectangular block

a {1=zos
from the above, PPumyg 40 ( ¢)

Feos g

*
. .

v mm N 2 %«m (xecos ¢)

The formula is only true on the assumption of a sudden
impulse, whose action has practically ceased before the block
has begun to move. In this case the value of the impulsive
couple or moment of the impulse about the fixed edge is

mea cos ¢

where m is the mass of the block. ﬂ

The impulse, however, which acts on the block evidently de-
pends upon the accumulated acceleration for the half period of
motion to which the body is subjected.

Taking simple harmonic motion we have for displacement e

2w
X e @ SfH e
T

where ¢ == ’amplituda and T == period,
The acceleration i then 1—

, 8
&”mma% Q’fﬁ aﬂ‘

And the total impulse for half period is

‘r N
Is=a|mad

L)
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wa p X wice the muximum velocity,

OVERTURNING ACCRLERATION,

" Here we have (I}ﬁwig' or (2) Sy =a g
: ”If, therefore, we have a series of columns of different heights
put of the same width, equation (2) gives a relation between
the heights or lengths and the accelerations necessary for over-
iturmng. Supposing & constant (2) is represented by a recss
“angular hyperbola with y and f as cdordinates. The theo-
retical curves in Figa. 3 and 4 have heen constructed from
‘equation (2) by putting xe=1.
If the columns have the same height but different widths,
requation () may be represented as a séraight line through the
_otigin with & and /"as cdordinates,

Bopirs Overrvanzn orn Fracturen,

" In the following list the bodies overturned or fractured are
-enamerated following the order in which the experiments werg
‘madé, In describing the experiments classifications have been

made according to the natute of the experbments,

A

%‘:ﬁin&’ . Mature of Modies, Thimpaninns, Resnarhs,
1 Deal Box. §” woed, 13 % 10d"® 23570 end,  Flat side
‘ o, et ned,
-3 Deal Box, " woud, (143" R 10" %318 00 e, Flat sede
S s Oven trned,
304 5 JA block of wood. 2P RO R 01 0 end. Plat side
ens. Ohveriuensd,
6. 7. (Blockol Pear Wood 315" %30 % 19" [Un end, Flat side
‘ an. Overturnsd,
& 9. |Block of Deal, PRI R O end,  Flat side
» o Overisrned,
Yo, 11, |A brick, A ETA One eud. Flat side
o o, Overtarvad,
12,13 A brick. G R mal” Ok el Belge on,
' Cleertuined,
14 Oue biick on edge sd kg sy® s e, Flatside
of another, o, Qveturoed,
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s,
g‘&i&fcﬁ’; Nature of Bodies, Dimenslons, Remarks,
15. 16, [Blockof Pear Wood. 113" % 3§"X 19" {On end.  Flat side
, , on. Overturned,
17. 18, |A brick. 0" X 44" % 23" Oun end.  Flat side
) ; , O, Ovelturned_
19. 12} bricks as a co-g’X4"X 33" Ou end. Broke at
Humu, mortar joints, 2u0d joint,
20. X4 bricks as a colu-y”x 85" X 3./ 13" {On end, Flat side
mn, mortar joints, on,  Broke atgrd
joint,
21. 22, (11 bricks as a co-y"x 85X 2./58" |On end, Flal side
Tumn, ot Brokeatand
joint,
23. 20 bricks as a co-a"X85"X4.741" |Oun end. Flat side
lumn. on, Brokeatand
joint,
24 Square  brick co-8§"x "X 5/08” 108 end. Broke at
lumn 23 courses, and joint,
25. Square  brick co-8§* X ¢’ X4."68" |On end. Broke at
lumn 20 courses. and brick,
26. Square  biick co-83"Xg"x4./14” {On end. Broke at
lunin 18 courses. aund brick.
27. Squate brick co-83'X9"X3./73" {On end. Broke at
lumn 16 courses, §th brick-—a bad
jointy
28. Square  truncatedisi”sgiattop . adOn end,  Broke at
qpyrsmida 15 cour- 5P st botom X33 and joint,
ses.
29. 20 bricks as a co-qd"X9"x4./6§" |On end. Edge on.
tumn, , Brokeatand joint,
30. 18 bricks as a co-i44"X9"X4./ 14" [On end. Edge on.
lumn, Broke at 4th joint.
3. 32, (14 bricks as a co-gdx9”%3./24” |On end. Flal side
fumn, on.  Broke at 4th
joint, .
33 Square brick co-lg”x g"X4./6§” |On end. Broke at
lumn 20 courses. 31d joint,
34, . |Square brickcolumnjg”x "X 3/ 108" |On end. Broke at
17 courses, 2nd joint,
35 Columo of cement, [27x2"X2./1” Oxlt) eu}:\. Did not
reak,
36. Column of cement|a”x2"%2./1*  |On end. Did not
with an iron cape break,
of g}lbs, .
37. Same as above withl2”X2"X2./1*  |On end. Did not
Aa ca‘lai %h{{lbs‘ . Ohmalg Brok
. small bric ra-pdixadion top . s0 O end. roke at
38 mid. PV abrhortam =@ D4 e, Brolt
was bad.
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lig‘ﬂ‘:fw%’ig- Nature of Bodies. Dimensions, Remarks,
30, |Concrete column, 1j2"X2"X 22" On end, Did not
: pattcement, Gfine break.
gravel, , ,
40. A block of wood,  133"X 3" X 123" 10w cimd* Overturns
(144
41, |A block of wood.  [33"x4}"X18]" |On end. Flatside
an,  QOverturned.
42, [Column of Cement,2”X2"X 30"
1 part cement, &
fine gravel,
43 A brick. 23" % 43 %8 |Ou end. Fladside
an.  Overturned,
44 [Column of cement.2"x2"X 18" On end. Broke at
1 pait cement, 8 end of motion by
fine gravel. jumiping of truck.
45 A brick suppoited2} X 4d'x8)  |On end. Flatside
on ane side, on,  Qverturned,
46, |A brick. 21" % 43" X8 On end., Flatside
on,  Qverturned,
47+ |A biick. 21" %48 |[On end, Flatside
on, Overturned,
48, |Column of cementfa’X2"x1./6" Connecting rvod
Five 1 pait uve broke, car jumped
ment, 6 gravel, and eolumn broke,
49, 1A Block of wood, 33X 38" 12§" On;ud. Overtuin-
ed,
50. A block of wond.,  [3]"X43"x 183" Ovend. Overturn-
ed.
51 [Column of cemently”x4"%5.0" Oun end. Broke 10"
1 parl cement, 6 from base,
fine gravel.
52, [Column of cement. "% 4% 4.710"  |On end, *Broke 16"
Y opart cemeut, 6 from base,
fine gravel.
54, |Column of cement.f4"X4"X2! Did not brealk.

1 part cement, 6

fine pravel,

In addition to the above, there were g square columns, each
X sun square and from 2 1o 10 sun in length ; also a series of
cylindrical columns of similar lengths, but 1 sus in diameter
(x sun==30.3mm.) Each of these, which were made of deal,

weres overturned several times,

joints and were from 25 to 30 days old.
were composed of courses of headers and stretchers. The con-
crete and cement columns were zigo from 25 to 30 days old.

The brick enlumns had mortar
The square columns
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OveERTURNING OF THE Ning SmarL Square CoLumns,

In the following table the dimensions of the columns are
given in Japanese sun (1 sun==30.3 mm.) The amplitude
or half range of motion ¢ is giveu in millimeters. The period
Tis given in seconds. The maximum velocity V is calculated

from the formula V = »-ng Twice the maximuam velocity or
2 V, ought theoretically to show some relation to Mallel's v.

The mean time acceleration is V/§,  The maximum ac-
celeration is V*/s, quantities that may be compared with the

quantities in the column headed West's /= g;

Dimension, Quantities Observed, Quﬁntlit{eg Caleu-
ate
v West's Mallet's
v/ vef, Ve

Cross
No. Section, Helght. as T, V. .
Quervee T e 10 e 25 Xud 113 322 500 8o .. 141
e = e == e 200 16 102 250 308
e = e e 100 L0 101 4o 032
—— = s = o 385 L6 156 oo 628

s = e = e 380 16 147 360 503

Pl

—
——
e
S S S 53

Average ... 124 348 540

v I Q4. 26 .08 168 688 toBo 1090 .. 150
o= e 265 12 138 460 7200 e 0
v e = e 100 .04 107 453 7100 e =
v = e ™= e 300 1.2 203 070 1050w e

Flle
|

B DS PSR

Average ... 184 508 8go

e 8 oo 26 0B 168 688 1oBo rago ... x58
— e e 27 .03 183 790 1250 e, =
e = e = e 100 74 1300 730 1150 e ow
S e ™ e 308 .00 252 1020 1010 e o, e
e e ™= e 30 1.0 24.6 g88 1550 = =

Ferrens

TR

—
terene

Average ..., zg’; 843 1410

Bivve I oacine 7 e 27 L85 2007 932 1470 1400 .., 170
s e e BT 86 197 020 1440 e ., ==
e e = o 300 107 228 B50 1340w e

s

Average ... 208 goo 1420

Sereers T owien B v 40 107 234 880 1370 1640 ... 184
e T e ™ e 30.5 x.c)g 241 936 1470 e o =

Average ... ﬁ38 9()8 14207 e L. L
Broree v B v Records lost 1960 .. 202
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Fuvee I o 4 e 407 85 300 1410 2220 2450 ... 228
S e = e 40,5001 280 1230 1040 o ., ~—
e e == waeees 40,8 175 340 1820 2870 — 0 =

Average ... 307 1400 2340

Zueer X wanne 3 v 412 .74 348 1880 2050 3270 ... 267
—eard S arears ST saeue 4!}5 -58 4.46 3{’5‘0 4,8()0 — ey e
v ™ e ALE W77 339 1760 2770 = L.

Average ... 378 2230 3510

—
—ires

s

Loe I i 2 e e e e e e 4000 0 342

OverrurNiNg oF THE NINE Sumarr CyrLINDRICAL COLUMNS.

Dimensiona. Quantities Observed. Quantities
¢ Caleulated.
JYORE iy 3 ®
No.  Section. Helght. a. T, v V/-; v /a t=g 3

Guees T 10 00039 1.08 227 B840 1320 ¢80’
s e = 00039 1.27 194 OGro  gbo —

Average iovenanon. 213 730 1140

Brnee L 9 e g0 122 206 670 1060 10QO
e e e d 0 122 206 670 1060 —

AVEIEEE Lccninnn 206 670 1060
w305 127 196 G20 974 1230
o305 124 200 G50 1020 1400

P L8 78 326 1680 2630 1640
veenn30:5 137 196 G20 972 =

AVBIAZE sevonne 200 XI50 1800

YT SR
: 6nnu | ST

Snuu X seease

—rrarr Y aarese

Goeirnr v 8 ool 1.1z 230 820 1280 1960
T TR SR PP Y. § 297 205 1ogo 1720 e

AVEFAEE oo 348 955 1500

o Lo 4 neandd 63 410 20600 4080 2450
e = e = ed X gt 283 1240 1960 —

AVEPRRE aveeone 347 19200 3020

Zuore T 3 oeand? .53 497 3750 5890 3270
e A T T R TR 1 77 333 1720 3700 —

AVEIBEE i 415 2735 4300

 From the above tables we see that the calculated quantity
- called * Mallet's v has no relationship with the observed
quantity 2 V.



72 OVERTURNING AND FRACTURING

' The quantity called «“ West's /" or moment of overturning,
is, however, closely related to the observed quantity Y4/,
" especially for the shorter square columns. From theoretical
considerations it might have been expected that the columng
with relatively the smaller bases, that is the long columns,
should have given results more neatly in agreement with
West's /. The principal causestending to vitiate the experi.
ments were -

a

1. The bases of the columns may not have been absolutely
flat and not accurately cut at right angles to the length of the
columns,

2. The truck on which the experimenty were made being
designed to carry heavy weights, it had neither the smooth
surface nor the even motion necessary for experimenting on
columns so smooth as those which were empluyed.

That errors due to canses like these must have entered into
the result may be inferred from the order in which the columns
fell when standing together on the truck which was moving
back and forth with increasing rapidity.

For cylindrical columns, one order wag t—

79 6 8, 5, 4, 3 2
For square columns, one order was -2

; 9 8 6 7 5 4 3 2

Notwithstanding the roughness of the experiments the tables
show that the theoretically determined quantity called West's 5
which depends upon the dimensions of a column, is closely
connected with the maximum acceleration it experiences at

the time it is overturned by a back and forth simple harmonic
motion, :

The same results as those given in the tables are shown
graphically in the accompanying diagram,

The above results may be compared with experiments per-
formed some years ago by one of the present authors in the
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Physical Laboratory of the Imperial College of Engineering
in Tokio. The details of these experiments may be found in
Trans: Seis: Soe, Vol VIIL p. 74. The results which where

" briefly as follows, are also represented graphically. The dimen-
gions of the columns and amplitude of motion are given in
inches, the remaining quantities being in feet,

No. Diameter Heiglt a VL Vi/a f:}‘:

1 1 8 .13 4.6 7.24 401
2 3 6 1.38 5.64 885 5.36
3 1 4 1.50 6.15 9.5  8.05
4 I 3 2.25 0.23 1449 107
5 1 2 2.75 11.29 1773  16.1

OVERTURNING OF RECTANGULAR PARALLELOPIPEDS,

. Quantities ‘Calcalated.
Quantities Observed, West's, MalleU's.
No. A T V Vi Vi aVv mgj{ v
5o 18.5 .6o 193 1280 =000 386 1950 382 DBlock like 41
40 19 .61 194 rajo 1ggo 388 2040 330 Block like 4o
47 10.8 .64 rgo trgu 1870 380 2600 320 A brick.
46 18.7 .71 165 924 1430 330 2000 320 A brick
43 49 11 260 guo 1420 520 20600 320 A brick.
41 49 1.1 aB4 100 1050 508 1950 382 Block like 30
40 50 .93 340 1470 2300 0% 2040 326 Block like 40
For experiments 50, 49, 47, 40 where the amplitude is small

and the period short, the quantities 2V and Mallel's v are fairly
comparable,

In 49 and 40, 50 and 41, 47 and 43, V varies considerably,
but V#/, doss not vary to so great an extent. V9/yis less
than f the differsnce being sometimes as’much as 30 per cent.

L]

OVERTURNING OF Rﬁcmwunmmmmvmns.
In the following tables ¢ is half the width of a column in
inches measurad in the direction of the motion, and @ is half
the heiglt, also in inches.
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. : ———,
" DIMENSIONS| QUANTITIES OBSERVED. |QUANTITIRSCALCULATED,
s p West's|Mallot 5 N

No.l ¢. d.| a. T. V. V/; Va/a aV, t, . i

Ve

“;53 11.881 ; 78650 3320/521011300] 4400 q0o | Deal Boy,
3|13 |11.873 2.6 |230] 460 722 460{1080| 220 | Block of
R ‘ 8 wood,
413 11.873 1.9 [241] 504| 790] 482] ~— —
5lt3 11873 |18 |253) 552] 863] 506 ~— —

6[2.0 | 9574 |1.3 |350[r060/1670( 700|2070] dgo | Black of

' ' v wood, |
712 0| 9.5/74 |1.3 |370{1180{1850] 740 =~ - .
8| .08 9 {74 |t.7 |274] 640/to10| 548 togu| 182 | Block of

1 R ‘ : wood,
9{ .94 73 |2.0 [231] 460 720| 462 - |

9
10|11 | 4.5/74 [1.7 |269] 630] 993 538/ 2400] R20 | A brick,
10{L.1 | 4.5(74 |17 |281] 68001070 5OR| e | e

12 (2.3 | 4.5(76 (1.3 [358[r100ir730] 716{4000] 680 | A brick,
1302.3 | 4577 | -78/620{318014090/1240] e | e ‘
I4(1.1 | 4.573:5|1.7 [279] 680lro70f 5582400 320 | Two bnckgk

17001 | 45039 [1:0 |244] o80[1530| 488|200 320 | A brick li
) ! 10 and ¥

18 (1.1 4.5[39 ' .85{2801390/2100] 578] ~m |

1512.0 | 9.5139 | .03|265|1150{1800] 530} 2070 300 Block of,
‘ wood hka 6
and g7,

v.igglé.o 9.539' 1.0 l244} 080l15301 4881 —

* From the above table is will be seen that the observed
quantity V#/, or maximum acceleration in many instances ig
comparable with the calculated quantity £, the closest approxiv
mations to equality being, when the period of motion or T ig
small, and the greatest divergence when T is large.  The differs’
ence between V*#/, and,/ is usually such that V#/, 3>/, Where
.the period T is two seconds, which is a quantity to be expected
in Iarge earthquakes, J may be 30 per cent greater than the
pgaxxmum acceleration at tl:e lime of overturuing,

Oj‘rzn'runmue or CoLUMNS WHERE THE RATIo or BASE TO
o Huenr 1s Consrant,

The absolme dimensions of columns may possibly have
effect on thg Vatues of the acceleration necessary for overturn.
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ing them. To test this for ordinary columns, such as tomb-
stones, we made the following eight sels of square wooden
columns, in each of which the ratio of the base and height was
the same, but the absolute dimensions were different :—

BASE. HRIGHT. BASK, HEIGHT,
in. 8. Sun, in. sq. Sun.
{I AR ARECERE SR B 9 4‘ AR R N N T TR Y xé
2 euniruanscanes 18 | 5 trvairenanee 20
I (RN AERE RN R ER ) 8 5 i"“",\""ll!' 2“. J
z IS REEEERAREN TR xé I BEE FTE RS Pe e 3 3
3 wresmrennenee 24 - P
2 sesnanenon 14 L P
B ol
. 3 R R T ] 21 g AR ERE RER NI RS IS
I ARSI R AL R) 6 AR RASE SR ENRRR] 18
' 2 AU RAE RE L E LR KR 13 7 SR BEL ER A EEN R SI
3 esvessennens 18 8 e 24 J
y 4 BEB RS AR BN RER 3&1‘ - I FEIR RPN G SR AEY 3!5
I ARRRREFE R KED BER 5 3 BES AIF A R RN 5
2 AEE ARSI ERGREE R Ia 3 e PR NP R W 7'5
3 TRHEREINS FEP RN 15 4 BEEBNERAS HRIREN 10
A arissrsaracsues 20 5 Srs s ansierees 13‘5 P~
B owiverianresenes 25 RO 1.1
1 ARRPERIRED B F RN 4 7 EPE YL AR AN ALY I?«S
PRSP 8 i, 20
3 WEA KR RRI IR SEN 13 9 Ry 13-5”‘]

The blocks of the same group were pul together on the truck,
which was moved forward and backward either suddenly or else
-1t was gradually worked into quick motion. It was found that al-

most always thess blocks were practically thrown down at the
_same moment, 50 that we should think their absolute dimen-
‘sions may be left out of consideration in the first approximation-
‘From the following results, made for two different amplitudes,
it will be seen that the acceleration necessary for overturning
us actually observed, are generally somewhat greater than those
“calcolated by the formula f==Zg.  The resulls are graphically
tepresented in Fig. 7, in which (/) is the curve given by tha latter
formula, while (A) and (V) are those obtained from the average
~values of the maximum accelerations and velocities observed,
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OvERTURNING OF Squark COLUMNS.

O nmmnn ratin

imber of Bx- of base and ¥
b{k:imenta. Ampl,  Period.  Max, Vel. Max. Ace. haight of hm:,k. faz g
mm, sec.  mm. per sec., mm per see,

wmm, per seg,

37 w 62 . 08 .. 490 ., 3800 ....rizd oL, 3900

38 ... 62 ... 0.85 ... 400 ... 3400 i e L e
39 .. 62 ... 081 ... 480 .. 3700 ..., —

FLTRY R

Average ... 480 .. 3600

32 .o 43 0 070 oo 340 L 2700 . I3 ... 3300
33 .. 01 ... 086 .. 450 ... 3300 ... -

34 . 61 L 071wl 540 L 4800 L. i
35 .. 62 ... 084 .. 460 ... 3500 ..., o —

Average ... 450 .., 3600

30 . 43 . 0,98 L., 280 ... 1800 i DM . 2500
31 o 43 w0 085 4 320 0 2300 v e e, —

. 08 ... 100 .. go v 200 iy e e
(XN 4‘

LR ENTTY
3 . 69 ... 089 e 3400 L v, e

Average ... 380 L., 2600

28 .. 43 .. 084 . 320 .. 23400 . 11§ ... 2000
29 .. 43 v 097 . 280 0 1BOO e e i, —

e 004 e 450 L 3000 L e e,
8 . 68 .. T.00 .. 430 .. 2700 ... e —

XX ETYY

10 ... 68 ... 1.20 ... 3V0 ... 2000 ..., = —

Areena

Average ..o 370 .. 2400

26 ... 43 .0 LOO ... 270 ... 1700 ... 16 ... 1600
27 . 43 . 095 e 200 L 1900 Lo e e, e
IT .. 68 . 1,40 . 300 . X400 e moeeniey e

13 ... 68 .. 1.10 ... 380 .. 2100 ... - —

Are ey
] P —

Average ..o 310 .. 1800

24 w0 43 . LIO Ly 250 L 1500 .uee 17 weenes 1400
25 . 43 .0 098 . 280 Ll X900 L e e, =
"T4 e 08 il TO 310 i TAO0 e e eiiee

15 ... 68 L. 1.20 .. 350 .. 1800 L.y e —

[TYRYT]
———— o

Average..iniiae. 300 .., 1700

22 .., 43 e 1,20 L, 230 .., 1200 ... D8 L., 1200
23 .. - 1 xo v 240 o 1400 e = s
16 ., 6 - v 200 G 1200 s avaee
17 .. 68 . x 4 ve 300 vo 1300 sy, -

[RNT—. [P———

P

TR

Average,,.......... 270 .., 1300
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20 AL 43
21 . 42
18 .. 67
N 6?

(X3

e

wE

1.3
1.1
1.5
L5

e 210 L., 1000
1300
1200
1300

AEW 33{3 sEv
weE 39{3 iy
o 280 L.,

o

By

AVEragB cciisneis 250 o 1300

Erdkan

F o+,
v 119

po—

CLERTE]

prae

LELERT]

e
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1100

w——"

LR E]

AEEERY

ISR LE] "

BEE RS N

Overrurning oF Brick Conumns arrer Fracrure,

After & column by the back and forth motion had besn
fractured 1t usually remained standing.

. mpidity of motion this could be overturned, and itis

By increasing the

g to the

pverturning of these fraciured portions to which these experi-

“nients refer,

 QUANTELINS

;,’gwmslm!& QUANTITIES ORSEEYVRD, CALET AT,
FIO e ld la TV V*Ea vmiw “?5& ngm
. §3a 24.5/12.6 “Eéma ygé :xﬁu a44] 7070 232 Beokeatzod
g 34‘4.3 a7.7127.3) Bglaon] oot §ao, Joul 15200 473 ,B‘;;ag'mmzd
CXGR (3] e | e Jewm ) Lo e | oafiol 415 Eamz{mm:é
I R g e R el I IR S PTO S Hri;e?x?;tgrd
2l hixalzo 8 .5 latoaoge tagnl saof 161 R ‘m’é’mmd
‘_»2\5 44 24830 | Bolayaliglolne 546% 17500 408 Btglg%:%t and
Bl o B ey A T
27144 |18 {30 | gola715503440, 544 2880 674 Riﬁiﬁ%x sih
: ag 44 [24.7/28 .335453{:;:;;;;) 3030 3&1? 1750, 408§ Br}z%:{%t aued
730144 193126 | .55120Bl11703410) 506 2240 386 Bioke at 4ih
- g2laa 13 == | o o] on b | | 4800 a7 Bxé{%:%:%t 4th
84; 4.5 [20.7182.5 B 4!3%267&“32‘5!0 Sz&ﬁ 1300 %38 Ecizg;::zznd

In the above table the period or T is short, and Mallet's v, is
in several ingtances fairly comparable with 2V. In Experiment
24, the maximum acceleration or V/x appears to be identica
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with West's £, ; but in the remainder there is usually a wide
divergence, the latter quantity being usually the smaller,

Fracrurive,

For a wall or column like body, assuming that the cond ition
for fracture is that the overturning moment shall be equal to
the moment of cohesion of the fractured surface at the base,
Mallet deduces the following formula

2
- g gy RN
Where ;
¥V = velocity of wave path.
f = distance of centre of gravity of portion broken off from
the fractured base,
F,= force of cohesion, gA0ise, a5t Ut surfsce whih whe iy
% = radius of gyration of plane of fracture about its edge,
B = thickness of the column.
W= weight of portion broken off,
g = acceleration due to gravity.
» pulfmg A8 == B the above formula becomes :—
5 F. A B.
3/
_Qow it 7'is the force of cohesion or force upon unit surface
which, when graduallyapplied, is sufficient to produce fracture,
& being double &7, the acceleration to produce fracture or o

may be writen :—
U e : sy Fdam
’a “ .é.ﬁ..ﬁﬂ_. | (1)

(x). The hla;tmn between this formula and the one smployed by Mallet will be
seen from the following conalderation, Lat the eolumn ﬁo%c%‘.‘mctgmd be regarded

at a beam which is bent by its ewn Inertia, or the Impressed force m @, The bending

moment, or M, Is theralore equsl to m @ £ where £a3 belore Is sqizal to the helght of
the centra of Igmv!ty above the fractured face.
g4 be the longltadinal stress st polnt distant ¥ from the neutral surface

' P““fy

lxy)‘ier‘e’l'iéihé& mient of inertia of the rectdnguluy cross ssction with respsct lo the
line in the nenteal surfice and is ‘

V=g

yEA S, s Peomm

4
‘5‘34
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1t w be the weight of the unit volume of brick so that
‘We=3 f A w, then from (1)

o B

o s ;;«R;«‘;“ (g)
3

AR ;;g’i": (3)

- Hence, if we have a series of reclangular columns of the
same width, equation (2) gives a relation between the heights

e o o s e i e et e
:K;Eher the greatest value of y in the rectanguiar columns experimented upon is
’ x 1
T #
‘Bubstituting the values for y 7 and M we oblalo & maximum value for p, o & quants
% correapanding to the coceficient of cohenivy £
6 »
Wh&ncg !‘“ s v W,,,‘.Mmm{
Ap
¥ g
P o e ’fi iiw{i 558 A {in{ig
b6omf w )

Tn Mallet's formula the vadivg of gyeation in with vespect 3o the edgs of the plane of
fractute, whilstin determining g1, the radius of gyration s with regard to the line in
‘the reutral surface
o o(8), The relationship between thiz formuls snd the fornula wually smployed
when diseusaing the tranaverse sirength of a beam supported at its ends and [paded
at its cantre, will be seam Trom the following rousideration.

It leelength of boamsen §

[eadepth of beawa in biches,

Awearen of trouns section of beam i sq. tnches,

keethie wolght reguired to franture 3 beim x oot long and § i, g, supported at
each end and losded in the center,

mitly=s product of mans and scceleration canving breakivg.

G\S{ﬂ@dé may be taken as the breaking cosfficient for the aame beam fxed 8t one

“endl and the welght uniformly distribated
the transverse breaking forve A 53 A
mug W .;m,.).;m?

’ x
Apk Adkg  Apkg

L

3 ém 3w 4/ w

\( )/ ' la § o 5 x ¢
Comparing this with the abovs formula o o a *é}i%gmi- and i we ern assume

g e

=,
then & =« §
& however, s the sceeloration which in et suificlent to produce fracy
A Suent 8 : yre of the
bmw%mmextmmw slent, ¥ Iy, &t the concave o convey side of the bearn,
~ whila @, 18 the seceterats ; ¢ fur glete cross breaking, For mortar joints

o an muy have vafues oeat gach other, becaus 3
: - ausy when & part of sueh a
b&g!t?i‘&? brenk the sntire joint may sglaneonsly give way?@ o point

P H :
The formula ﬁwﬁ M%me in ourealeulations whete 7 is the longitudingl
strangth may perhaps be admissabie.
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of the columus (s.¢. the heights of the portions broken off) and
the accelerations necessary for fracture. Supposing S to be
constant, equation (2) is represented by a cubic curve between
a and f as co-ordinates. The curve is symmetrical about the
axes of a (a being always positive), and it has the co-ordinate
axes for asymptotes.

The theoretical curves in Figs 5§ and 6 have been traced
from (3) by taking proper values for JF.

If the columns have the same height but different widths,
then (2) gives a relation between their widths and the accelera~
tions necessary for fracture ; now if £is constant, equation (2)
represents a straight line between « and 8 as co-ordinates. Z%e
Jracturing acceleration i therefore simply proporiional fo
the widih or depth of the column. The strength of a beam is,
however, proportional to the squars of its depth, The reason
for this difference in the cases under congideration, and pro-
bably in actual earthquakes, is that the fracturing force is
assumed to be the acceleration impressed throughout the mass
of the column, and not a totally external force.

Purrivg Stress,
1.—To separate 2 bricks united on flat faces = 125 Ibs, = 3.6
Ibs. per sq. in.
2.~—To separate 2 bricks united on flat faces==156.8 lbs, =
4.6 1bs. per sq. in,
3.—To separate 2 half bricks == 126 lbs. =788 Ibs, per sq. in.
4.—To separate 2 half bricks = 126 lbs. == 7.88 lbs. per sq. in,
5.—To separate 2 bricks united on flat faces = 378 Ibs, == 11.1
lbs. per sq. in. ;
6.—To separate 4 bricks or two headers from two stretchers
=106.4 Ibs.== 14.8 lbs. per sq. in,
The average for 1 and 2 =gt lhe, s F
The average for 3, 4 and 5 =8.95 lbg, == F"
The average for 1, 2, 3, 4, and 5§ =7.03 Ibs, = F™
While 6 == 14.8 1bs, == F
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« has been calculated for F', F”, F'" and F"" giving values
denoted by o, o, o and "

For columns broken at a bad joint o' may apply, while for
those which did not break easily, as for example No. 32, "
may apply.

Breaxing or Brick Pyramips,

No. ,@_,_ A g| B RCIET R ..i_\ Wl la o
28] 8.6/73.0 384]_4-1/8.05/7.03) 14.8| 15.4| 111/2490(5440|42708990

In the above, B, ¢ and # are measured in inches.

A is measured in square inches.
F' &c, is measured in lbs. per square inch
o &oc. is measured in millimeters pergsec, per sec.
By observation, fracture occurred when
a == 40and T = 0,52
whence V==480, V/i=3700 and V*/, = 5810 a quantity
approximating to «” )
No. 38. A small brick pyramid which readily broke ata
bad joint and was therefore not calculated.

Cement CoLumMns.

No. 35. A cement column,

Here B==2 in, 454 5q. in, f= 10,6 in,, W==6.2 lbs,
F = 400; whence « == 79300 mm, per sec. per sec., the theo-
retical value of acceleration to cause fracture at the base.

No, 36. The same column as No. 35, but with an iron
cylinder of weight W' == 3} Ibs. as a cap.

FApB
Here o = W‘FE&WS

== 38600 mm, per sec, per sec,
No, 37. Thesame column as Nos. 35 and 36 but with a cap
of xx lbs.
Here a==16000 mm. per sec. pexr sec. i necessary to
cause fracture.

In neither of the above three cases was the column broken.
¥
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RecTaneUrAR Brick Corumns.

vrvpinn

N~y
wmo

ND. a T AV V/:;- Vg/a O‘.' Ct” le ann A t B
20 | 46 | .96| 305|1280|2000; g80|2000/1570:3310134 |14.6] 4
19 | 46 | .86| 340|1600{2500 1030|2240/176013700{16 |13.4] 4
21 | 20.8 .5 | 260|20003200{1340(2030/2300/4840|34 |12.2} 4
22 {40 | .57| 440[3080 4800‘:340 2030123004840134  {12.2] 4

. 23 | 12.6] ,61] 130{ 850 1340 330| 730 570{1200|34 [24.5| 4
24| 27.3] .78l 240|1320|2020 5go 1240] 97012050{72.3127.7|8.5

.25 | 30 62| 303i1080{3110, 788|17201350,2850178.8]2.4.8|8.7
33 | 52 .03| 350|1500|2350 888|1040 1520{3200|78.8(23.3(8.7
20 |30 | 1.2 | 155| 510 795 085 :nso;x(ﬁgogsﬁo 78.8122.1/8.7
2% 130 | .79| 238|1200 :880@130 4640;365(1 708ui78.8 115 |8.7
29 |27 -58| 2911200013020, 791 173011360 2860137.2 [24.78.
30 |27 52| 326/2500[3920,1390(3030/2330/4910{37.2(19.3{8.
32 |59 54| 691|5120|8080 1250|2730 2150/4530(38.3113.9 4.25
34 |56 | .81 440]2210]3470 1160|2540 20000421080 l20.7| ¢

The indistinctness of the record for No. 26 makes the ob-
served quantities a and T uncertain,

Generally V#/; and o' are fairly comparable,

In 26 and 27 where V2/ is more nearly equal to «', it may
be that fracture occurred at a bad joint. No. 27 cerlainly
showed a bad joint,

The average value of V8/, for a4, 33 and 29 is 2460, which
is about double the value for 23, which ia x340.

Column 23, it will be observed, is about half the width of the
other three columns., The result, therefore, tends to confirm

the view that fracturing acceleration is simply proportional to
the width of a column, "

ILLUSTRATIONS OF THE APPLICATION OF REsULTS.

I An earthquake with a maximum range of motion of 4
inches, and with a period of 2 seconds, would imply a maximum
acceleration of about 450 mm, per, sec. per sec., & quantity very
much greater than anything recorded in Tokio. As a ma-
ximum acceleralion to be expected we will increase this to
1000 mm. per, sec, per sec. and determine the height to which
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a brick column, two feet square, might be built above its founda-
tion and just able to withstand this motion

Let xx=height required
B=2 ft.
=4 8q. feet.
F’*..:S 1bs.
Fle1s 1bs,
w =the weight of one cubic inch of brickwork
==,0608 lbs.

‘By substitution in the formula employed for fracturing we
obtain '

mFAﬁg=F
CEFW 3at
whence & == Fpg
2a w

with value for B/, x==6ft, 8in.
with value for F¥, a=11ft. 7in.

From the last equation, given a and 3, we see that the value for
# {s proportional to the square root of F, or the force of cohesion.

II. Asasecond illuatration of the application of the preceding
results, we append the following discussion regarding the form
~ which columns of given sections must have in order that they
may be equally able to resist fracture when acted on by hori-
zontal movements, at any horizontal section.

(1) First take a column of square section. For the uni-
formity of strength of the column relatively to the inertia of the
portion above any given horizontal section, « must be constant
in the following equation

«= ”ﬁr gF 48,
6 w Vf f
in which W == Pw, V being the volume and z the density.
(1) ’Wt ihank Mv. A, Tnokuty of the Bnginesring College for having chacked the follewing
fﬂm a, t
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Let %, = half of the dimension of any given section whoge
distance from the top is==yp;. Then

Y1
f_—-..f 42° () dy
° 4

o

422, 220, ra 2,8

g L TR, i A

Gw Vf Tt ey 3% f "5 ) gy
4 14 6

." o =

From the above equation, it can be shown that for « to be

constant, there must exist between x: and yx the following
relation i—

s __ logF * N
Ve o= aw (x)
which represents a parabola with its concavity turned outwards,
(2.) For a column of a circular section we have

=8 Fold _rolk 2,8 F
=7

£ &b
1 = my*
oy f et (y-y)ay Y f x* (92-y) dy
—3.——7-.~.-._ °

in which x, is the radius of any section. This leads to the
relation ;—

F *
J¥ ==k, "'{{”Q%‘”‘ (2)

(3.) Let the section be rectangular, and the dimension per-
pendicular to the direction of the motion be constant and == 5,

a::gF AIB.....gF leé.zxx m&m}? xﬂ

PR S—
6w VS 6 wvfy‘sz(ywy) & 3w fhx{y:-—y) dy
B R o
|4
From which again follows the parabolic relation i
—48Z
pt =g @)

By comparing the formule (1), (2), and (3), we see that with
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the same given dimensions of base and height, the strongest
column would be one with a square section.

To give an illustration, suppose
¢ == 1,000 MM, per S€c, per sec,
F == 5 1bs. per sq. inch,
and w == 0.0608 lbs.
Then supposing the section to be square, we have
yhu= Bro0w
The outline of the column is as represented in the accom-
panying diagram, -
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