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INTRODUCTION.

THE ARCH 1s usually described in Pngineering
text books as a ourved structure, which under the action
of vertioal loads, exerte an inclined pressure on its
suproris.

It is really intermediary betiween a ourved beam
and a ocurved strut, aprroaching the former or the latter
according as the bending stresses or ocompressive stresses
are corresyeondingly predominant.

The THEORY of Masonry Arches has been, and is
now in an unsatisfactory state owing to several reasons.
Pirstly, the materials of construction are generally
cheap, and consequently, ecsonony is not considered
important. Secondly, up to quite a short iime ago,

- investigators versisted in a tvpe of theory whioch was

Yhere the word ARCH is mentioned hereafter it refers to

the hingeleass voissoir arch, unless otherwise stated.
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admittedly indeterminate. Thirdly, the enormous advance
in the production of Iron and Steel in the Nineteenth
Century gave a great impulse to the erection of structures
made of these materials, and so, although engineers

began to be alive to the importance of both erxperimental
data and theory in structural design, the Masonry Arch
was somewhat neglected, Fourthly, there were so many
arches already built, that the dimensions of new arches
were almost always based on these existing ones to,the
detriment of researoh,

There is, therefore, up to the present
practically no useful data on whioch to base a satiafactory
theory. Empirical results are certainly necessary as
the conditions under which &n arch bears its load are

too varied to admit of treatment by pure theory.

Although the mathematical difficulties have now
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been surmounted, there still remain many questions to
be rettled as regards practiocal difficulties, and until
these are settled all theories of the Masonry or
Voissolr Arch will be of doubtful utility.

Arch design has not a great wealth of
experimental data to depend vpon, (thus differing from
most other enzineering structures), although it has the
great~st need of them, ‘

Tests on arches have been made up to the
present principelly in Austria and in America, (partioulars
of whioch will be gziven later).

The author thinks that if a n?ateﬁatio test of
as many tvpes of arches and systems of loading as
vossible be undertaken, most of the outstanding
Adifrionlties hereinafter mentioned may be sclved, and the
design of arches be placed on & firm basls.

Arches have been built which are to all
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arrearances perfeoctly safe, but which according to
theory cannot possess stability, and this shows that the
theories are not yvet in a satisfactory state, especially
as effiocienoy and economy are becoming more sand more

important in the engineering world today.
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CHAPTERI,

HISTORY OF ARCHES.

The oreations of man have ofien been
foreshadowed by Nature, and the arch is no excention

to this rule,

In nany mountainons distriots and around the
sea csoast, exsmples may be seen of natural arshes formed
by the erosive aotion of water and sucshlike.

Probably crude artificial arches were
constructed in clay or mud by man, at a very remote
pericd, although, of course, these would not survive
long enough to give any evidence of their existence
today. Whether the advantages of an arch were discovered
by acoident, perhaps by some prehistoric builder who in
order t0 save time and trouble put in a bent piece of

timber when constructing his hut, and then found it more
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competent to bear the anperincumbent weight, or whether
the structure was copied from nature for "art'’s sake®,
antigquity does not disclose, but the oldest arch vet
discovered was probably from its size constructed for
TH IS
architectural effect. =g Josated innBabvlonia and
estimated to0 have been built somewhere about the vear
4,000 B.C. according 1o Archeologiste: was elliptiocal
in form, and was constructed of burnt voissoir bricks
laid in olay mortar. Its span was twenty inches.

The Chinese probably employed the arch at a
very early period, for the purpose of bridging smeall
streans, and it is known that bridges and other publie
workde were executed in China 2,200 B.C.

Also, relios of ancient stone and brick

arches have been found in Egypt. There was discovered

in a structure known as Caupbell's Tomb, & brick arch of
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of four concentric rings, having a span of eleven feet.
This was supposed to have been constructed sbout 1540 B.C.
The Egvptians, however, generally prnfcrnd the solid
lintel for the purpose of spanning openings.

Remains of false arches formed by outting out
openings to a curved intrados in ordinary walls have
been found in all parts of the world.

Arched sewers built about 1300 B.C. have been
discovered beneath the palaces of Nimrod,

gargon, 703-705 E.C. founded & oity in Assyria
the gateways of which were built ﬁith semicirocular stone
voiseoirs of twelve to fifteen feet span, this being the
first record of stone arches of any size.

The Romans apparently were the first to bulld
aroches of considerable magnitude. The earliest authentloe
aroh, the Cloagh Maxima, was constructed about 615 B.C.

1t consieted of three concentrie ringe of stone. The
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span was fourteen feet., Stone bridges of fifty to seventy
feel sp°n were constructed by Aemilus Soaurus in 130 B.C.
Frajan, 104 A.D. built at Aloantata in Spain a semi-
cireular arch of one hundred and ten feet span, which
ig 81111 in existence. Many examples of Roman
aquaducts may be seen todoy in the old Roman provinces.
¥ith a progressive civilization the arch as
the only possible structure ocapable of providing
vernanent means of ocomrpnication between the banks of
rivers and other openings of magnitude, became more and
more utilised. It was also used to enhance the beauty
of national and ecclesiastical buildings, as for
example the magnificent Furopean Cathedrals.
A notable ai-?!.ntemoo of early engineering skill
was a bridge built ;t‘Trozao in Italy in 1377, but

wifortunately destroved in 1416. Its span was two hundred



(9)

and fifiy feet, the third largest vet constructed in
stone. The first place in point of size, is held by
2 bridge at Plauen, Saxony, built in 1905. Ite epan is

two hundred snd ninety five feet.
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TABLE 1.

DIMENSIONS OF NOTABLE VOISSOIR ARCHES.

Name, Desoription, eto.

Syra. Plauwen, Sax. H. Slate, 3

Luxenburg, Germ. H. C.

Trezzo0, Italy, H. Gran. C.

dorbege, Italy, H. Gran.3C.

Cabin John, U.S.A. H. Gran.
Pruth, Austria. R. Sandst.

é¢rutach, GCerm. R, Sandst.

Isar Riv., Bavaria, H.

Lavour, France. R. Cs

Chester, Eng. H. Ssndst 3 h. C.

Gour Noir, Prance. h. Oran,

Coprel, Germ. R. Randsk
Ballaop, Mozle, Scot. R.
London Bridge. H. CGran,
Grenoble, France., H.
Ponty Prydd. H. Sandst
Maidenhead, R. Brick.
Bourbonnais, R. Gran,
Devils Bridge, Italy.
Avignon, France, H.
Aleamgiara, Sp. H.
Bishop Auckland, Eng. H.

C.
Ce.

c.

3 a.

c.
Cc.
j
C.
c.
E.

C.

Date.

1905
1903
1377
1903
1859
1893
1901
1902
1888
1883
1888
1901
1844
1830
1611
17586
1838

1000
1187

100
1388

Feat span.

295
378
351
230
220
213
210
210
202
200
197
187
180
153
150
140
128
124
120
103
100
100



THICK NESS

Feet Rise. cr. Spr.
Feel
59 4.9 11.2
103 4.7 7.3
88 4.0 4.0
e i i Reference to Table.
57 4.8 6.2
59 6.9 10.3 H Highway.
52 6.6 9.2 R Railway .
21 3.4 4.2 ¢ Segmental .
90 5.4 12.5 3 o. False Semi Ellipse.
43 4.5 7.0 B Flliptical.
53 5.7 1%5.8 2 h. ?w0 J-hinged.
53 5.9 8.5 t Thickness of Arch ring.
90 4,5 6.0
38 4.8 10.0
54 3.2 -
35 1.5 1.5
24 5.3 7.5
6.9 2.7 3.6
60 4.5 -
51 3.4 -
50 . -

22 1.8 -
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It will be seen from the preceding Table that
the dirensions of similar arches varv greatly. The
earlier arches are generally of holder design, some of
them being remarkably slender, for example, Noe. 15,

16, 18, 30, and 22, Some of the 19th. Century Bridges
have arch rings of enormous thickness., This is probably
due to the influence of the 1line of stress theories.
conarete and Reinforced Concrete Bridges of Ssal more
recent date have frequently very thin arch rings, such

as 2.8 feet for 165 ft. span (Concrete), or 0.8 feet for
123 foot‘epan. (Reinforced Conorete), although Concrete
i8 no stronger than well built stone masonry. This

reduction followe upon the introduction of the EKlastic

Theory.
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CHAPTER 8.

DEECRIPTION OF THEORIES.

There are two distinot types of theories for
the design of masonry arches. The first and older
theory is that which employs the "LINE OF STRESS", the
gecond and newer, 1is that whioh is based upon the
ELASTICITY of the arch ring. The former is always
used for the design of veissolr arches, and the latter

for either monolithic or metallic arches.

LINE OF STRESS:THEORY,

Definition of the line of stress. The line of stress

is the locus of the centroids of all the internal

forees Aistributed over the cross section of the arch
ring. fThus, assuming the arch to be "linear®, its shave
would be that of the 1line of stress and the direction

of the resultant force in the arch ring is tengential at
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every point to the line of stress.
If the oentréids of all the foraces acting in
the areh ring ean be found, then the rosition and shape
of the line of stress can be determined.

METHOD OF FAILURE OF ARCHES.

An arch may fail as follows (exoluding extraneous
gausen ).
(1) By direot crushing.
(2) By the sliding of adjacent voissoirs, (shearing).

(2) By Rotation at the eddge of a joint (Bending).

CRITERIA.
(1) crushing.

If the pressure at any point in the arch ring
exered the nultimate crushing strength of the material,
the arch will vield, although its stability is not
necessarily destroved. This failure properly speaking is

independent of the position of the line of siress, and



ZABLE I

Results of Areh Yo. 2.

——

ad, load r 153 Bx
tensions. L.
8 Top. s tenaions Total Btress Gtress
. P Bottom, Tope Bottom, hﬁ’:’ m;m Stress per sq.ft. por lin.ft.
§ .. 1bs. inahes. inches. inches.  inanhes. inghes. Anshes.  1bs. 1bse ibs. 1bs.
0 0,000 0.000 0.000
o 102 0.002 5 : 92,000 0 04000 0 0 0 0
wan 210 0:008  (0.0%8) o001 O.007 000 Gw0s 5340 4730 1760 1278
wa 210 0,000 0.000 5 Qedla s 0.008 10680 9500 3650 2625
243 0.002 0.0 0.000  0.000 0.000  0.008 10680 9500 3860 2628
- 876 0:008  0.004 0008  orook SaGE S8 e L8 B 3087
on 316 & . . 004 16000 14300 3460
&0 385 92000 b oa 9,000 04006 0.006  0.014 18700 16600 6280 3980
pr: 290 ole1) . (0.011) 0,008 0,008  0.016 21300 7100 4437
W 4 003 o eou  e.om 0.081  0.019 25300 23400 878
an 460 0.018  0.016 Sy g 0.018 0,021 28000 24190 9320 5200
. 496 (0.017) 04019  0.01: 04016 0.0186 0.0238 31300 37700 10430 5760
~n 853 0.0320 0 0338 - 0.019 0.0190 0.087 36000 32000 12000 6200
e 0.024  0.087  0.087  0.026 0088 0.080  4%000 o000  14ev0 L
L1 » - l
= 618 0.030 0.0%4 0.029 .033 0.083  0.060 63200 47000 17730 7700
g e 0.034 04028  (0.081)  0.037 0.0%  0.044 58000 51100 19330 8162
e oom  glw oo Siow Goe o8 siee gmx  gmr aers
S O ks Gt e 0.080  0.086 77400 66300 26800 9700
A 862 0.083 0080 25 Saee 0,088 0,061 81400 72100 27310 10200
R B SR Gl oo Glen Gom Sl gmem oo e e
e 444 (0.,017)  0.008 04008 04007 0.08 0.1 22860 18900 7330 3450
e 56 0.014 0.012 04014 0.012 0,0125  0.0208 27400 24200 9130 4437
i 424 0,019 0.017 0.018  0.017 0.017  0.025 34000 30000 11330 5300
] 4% 0.02¢  0.022  0.028 0.023 0.082  0.030 40000 36500 13330 6200
b4 44 g-ggl 44 0.028  (0.025) 0.037  0.088 46600 41500 15550 7213
‘ 0 04030 04031 0.030 0,038  50BO0 48000 16870 8163
v 735 0.034 0,033 33
- - e L]
1 616 0:088  0.037 0.8  o.0%6 S0 0082  0o00  ss000 30000 1000
. 86 0.044  0.040  (0.0%8) 0,040 0.04  0.049 65300 68000 21730 11078
0 276 0.008 0.004  0.008  0.004 0,048  0.0135 16600 14700 5530 2480
0 288 0.013  0.011  0.012  0.014 %.%i% Som 2 N - 4 e 4
n 703 023 o o e 0.024 0,082 42600 37700 14200 8800
44 SAa o0, Sum  Sae 0.05  0.044 56600 52000 19630 10800
- o 0.0387
0 1023 0.046 0,038 0.045 0.042 0.044 0.082 69400 61500 28150 12800
" 1210 0.045 s} 047 poe 0.044 0.082 69400 61800 23130 15000
3. 4. S 6. T B P 10. 1l. 12 184
abr
= AT ION TABLE,
Columme
4N Janiy 1. Mumber of reading.
3060 1bs. of mand eu Arehs 2.  Total Load on the Arah. Obtained from Calibration of jacks.
All apperatus on top of Arch - total 6300 1bs. . Losd per square £0ot Total u“/m
Commengement of Tests Permament load 6300 lbs. &
irst series completed. Losd removed to 6300 lbss O+ | Diffarences from the four extensumeter readings.
Bo oraas sompleted and shird Deguns 7
series comp
Third completed, fourth and final begun. 8.  Meon Blongaticns per 100 inches :
iocns +that pand ete.
Tosd taken straight up to 31,000 1bs. 9. Total Xlongations (Mean b .
Total Horisental Thrust on Areh obteined from calibration
First orscks st springings. 104 of Tio Rods in Testizg nhines o eeetien
FAILURE. Moan L] rens .
M of mﬂu Total stress .mn asectional Aref.

i i
per 1.ft Ao
. l: Hast’

.- )

Thrust/
¢or Toade 4 Bpan 5‘..:'...,,,, peflec

inches inches inches inches
9.04 11.68 -
130 1T s e | e
1 164 8.80 11 " ('] {ZA
1038  16.91 8.60 1168 o.80 O
1.46 18.23 8.64 1146 8.64 0.22
1.58 19.30 8.86 11.38 0.56 0.30
1.58 19.70 B.40 11,20 8.40 0.48
1.60 20,00 8.40 11.12 8.40 0«66
1.73 21.60 B.40 11,04 8.40 0464
1.76 22.00 B.40 11,00 B8.40 068
1.82 22.70 8.40 11,00 8.40 0.68
1,84 24.00 B.40 80 6.40 0.60
2,00 24,90 8.36 10,68 0.36 0.80
2.08 A7.50 6.3 10,68 8.36 0.80
2.30 28170 8.52 10.84 8.32 0.54
R.88 20.50 B.852 10.84 B.32 0.84
2.56 32.00 B.28 10,80 B8.28 0.858
2,65 53.10 B.24 N 8.24 0.88
2.66 53,230 B34 10,76 B.24 0.02
2.67 33.20 B.20 10.76 8.20 0.92
2.62 32.60 8.16 10.72 8.16 0.96
263 52.70 B.16 10.64 8.16 1.04
1.38 16.91 B.60 11.04 B8.60 0.64
2.06 26,80 B.56 10,08 B8.56 0.72
2.06 20.80 B.48 104 B.48 0.72
2.12 26.60 B.48 10.92 B.48 0.76
2,13 86.70 8,40 10,88 B8.40 0.80
2.15 27.00 ‘.32 10.84 ‘.32 O.B84
208 26.80 B.28 10.84 B8.28 0.84
1.98 24.70 B8.28 10.84 8.28 0.84
1.96 24,50 B.24 10.80 B8.34 0.88
1.96 ’41” 8.” 10.76 8+20 0.98
1.38 16,91 B8.60 11.04 B8.60 0.64
1.61 20,00 B.56 10.96 B.56 0.72
2.12 26460 B.48 10.88 B.48 0.80 [
1.38 16.91 B.60 11,64 B6.60 0.64 {
1.61 204 B8.33 10.78 B.32 0,96 1
1,81 22.60 B.24 10,86 6124 l.a2 [
1.80 22.40 8.16 10.48 6.16 1.20 : |
1. 19.10 6.40 10,08 - 1.60 |
14, 18, 16, 18. . 19.
Columm,
12. Stress per lineal foot of Areh ring Tots
13. Theoretical Stress from Niastic formuls 3%
14¢ nnu-um#'nnomsm.
18, Rasie stress per lineal ft./lcad 8. “
of "Line of Stress" by Eaviers ;:&uph
“l
17 Rise of Arch at + Span, Crowmn and § Bpan
18, Daflactographs
19. Total Orown Deflection frem Unloaded Profi
20. Grown Teflesction from Profile ¥o.3 (Ioad 6
21, Orowm Deflestion from Prefile ¥o.23 (Toad

subtracting permanent set.
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depends only on the msximmm intensity of the compressive

stress,
(3) siiding or Shearing.

Thi= type of failure depends upon the value of
the resolved stress parallel to the plane of least
sheardng strength, (generally the plane of the joint).
¥hen the resolved pressure exceeds the unltimate
shearing strength in that plane, then the arch will
oollapre. To provide against thie fallure the angle
between the direction of resultant pressure, and the
normal t0 the plane of least shear should be made small.
This plane being almost alwave in voissolir arches the
plane of the joints, it follows that the resultant
foroe should not make a greater angle with the normal
to the joint than that whioch limite the equilibrium.
However, 1f the raiio between the maximum shear and the

shear along the joint be greater than the ratio between
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the shearing sirength of the voissoir in that Plane

of maximum intensity, and the shearing strengzth of the
joint, (a possibility in briock arches), then the arch
will shear in that direction scross the voissoirs and

independenily of the joints.

(3) Rotating or Bending.

¥hen the arch 1s subjected to a bending.moment
of the usual order, compression is induced, (generally
speaking ), in the uprer side of the arch ring, and
tension in the lower. These stresses must be compounded
with the compression induced by "arch action®. The
- tension may entirely disappear or some part of 1t may
remain. If the arch ring cannot rise or fall at some
other place, (that is to say, unless the line of stress
rasges through the extradons at two points, and the
intrados at an intermediate point, or vi@a versa), this

tenaile stress will not endanger the stability of the
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arch even if the joints possess no tenacity, unless the
uprer or lower side, as the case may be, can crush
suffioiently to enasble a reverse curve to set in at

that point. Then this case practically resolves itself
into the first. As a matter of fact, in practioce
arches generally fall owing to the movement of the
abutzents, but as thie does not concern the arch ltself

it #1111 not be discuseed here.

DISTRIBUTION OF STRESS.

¥hen & body ie wnder the action of internal
stresses it is known that no tension ie produced at
any oross section, unless the resultant foree pasnes
outside the "middle® third* of that oross section.
¥hen the resultant passes through the boundary of the
middle third the distribution of estress is shown 1n/L

being mero at the further edge, and having a maximum

value at the adjacent edge.
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Suprose there is tensile sirength at thie oross sagtion,
and the resultant passes outside the niddle third,
Tenslon is now induced at the further side as shown in B.
But, suppose that the oross section can develop no
tensile strength. The equilibrium of the body 1s not
.daatrﬁyed when the resultant passes outaide the middie
third, this not ocourring until the reeultant passes
entirely outside the cross section. The distribution
of stress 1s in this caseras shown in 0. The compressive
strength becomes greater.

The direction and position of the line of
gtress represents the direction and position of the
resultant force at any joint in the sroh ring, so that
the distribution of stress over a joint under the
various oconditions is as shown above. When the joints
gan with stand tension the dAistribution of stiress when

the line of stress departs from the middle third ie as



(18)

shown in B, When they are unsble to withetand it the
compressive sirength is greater than that in B. But
the joints will not open ﬁt a greater rate than before,
(ie. no more than the compression on the orrosite side
will allow), and the arch is not unstable till the line
of mtress paseses outaide the cross ssction, or until
the naximum compressive stress 1s greater than the
ultinate crushing strength.

Nearly all authors of text hooks on Volsmolr
aroch design fo not etate this, but say that when the
1150 of stress deviates from the middle third, 1f the
joints possess no tensile stress they will open
entirely. This is not so as proved above.

The experimental proof of this will be seen
in report of Teet 1., Nevertheless the sbove does not
sanction the deﬁarture of the 1ine of stiress in Volssolr

arches frow the middle third for any existing tensile sirenglh
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may be destroved, and consequently the ability of the
Jjoint to resist shearing strength may be impaired.

FACTORS OF SEFETY.

1. Azainst Crushing.

The theoretical faotor o safety is equal to
the ultimate crushing strength of the arch ring divided
by the maximm compressive stress induced. Actually,
this factor of safety is not of much value at present,
as the ultimate crushing strength of the arch ring is
never known. It ig certainly not the same as the
orushing strength of the voissoirs of which the arch
is composed, nor vet the same as that of the material
of which the joints are made.

one of the objeots of this present test is 1o
discover this quantity. It undonbtedly varies with the

unisupported length of the arch ring, and with the oross
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seetiohal dimensions, for the arch ring beinz under
compression is obviously acting as a strut, and, of
sourse, the sirength of a strut varies as oross sectional
dimensions, and inversely as the length. Therefore the
author thinks that the allowable stress should vary as
the “#irensions of the arch, in fact, 1t should be
determined in a similar manner as the stiress in strute by
a modification of CGordon's or Rankine's formula. The
rresise form of, and the constants in such a formula can
only be determined by experiment. It ls certainly
nécessary to ascertain sush fundamental facte before
the design of Voissotr Arches oan be placed on a

satisfactory basis.

Furthermore, if the value of compressive stress
1nduaed'is Aetermined by the line of stress iheory, this

faoctor of safety is rendered still lese reliable owing
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to the arbitrary asmmptions that prust nasessarily be

made in this theorv.

(2) Against Shearine.

This also 1s unknown and can onlvy be determined
by experiment.

(3) Against Fotating or Bending.

This azain is uneatisfactory if determined
by the line of stress theory for reasons given above,
but as expressed by most writers it 1is really only a
formal auantity. However, it 1s not important as the
limiting position of the line of stress is generally
regulated (other things being eumal ), by the allowable
compressive stress. A record of these factods of safely
shows the necessity of reliasble experimental data.
LINE OF STRESS THEORY.

Apart fro: practical snd mechanioal difficulties

which are, of course, common to all theories of the
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voissoir arch, the fundsmental methematical 4Aiffioculty
is in finding the true position of the iine of stress in
the sroh, It msy be stated definitely, that it is
impossible to surmount this Aifficulty by mathematical
device alone, owing to the exocess of unknown quantities,
g0 that slthoush the theory may give approximate
results, it is really irrational. A possible means of
partially rationalising it by experiment will be
desoribed at the end of this thesis.

Many unverified assuwiptions to evade this
*impasse* have been made, and the ohief of these will
be described after the mechanical diffioulties have been
briefly enumersted. These refer chiefly to the
external forces. The points of application, direction,
and intensities of the external forces are never
acourately known, except in the case of a water load,

but a water losd has very rarely to be dealt with.
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In most cases the load is either distributed throuzgh an
earth e\t&ion, or by means of “spandrel walls", the “ormer
being used for flat arches which do not reaquire a

heavy fill.

The maximum vertical pressure due to an earth
load 18, oFf course, equal to its weizht. The horisontal
pressurs must be sssaumed, Rankine's iheory of Eearth
pressure gives the simplest results, namely, that the
greatest rgt:lo of the horizontal and vertical couponents
1s equal tod I+t nincyl =Fsin<f’, ¢ being the angle
of repose, that is the steepest slope at which A heap
of the loose material will stand. The horizontal
component may exceed the vertical if the earth is
"punned® and vioe versa if the earth is loose. As 18
generally taken 0 be 50 degreee the raiio resolves
1tsel? into the limiting values of 3 or 1/3.

The horizontal load is frequenily neglected.
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Alsxander & Thomson's method of itreating 1t by means of
the Horizontal Conjugate Load Areas is probably the
best (see later).

Por medium sized arohes the pnace between
the arch ring and the formation level is usually taken
up by lonzitudinal spandel walls and arohes ridinz out over
the aveh ring.

The pressure exerted by these is indetermninate.
It i certalnly 1ess than the actual weight.

In large srches the *spandrels* are frequently
placed transversely sorose the arch ring at equal
intervals. The forces in this case nre vertical and
sonmeapurablie, buti the arch ring is not so satrong as
the transverse walls do not increase ite rizidity as a
strut. Also when the ioad is concenirated at points

in the arch ring, there must be "kinke® in he line of
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stress and the effect o shear is probably important.

The offect of the varions systems of load
distribution may be discovered by observing the
difference in the results of tests of similar aroh
rings loaded acoording to these methods.

Aftsr the external forces have beon assumed
the line of stress ocan ke dealt with,

In hingeless archee in crder to determine the
absolute and actual position of the line of atress in
the arch ring, 1t is necessary 1o know the orown thrust
and in order to know the crown thrust, it 1s necessary
to know the position of the line of stress. Conasequently,
there is a Youl de sao® and it is at thie "undamential
point that the rationality of the line of stress theory
oeanes .

Many assumptions have been made, and the most

irportant will now be discussed. Fach one has 18
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supportere who r”ll1 believe in the sauperiority of their
own partioular theory. Some of the asmmptions are
apparently satlsfaoiory, but, of course, no theory that
is based on unverified asswumptions osn be called

rational.

HYPOTHESIS OF LEAST PRESSURE.

This hypothesis is that the true line of stress
is that which gives the least absolute pressure on any
Joint. This gives undoubiedly incorrect results. If
every joint could be substituted the assurption might be
sorrest, but then the solution wouldd trancend the limite

of mathematical evadmation.

FINKLER'S HYPOTHESIS OF LEAST SQUARES.

vFor an arch ring of constant oross section

that 1ine of stress is approximately the true one which

1les nearest to the axis of the arch ring as determined
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by the method of 'least squares' @,

The advaniage possessed by this sssmumption
is that certaln conclusions can be drawn from it
which agree with the slastic theory.

I%s chief disedvantages are:-
(1) BExternal forces must be vertical and unlform (of
rare ocsurrence in praciice).
(2) fThe orose seotion of the arch is not usually uniform.
(8) It gives no olus to the roal shape of the line of
siress., For instance, surpose a line of strese bhe Arawn
which fulfills the condiiions. Reverse the direstion of
the offsets from the axis of the arch ring. The
sondition is still fulfilled, bu % the shape of the line
of stress is quite different.
(4) The method is tentative, and very troublesome 10

aprly completely.

A practical interpretation of thie is that if
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any 1ine of streass cen be conetructed in the mlddle thira
of the areh ring, the true iine of stress iies therein,
but, wnfortungtely, thie does not foliow from Winkler's
theorem, and is probably incorreot in itself.

NAVIER'S PRINCIPLE,

"The tangantial stress at any point of a cirole
preesed by normal forces is equal to the normal intensity
of pressure multiplied by the radlus of curvature of ihe
cirole at thet peint.® This ie true if the arch is
linear. or if the curvature of the line of stress 1is
known, but then as it depends on ithe line of stress for
ite solution, it ie impossible to determine vhe line of

gtress from it withont other assumptions.

LEAST CROWN THRUST FYPOTHESIS.

®hig ig the most common assurption. Il assumes
that the itrue line of stress is that whioh produnoces the

least orown thrust consgistent with ‘nmiilibrim. This may
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This may or may noi be correot, but the only known
method of determining is inccorrect.
According to Baker, it 1s dstermined thus.
For eimplicity asevme that the external forces are
vertical and ss shown in dlagranm.
LET
? = Orown thrust aprlied as A.
B = Reaction at springing applied at B. (Vaiue
and direction immeterial).
v = vertical distanoe between points of appiication
ef T and R.
X, Xehk » horizontal diatmges of w, w, (the external
foroes) from R.
Then, toking noments about B
T Y = wXx®t WX, eic,
or T = Z WX

Y
It appears Frowm this that in order to make T
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smaller ¥y should be inoreased. That is that the arch
should have a bigser rise. This is, of course, true, but,
unfortunately, it is qui e irrelevant to the point in
guestion.

The conclusion drawmm by the supporters of this
theory is that for a minimum orown thrust, the point of
aprlication of T rhould approach the extrados of the
SIown.

Now the thickness of an arch ring is
generally small compared to the rise. Therefore instead
of using v in the aqnation,@—i—t) should be substituted

where a is ecual to the rise and t the thickness of

the arch ring.

The eaquation then becoves -~ T = E&W:
+

Twx 18 generally a large quentity, and the maximum

and minimum values for the former y are a t and a as T
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cannot depart from the arch ring altogether. In

practioe the maximm and minimm values are probably

etill nearer together as the thrust“F is not likely to

be at the edge of the arch ring. Therefore (a+ t\ does

not sensibly differ from a snd the value of T is only
changed by a very small amount even when its point of
application is shifted.from Fhe boltom of fhe archring

[ H.,l-o/a From this it will be meen that this method

is practically uvmeless. Moreover, the line of stiress
aocording to the first equation should be as high wp as
possible at the crosn, that is it should pass throush

the extrados itself® at that point, - an absurd conclusion.
The 1ine of stress is assued (to evade this abaurdity)
to pass through the upper limit of the middle third

an absolutely arbitrary assunption, and one which aulte

condemne the theory. The line of stress given by this
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method is of g ite oprosite oharacster to that according
to the two nosed Catenary metho.

In all these theories when the starting point
of the 1line of stresas is assured, the line itself is
drawn by weans of a foree diagram and 1ink polygon on

the usnal wavy.

ALEXANDER & THOMSON'S TWO-NOSED CATENARY THEORY.

This theory 1s based on Rankine's treatment of
the volssoir arch. It 16 the most satisfastory of the
iine of stresa theories both becauss as far as the
mathematical rart is concemed it is more rational, and
beroause it permits the design of an arch by direct
methods. Its disadvantagzes are that it is by no means
an anslvtical method, and therefore it is not sultable
for testing the stability of existing arohes. It suffers

from the same defect as the other line of siress theories
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in that the correctness of the position of the line of
streass at the crown is not assured, but in this ocase it
is not s0 serious as the shape of the line of stress is
independent of 1its assumed position. It can also only
use one system of loading, ie. vertiocal foroces due

to a fixed arrangenent of welght.

¥.B. If transverse spandrels are used the shape of the
line of stress is more nearly polygonal and the tangents
to the 1line of stress which meet at the centre of each

transverse spondrel should be used inestead of the line

of stress itself.

The distribution and amount of the horizontal
thrust of the abutments and the position of the *Joint
of Rupture® are found by the method of Conjugaie Load

Areas.

¥.B. Thie Joint of Rupture is the point vhere the
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Horizontal load changes sign. It is not the point
where the line of siress most nearly approaches the
boundary of the arch ring, and it is only a Joint of
Rupture in that it determines the 1limit of thevrlastias®
prart of the arch ring, the portion below it being

really part of the abutment,

The Conjugate Load Areas show the relation of
the horizontal and vertiocal loads as follows, It is known
that a ochain or linear ridb under the influence of a
vertical load tniformly distributed along the span
agsumes the shape of a parabola, and from the yroperties
of a parabola the following condition of ecuilibriwum
can be deduced.

;That the tangent at any point shall meet the
orown tangent on the vertioal through the centre of

gravity of the portion of the load area from the crown
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vack. This 18 a very easy way of finding the extra
horizontal load due to an increased iive load.

The shape of the conjugate load area for a
load along the arsh ring 1s next found as follows. The
thickness of the arch ring is first taken equal t0 half
the radiue., In this wav Alexander and Thomreonad
discovered that the horizontal area was bounded
aprroximately by three lines of dAifferent slope, namelv,
(starting from the top), & 1ine of 1 in 4 slope for the
first four-ninths of the distance; then 1 in 3 for next
four-ninths, and lastly 1 in 1 for the final ninth. By
the equations used to determine this "ireble batter line*
the value of the thrust at the crown was found i¢ be
equal to-X- and at spring!ngl;j‘_ (in terms of earth

3

potential * being the radius).

This extravagant arch ring and the load area

sorresponding to 1%, are now removed and an aroh ring of
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practical thickness substituted, (say 24/5 T/a) 3.

This is then added to the right of the®trebles
batter 1ine®" as shown, the excess weight of the arch
ring is also added and the line rermoved still further.
As the thickness of a segmental arch ring is inoreased
towards the springing this pust be allowed for., It is
found to be equivalent to a positive load along the arah
ring, and a nezative load glong the formation level. The
"45 degrees® line is shifted to the right a distance of 24e.r
and the *"treble batter line" at total distance of 3/:5.1
The final horizontal load area is then as shown. The
fpoint of rupture® is at P where the load changes =ign.

Alexander and Thomson next prove the following
important statement.

"That the curve which is in equilibrium under
the load between itself and the formation level 1s a

Catenary." This catenary must be transforced according
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to the depth of lio0ad of the crown, and the radius of
ourvature of the equilibrium ocurve at that point. It
is found that this ratio i1s equal to the square of the
ratio of transformation. When this ratio exceeds
1/3 the ourve is sharpest at the vertex.

- When it is less than 1/3 the vertex is flat
and there are two "noses® on either side of 1t at a
certain distance out. This latter is the only ocase
which need be coneidered in the design of voissolr arches,

The proceedure now is to calculate the exact

form of the tranefomed catenary, and 1o draw a
"kernel* of proper shape to contain it. The widtih of
this is inoreased three times, and thus the 1line of
strese is confined to the middle third of an arch ring.

The excess weight of the arch ring 1s allowed

for, and tables of the various guantities for different
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sized arches have been prepared.

This method is a very elegant and easy way of
designing an arch, and gives results certainly on the
safe slde. The shape of the line of stress arparently
is correct, but whether the line is correctly located is
not certain, The loading in practice is not often
distributed as the theory requires, and no real allowanoce
is made for unsyrmetrical loads, but considering the
present state of ignorance about allowable stresses, and
such like, it is probably the best theory to employ for
Voissoir Aysh design. It is very simple and very
expeditious in appiication, in fact, with the help of
the tables it 1s possible to design an arch of any size
in half-an-hour.

BLASTIC THEORY.

This theory is seldom apriled in the design

of voissoir arches, as it is doubtful whether it holds
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at all completely “or voissoir arches, and considerinz

the present state of knowledge of the data concerning

the strength of masonry, the advantages gained by its

uge are quite counterbalanced by the extra trouble and

complication that ensue. It is the only completely

rational theory of the hingeless arch yvet formulated, but

it labours under the samne disadvantages as the others

as regards practical difficulties. It is inferior to

the transformed Catenary theory in one respect as it is

not a 4irdct method but eimply a method of verification.
It finds the internal stresses by means of

the Oaloulus either entirely analytically or partly

by graphical methods, and can teke into account the effect

of axial stress on the length of the arsch ring, (which ie

important in flat voissolr arches), and also the effect

of ohanges of temperature which, however, are not
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important in masonrvy arches, as thev probably dltar
only a small armount in temperature after they have been
built (that 1#. of course, in temperate cowntries.)

As the theory is much too long %o desaribe in a
limited space with any degree of intelligibility it will
not be further treated here.

(The discussion of the various theories ie
based on their representation in the following text books).
Line of Stiress Theories, Baker's Masonry.

American Civil Fngineers Pocket Book.
Transformed Catenary Theorv. Alexander & Thomson's

Applied Mechanies.

Elastis Theory. Howe's Treatise on Arches.
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HAPEER 111,

FORMER _TESTS.

The most noteworthy series of tests yet
completed were undertaken by the Austrian Society of
Enzineers in 1885. A report was published under the
title of "Berioht des ¢ ewolbe, - Auschusses* bt the
guthor has not had tire to resd it, #0 that a short
epitome will be given from the Proe. Inst. C.E. Vol.
cxx1v,

rests were carried out in the following series
(¥. B, Yoissoir arches only will be notised).

{1) structures of the followlng epans, =
(a) 4 ft. 5 in span. two brick arches.
(b) 8 ft. 10 in. span, one brick arch.
(6) 13 £t. 3 in. span, one brick arch.

The width was in each oase 6 fi. 6 in. and the

arches were loaded with pig iron. In series (a) the
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thiokness was 6 in and the rise 5i" and the brisks were
built in lime-mortar. The arches withstood a load of
1435 1bs. per square foot with only slight cracks and
apparently no real signs of failure.

In series (b) the load was concentrated on one
hal? of the span. The thickness of the arch was 6 inches
and the »ise 10 inches. failure oocurred at a load of
884 1bs. per sq. ft. the final deflection before rupture
beins 2.08 inches, In series (¢) 13 £t. 3 in spen,
thiokness 5% inches,at 137 1bs. per sq. ft. the arch

gshowed siens of weakness, and ruptured at 275 1bs.

(11) span 75 ft. 6 in., one stone arch,

one brick arch.
In sach case the dimensions method of bullding
and loading were the same, The thickness was 2 1. at

the orown and 3 ft. 7+ in. at the springings, and the
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radius of the arch ring was 54 f1. Portland cerent-mortar
was used of strength 1 to 2.6.

The stone arch failed at 709 1bs. ver sq. .
and the brick arch ruptured with a load of 638 1lbs. per
eq..ft. In each case the ultimste strength of the arch
wvas by no means reached when the first orack appeared.

A9 the abstract given in the Proo. Inst. C.E.
is very brief, it is not poseible to discuss fully the
resulte obtained., The very important point missed in
these investigations was the measurenent of the actual
horizontal thrust in the erch. This was, of oourse,

imposaible in the larger arches, but was possaible in the

amallsr.,

A geries o tests on floor arches was undertaken
in Arerica in 1801 and 188%7. The arches were all

somposed of hollow fire-proof tilee. The resulis
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obtained are not of much use in this branch of the
subject. They eimply gave a comparison Between the
different forms of tiles.

In 1896 at the Fhinger works of the Stuttzarten
Cenentfebrik, a8 concrete arch was built and tested by
dead welght. 1Iron girders were embedded in the aroh.

As the abutments gave way the test was not very successful,
(Pros. Inst. C. E. Vol. CXXX1X.)

Three onier Conorete arches were tested by a
Mr Beere in 1887, but these agaln were onwy to confim
special methode of construction and not general
principles. (Proc. Inst. C. E. Vol. CXXX1il.)

The Massachussets Inatitute of Technology
rossess a Hydranlie Arch Testing Apparatus, similer to
that built by the author, but no resulis have yet been
published. Provision is made for the measureuent of the

Horizontal thrust in the arch, and 1if resulis oGan be
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obtained from U.8.A., in time to insert in this thesis
a valuable chesk on the author's results will be

obtained.
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HAP iv.

DESCRIPTION OF APPARATUS USED BY THE AUTHOR FOR ARCH

TESTING.

In Qogober 1910 Profesesor Dixon eusrrested to
iHessrs., Romero-Day, C. D. Agbebl, and the author, the
testing of Voissoir Arches as a subject for the Fourth
Year Laboratory course in Masonry.

Designs were then prenared for a segmental
arch which would be of sufficient size to obtain reascnable
results. For the first seriees the span was fixed at
10 ft, the rise 1 ft. and the width 3 ft. and 1t was
decided that at first the arch should be loaded by means

of weighte. The aprraratus will now be described in

detall,

IHE SKEWBACKS (Plste 2) & PIERS, ETC. (Plate 3.)

The skewbacks each consisted of & 83" x 94°

X 4'0" Broad Plange I Beam to whilch was bholted at the
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correct angle by means of suitable sngle plates, a steel
plate 18" x 1% x 4'0", These sckewbacks were connected
together by two tie bare 11'8" long by 1f* dlameter
upset at the ends Y0 13" and screwed. An extensometer
was designed and made Lo measure ihe extension on these
bars, and s0 to obtain the horizonteal thrust due to the
ioad on the arsh. In order to Adimpose of frictional
resistance as fay ae poesible one of the skewbacks was
made to rest on two steel roliers 1* dianeter, which in
tum rested on & sieel plste. The vwhole was supported
on two baulke of wood eseh i3* x 13" x 5'0%, placed on
two brickwork piers 1'0* high so as o ensure the arch
being at a ennv»nisnfxdiatannn above the ground.
CENTERING, (Plete 3.)

The Centering consinted of Tour 3% planks

bolted together in pairs and tied togeiler DY tie rods, at
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a distance of 3'6" apart. Their upper edges were out
to a ourve of 13 ft. radius. Lagging composed by
2" x 3" x 3'0" slebs was placed on the centres and

slack blookes were used to support them in the ueual

manner.

THE _ARCH. (Plate 3).

As the time available durins 1910-11 was one
afternoon per week, the work naturally went on very slowly
and the first arch was not completed till June 1911.

This arch was built of common red brioks with practically
2 sand joint, a very small amount of cement being added
to facilitate bricklaving. The thickness of the arch
ring was 44* or 3 brick. As soon as the sand was A4ry

the centres were lowered. No appreciable amount of

settlerent was observed as the joints were made as thin

as possible.
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LOADING. (Plate 3.)

It was declided to distribute the load uniformly
over the arch by means of a sand "f111*, A framework
wvas therefore made of 1* boards out to a curve to fit
the extrados of the arch, and tied together securely.
This was placed on -tha arch and filled with sand. The
arch was then tostad by placing half ton weights on it.
A full description of the actual test will be found in
Chapter V.

Owing to the lack of sufficient weights the
arch could not be broken.

HYDRAULIQ TESTING APPARATUS. (PLates 5 and 6.)

The anthor having obtained the Bowen Research
Scholarship in June 1811, it was decided by Professor
Dixon to continue the teating of arches. The method of

teating by weightes was found to be very aumbrous and
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unsatisfactory, so the author in the swmer vacation

prepared designs for a Hydruuliec Arch Testing Apparatus
of 70 tons capacity. Two Tangye Hydraulic Ship# Jacks
each of 35 tons capaoity have béen aoquired to produce
the necessary load.

It will be seen that the height of the pilers has
been inoreased to 5 ft. Restinz on ihese plers are two
20" x 74" x 13'0" Y Beams (B.4) connected at the botton
flanges by two pairs of 8" x 4¥ x 3'14" I Beams (B.5).
These latter support the Hyvdraulic Jacks which have been
fixed firmly in an inverted position to these Beams so
that they could be czonnected to a hvdraullo gauge tq
enable the pressure to be read. As the Jacks have been
calibrated in the 100 Ton Testing machine a falr
accuracy oan be obtained in measuring the applied load
by reading the gauge.

Bach resvective ram exerts preasure on a
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13" x 6" x 4'0" I Beam (B. 6) whioh depends bv means of
four 1§* rods 14 ft. mné‘.‘fﬁ"‘ c;'rgl;zd%he sorresponding
set of beams on top of the arch.

It was obviously unsnitable to place the Jacks
in an upright position on these lower besms, and then
connect them by a rigid pipe to the gange as Auring the

test the connection would mndoubtedly be broken.

DISTRIBUTION OF THE LOAD.

The spparatus is arranged so that the full load
can he exerted on either half of the arah, The sand
surcharge has been still adhered to, but a stronger
and deeper box to contain it has been made. The boards
of which it is composed are 2" thick, and conneoted
together by angle irone and tie rods. The box has been
hinged to allow of deflection in the arch.

Thirty wood slabs 2* x 3* x 3'8" are placed
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transversely on the sand, and on these, longitudinally,
are placed the first tier of beams (B. 3). These are
twelve in number, being pisced in three rows, and are
of dimensions 6" x 3" x 23'34%. It will be notioced that
these have been %ﬁvolled up at the ends. This is to
allow any deflection in the arch to take place without
hindranse. Aoross the centre of each set of these beans
is placed a trianguler cast iron beam, the upper edge of
which is protected where necessary by a piece of 14w x 1}
X 6* stesl sngle bent to 60 degrees to prevent orushing.
These triangular beams support two prairs of
18" x 5* x 3'6* I beans (B, 8) spaced 1 ft. apart.
Across the centre of each pair of these beams is placed
alé" x 6" x 4'6" I beam (B. 1.) and on to the botiom
flange of this are bolied two semicircular cast Iiron

roockers 1 ft. spart, so as to rest on the beams B. 3.
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These allow the arch to deflect without disturbing the
toprost beams from their vertical position.

The beams B. 1. are situated exastly above

the beans B. 6 &and are connected to them by means of

the long bars before mentioned. Across each end of the
top flangeﬁ of B. 1 and each end of the bottom flanges
of B. 6 are bolted two channels 4% x 2* x 1'3", face to
face, thebars passing between them. The bars are sorewed
80 that the distance between the lower beams and the
jacks oan be regulated by means of nuts. Thus tt?a load
oan be applied either uniformly all over the arch or

uniformmly on either half,

EXTENSOMETER: (Plate 4.)

Yhen the first arch was tested time being
very limited, the extensometer was incomplete and
extensign was only measured on one horizontal tie bar.

The extensometer has now been completed and is erranged



(55)

as follows. Two cast iren rings of the form shown in
Plate 4 are olarpacdby three set sorews in each,near each
end of the tie bars, the distance between them being

100 inches. Two rorews are screwed parallel to the bars
into the top and bottom of each ring, the heads of the
gorews being turned toward the middle of the bars. A

small hole * diameter is drilled in the head of each

gsorew, and between each pair of sorews is a measuring
rod 7'0" long and i* diameter,tapered at the ends.

Faoh tie bar has two of these rods supported above and
below it, and free to slide on the supports. One end of
the measuring rod fits inte the §* hole in the head of
one sorew, while the other is about twelve inches away
from the opposite screw. An inside micrometer reading
to one thoueshdth of an inoh can be placed between this

end of the bar and the sorew. Thus to obtain the vslue



(56)

of the horizontal thrust for a particular load four

ricrometer readings are taken, thus eliminating chanoce of

error oreeping in through inacourate measurerents. Fach
tie bar has been tested up to seventy pewnds thousand
pounds in the 300 Ton Testing machine, using the szbove

extensometer.

MEASURING THE DEFLECTIONS.

In the firast test the vertioasl defleoctions
of the arch were found by measuring the height of the

——

aroh.,(a; ;1;;1'? two gﬁ?@ﬁi_g@_ﬁ}@ This was
inconvenient, tedious, &nd probably inacourate, and in
November 1911 Professor Dixon suggested using a
rantograph to copy the intrados of the arch on a reduced
s08le. A "Deflectograrh® was accordingly designed, and

made by the author to give a reduction of one eighth.

The general arrangement can be seen from Plate 7.
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The jointed framework rotates in a cast iron blook which
is supported by two pleces of angle iron from the main
girder B. 4. The board on whish the curves are drawn

is arranged to slide up and down so that the curves may
be drawn separately to avoid confusion. The diagran is
producsed direct on tracing dloth by a steel chisel

point, the cloth being backed by carbon paper. Diagrans
can be reproduced on blue Prints for reference and
illustration, and preliminary measuresents can be taken
from them without damaging the originals or introducing
inacouracies by tracing. Of course, it must be borne

in mind that blue print paper expands aonaiderahly‘on
being ﬂav{%;!:god and 'aquagagl'. A better arrangement
would be a steel point moving on a zinc sheet. The line .
can be made much finer and all errors due to stretching

of the cloth will be avoided. An accuraoy of one—

hundredth of an inch in the Aiagram (corresponding to
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1ess than a tenth of an inch in the arch), can then be

easlly obtained and san be dependea upon.,

It is vossible 1o measure one hundredtin of an

inch on the tracing cloth, but the accuracy cannot be
depended upon.

The Zinc shest has been adopted in the thira
test. The steel point is pressed on the board by means
of a spring, and can be withdrawn when required.

The deflection of the main girder on the
squeezing of the timber baulks on which the skewbaoks
rest will not affect the acouracy of the curves.
Provision has heen made to prevent the girders on top
of the aroh from falling and.doing damage as will be seen
in the photographs.

During every test the timber centreing has been
kept a few inches below the arch ring, so that when the

arch collapses it will not have far to fall. During
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the first test with the hydraulic appar:tus pressure was
supplied by a high pressure pump situated about twenty
feet from the aroh for the sake of safety, but when the
aroch broke it sare down gently on the centres and nothing

untoward hapyened.

A aconvenient platform 7 ft. from the ground
has been ereoted round the arch, and has been made
strongz enough to take a palr of shear legs for 1ifting

yurposes,

FUTURE_IMPROVEMENTS DESIRARLE.

Skewbacks , Rocker bearings instead of roller
bearings extending the whole width of the skew backs.
The skewbacks will then be better balanced and better
supported. MEW SKEWBACKS

Stronger tie bars of better ateol.(@bsolutely

nooeasar?J
An additional extensometer, preferably a

visible recorder.
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CHAPYER vV,

RESULT OF TESTS.

The results will not be discussed ~ully at

this elementary stage of the work.

Data and Dimensions of Arch No., 1.

Built, - - -
Tested, - -
Tvpe of arch, - -
Span, - o =

Rise, - - &
Radius, - - e
width, - & e
Angle subiended, -
Thickness, -~ o
Material, - -
Joints, - -
Bond, -~ - -
Centrea renoved, -
Arch tested, -~ -
Method of loading, -
pistribution of load,

bl

June 19811.

segmental Hingeless Erick Arch
10 feet.

11 .68 inches.

13 feet.

z feet 14 inohes.

42 degrees.

4% incnes (4 brick).
cowmmon wire-cut red briocks.
gand, - thin.

All stretchers.

4 davs after bullding.
from 7 davs after building.
pead weight.

Uniform, — by sand fill.
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Method of measuring deflections, -~ By vertiocal

offgets every 3 ft.

Method of measuring horizontal thrust, — By

Extensometer as descrihed for Tesat No. 1.

Readings were taken generally st each addition of load.
The first weilght was placed in the centre of
the arch. This was then shifted to one side and the
gsecond welght placed next to 1t, and thus the symmetry
in loading was preserved in each casrf., Resulisof%Fasl
- -
The quantitative results may be seen in

Table 3. & curyves Plate 1l

Discussion of Test No. 1.

The test of arch No. 1 cannot be regarded as
very satisfactorv. The extensometer readings cannot be
relied upon as the arrangenents were rather crude. The

testing had to be done in a hurry and so the apparatus
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could not be completed. Tt was impossible to do
repeated tests on this arch as the constant shifting

of the heavy weights would have taken a very long time.

The remarkable proint in this test was the
enorious deflection the arch showed without collapse.
The joints 4Ai1d not open and the bricks were not aoctually
srushed, but were broken acrose owing to the 'poor'
"cushioning® property of the sand joint. This
*sompacting® of the arch undoubtedly caused the big
deflections. The horizontal thrusts recorded were
rather erratic, but they agreed in being much greater
than theory predicted. Thelr erratic nature was due
to the incompleteness of the extensometer, and the

extended period over which they had to be taken.

The profile of the loaded arch as seen from

the tabulated deflections ¢as very strange. The final

profile shows thail for four feet in the centre the arsh
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was perfectly horizontal and flat.

Had the line of stress passed through the

uprer boundary of the middle third of the arch ring at

the start (according to the Least Crown Thrust Theory),

then the arch rust have quickly becorme unstable as on
increased wanifor load ocaunnes the line of streess 10 nove

higher up in the crown.



TABLE 11.

Refersnce.

CALIBRATION OF FXTENSOMRTER,

An extension of .0015 inches on & length of
100 inches corresponds to a forsce of 1,000 1lbs., in each
tie bar, or to a Forizontal Thrust of 2000 lbs.

(a) PFirst sign of aracking (oving to looal bending
of the bricks)

(b) Test continued following Aay.
(a) do. do.
(4) Load hereafter extending 8 feet across the

arch from the right.

strength of bricks.

grushing load 112,000 1lbs. per briock,

- 400,000 1bs. Per sguare foot.




) TABLE 11,
TEST OF ARCH NO. 1.
Deflection. 1inohes.
¥o. gg:t‘.l. !:ir;;g;‘:ion. pel;o:g. i Th{gat. Thrust. :::n::.n R:;:l;u. : 3 ' 3 & % ¥
. . . 8. ver 1in. ft.

1 1560 0.0083 52.0 2030 a76 2690 11.68 0 0 0 0 0 0 0
: 2680 0.00Y 89.3 o~ 5108 8300 11.68 0 0.135 0 0  0.350 0.125 0
. 3800 0.009 136.6 13000 4000 10700 11.31 0 0.185 0.350 0.375 0.375 0.1356 0
i - 0.018 164..0 28000 po— 22300 11.18 0 0.187 0.375 0.500 0.500 0.369 0
" P - AL — 97686 236000 10.95 O 0.375 0.635 0.750 0.750 0.375 0
. p— - 276.0 34800 11658 30000 10.43 0 0.695 1.1356 1.350 1.135 0.695 0
% AoAe g P 50800 16888 45000 9.95 0 1.105 1.635 1,750 1.635 1.195 0
- .. 560 50800 16866 45000 9.81 0 1.195 1.750 1,875 1.750 1.285 0
(¢ 10020 p_— 52l - 168686 45000 9.69 0 1.195 1.875 2.000 1.876 1.435 0
e gmass 5,058 o 608060 16866 45000 9.56 0 1.310 1.875 3.125 2.000 1.435 0
- 4.8 saii o 18886 45000 9.45 O 1.435 3.000 3.350 3.136 1.560 0
12 13230 0.043 407.3 56000 18666 50000 - e o i 3 " v 5
b e I B Saieh 18608 50000 9.531 0 1.485 2.350 2.375 3.376 1.685 0
g vy kS P 10833 53000 8.95 0 1.685 2.500 2.750 3.635 1.685 0
By e ks —_— o 1ee6d 50000 .95 0 1.665 32.500 2.750 3.635 1.685 0
i L8806 5.048 426.6 61200 20400 54800 8.81 0 1.955 3.750 3.875 3.635 1.800 0
19 13680 0.058 455.0 69200 25066 61700 8.56 ©0 1.935 3.135 3.135 2.875 1.9 0
b e o i e ki aiide 66500 8.51 0 2.310 3.375 3.375 3.135 3.050 0
N - 5358 78600 26200 70000 8.06 O 2.435 3.635 B5.636 3.350 2.060 O
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Data and Dimensions of Arch No. 2.

Built, - - =  Noverber 1911.
Tested, - - - March 190123,
Tvpe of arch, - - Segrental Hingeless Briock Arch
Span, - - - 10 feot.
Rise, - - - 11.68 inohes.
Radius, - -~ - 13 feet.
vidth, - - - 3 feet 1i inches.
Angle subtended, - 42 degrees.
Thiokness, - - 4% inohes (4 brick)
single ring.)
Material, - - Common wire-out red brioks.
Joints, - - = 3 to 1 Portland Cement

Hortar; no joint less than

4+ inoh thiek.

Bond, - - = All stretchers.

Built, - - - Noverber 17th. 1911.
Ccentres drorred, - Decembery 15th. 1911.
Interval, - - 38 Aays.

Tested, -~ - - 5th. 6th. and 7th. March.
Interval, - - 108 dayvs.

Method of loadino, - Hyvdraunlic pressure.
Distribution of load,- Uniform, - by sand fill.

Meathod of wmeasuring, - ®Deflectograph®.
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(3)

(3)

(4)
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Method of measuring Horizontal Thrust, - Complete

extensoneter as dexeribed.

The arch was tested in the following manner.
Load taken up to about 11 tons (36,640 1bs.) at
intervals of about 1,000 ibs. from 3 tons, (residunal
load).
Load taken up to sbout 11 tons, (26,640 1bs.) at
intervals of about 2000 1lbs. from 3 tons, (rigzidual
{10ad).

Load taken up to about 5 tons (10,660 1bs.) at

intervals of about 2000 lbs. from 3 tons, (residual
load).

Load taken from 3 tons up to about 94 tons (331000bs.)
direct and from thenoe by intervals of about 4000 1bs.

to the breaking load (36,300 1bs. or 16.2 tons).

Readings were itaken at each addition of load.,
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Results of Test No. 3.

The numerical results will be found tabulated
in Table 3 and plotted in Plates 2,13.¢ /4
Photographs of the fracture appear in Plate /O,

Discussion of Test No. 2.

This test was satisfactory and results have
been obtained which if confirmed by other tests will be
exceedingly important.

The Horizontal Thrusts recorded are extra-
ordinary. VWhile they do not possess the erratic
nature of those racorded in Test No. 1. (owing to the
improvement o” the extensometier), they are abrolutely
at variance with the thrusts obtained by ithe Elastioc
Theory, Navier's Principle, or the parabolic theory.
In every case the resunlis are greater than those
predicted and with the increasing load they diverge

81111 further from the theoretical. It is apparently
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impossible that the extensometer can be at fault
because in the first place four readings were taken to
obtain each result, and these readings agreed very well

with each other, and secondly, the tie bars were testad

repeatedly both before and after the Arch Test in the

300 ton machine, using the Extensometer, and the readings

thus obtained agreed perfectly in both cases. As all
the readings were taken by the author the errors Adue
to a different "personal equation® were eliminated.

All the possible inacouracies in the measurement of the
Horizontal Thrust such as the friction of the rollers
underneath the skewbask, or the inability of the
measuring rods tc move freely in their supports, would
tend to reduce the resulis. The increase in the
diverzence between the aotusl and theoretical results
(with the greater loads), was not due to the vielding

of the bars as thev were not stressed up t0 the vield
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point in the arch test, and further, during calibrations

in the Testing mashine the vield point was rassed, and

the 1norease in length was much too large not to be

notioced irmediately.

However, until these results are confimed it
is not advisable to remark on them further.

There was a permanant set in the arch after
the load had bseen taken up to about 11 tons, and removed
the first time, but this deformation did not materially
inorease when the procedure wae repeated. It was also
found that the Horizontal Thrusts 4did not agree with
each other in successive applicatlions of load, an will
be seen from the ourves. Thie is also at present

inexplainsble.

The first oracks appeared when the load

had reached 35,800 1lba. in the fourth series, — less



(738)71.

than that load reached in the other tests! This may have

been due to slight inaoccuracies in the gauge as a

different gauge wae used for the rinal test. (K. B. the
Jacke were asalibrated with both jacks). The cracks
t’d

ocourrsimultaneously at the springings at sach side,
and were due to the crushings of the bricks.

The fallure ooccurred when the load had reached
36,300 MWs. or 16.3 tons, the left hand end of the arch
erushing completely, and the arch falling on the
centres. The jointe did not open to any measurable
extent until the arch actually fell. The failure was
gradual snd quiet. A vhotograph of the fracture is
shown. The centre vart of the arch was apparently
not much deraged, thus dvearing out ihe fast that the
raiial thrust of the arch is greateat at ihe springings.

It wae noticed when the arch ring was lsid
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bare that almost continuous crackes from the springings

8o the orown were present. These ocourred at the edges

of the arch at the springings, and gradually approached
each other towards the centre, thus apparently

showing the pyramidical character of secondary shear due

to orushing.

Thus the arch to all appearances faillied by

Crushing.
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. Toad 123 Bx -
Toad s g‘:' Top. htta:.'.‘m L

Top. Bottom,

1b8e 1bs. inghes. inohes, inehen, inghes,
0 [+] 0,000 0.000 O«

sold 102 0.002  0.007 000 e
$300 210 0:006  (0.018) 0.008  o.01s
6300 210 04000 0,000  0.000  gioi8
7300 243 9.002 0,008  0.008  giocs
2300 276 0.093 0.004 040085 0.003
9460 316 0,000 0,006  g.008  gro03
B 385 04008 0,008  (0.011) o0y
11690 90 0,011 0,011 0.011 0.012
g 424 0,013 0,013  0.013  g.91%
14860 496 (0.017) 0.019 0.019 0.019
16000 833 04020 0.023 0.023 0.023
17820 877 0.024 0,027 0.027 04026
18450 615 0.020 0,034 0.029 0,038
19680 653 0.034 0.038 l0.031] 0.087
20810 694 0,038  0.048  0.088  0.044
22040 735 0.045 0.080 0.044 0.080
23250 778 0.049 0,053 0,047 0,053
%4480 816 0.051 0.088 0.049 04056
2::3 :g: g-g:: 0.060 0.050 0.059
8640 o i (0.065) 0083 (0.067)
8300 0.017)  0.008 0. .
0660 335 0.014 0,012 01034 01033
2720 424 0.029 0.017 0.018 0.017
4880 496 0.024 0.022 0.028 0,022
7820 877 0.029 0.027 0.026  (0.025)
9560 653 0.031 04030 0.030 04031
2040 735 0.034 0.033 0,033 0,033
4430 616 0.039 0,087 04086 0.036

# 040 04038 .
6300 210 - - ETE ew
5300 276 0.005 0.004 04008 04004
0660 385 0.018 0.011 0.012 0.014
§300 210 - - = =
1100 703 04023 0.020 «024 0.027
5900 863 0.036 !o.oaa 0.034 0,037
0700 1023 0.046 0.038 0.045 0.042
5300 310 0.045 - 0.047 B
7
24 Y ¥a 4. 5 6 Ve
B X HNATZTO
¥o load,

3060 1lbe. of sand on Areh.
ALl appermtus on top of Arch - total 6300 1bs.
Commengement of Test. Permament load 6300 1bs.
First series completed. Ioad removed to 6300 1lbs.
n‘:‘u"..':'a‘:.".,’:;i.m"‘..h rird begune

Third complated, fourth and final begun.

Tosd taken straight up to 21,000 1bse

Pirat orecks at springings.

PAILURE,

E

Results of Arch JNo. 2.

o

—

Total Stress Gtreas

"'“-m&'im Btress per sq.ft. per lin.ft, ""’;'"’:l'll .

4

S ——— S
inehes. inches.  1bs. 1bs. 1vs. 1bs.
0 0 0
.'f" 3:&;.‘“ 8340 4730 1780 Im.
- 0.008 10680 9500 35650 2625
0,000 0,008 10800 9500 3860 2625
0,008 0.010 13300 11080 4430 3037
0,004 0.012 16000 14200 6530 3450
0.006 0. 16700 16600 6230 3050
0.008 [*H 21300 18800 7100 4437
0.011 0.019 25300 22400 8430 4878
0,013 [} 28000 24190 9330 5200
0.0158 0,0235 31300 27700 10430 5750
0.0190 0,027 56000 32000 12000 6200
0.022 0.028 40000 35500 13330 66623
0.025 0,033 44000 39000 14670 72123
0,032 0.040 83200 47000 17780 7700
0,036 0.044 58000 81100 19330 8162
0.042 0.050 66500 58000 22170 8675
0.047 0,085 73400 65000 24470 9200
0.050 0.058 77400 68300 25800 8700
0.083 0,061 81400 72100 27310 10200
0.058 0.063 83800 74000 27880 10650
0,088 0.066 88000 78000 29330 110756
- 0,008 10660 9600 2560 2625
0.088 0.016 21560 18900 7120 3450
0.01286 0.0206 27400 24200 2130 4437
0,017 0.028 34000 30000 11330 5300
0,022 0.030 40000 35500 13230 6200
0.027 0.038 46600 41500 155630 7212
0,030 0.038 50600 45000 16870 8163
0,033 0.041 54600 48400 18200 9200
0.087 «0458 60000 53000 20000 10200
0,042 0.049 65200 88000 21730 11075
- «008 10680 8500 BB6O 28235
0,048 0.0126 15600 14700 5530 2450
0,013 0.021 28000 24800 9330 4437
- 0.008 10680 2500 3860 2628
0.024 0.032 42600 37700 14200 8800
0,036 04044 68600 82000 19530 10800
0.044 0,053 69400 61500 25130 12800
0.044 0.082 68400 61500 28130 18000
Be Pe 10. 11. uo nl
Ff
g ZABLE
Colume
1. Number of reading.
2. Total Ioad on the Arch. Obtained from Calibration of jmcks.
B«  lond per square foot  Total z.o-a/ Aron.
4.
B Differences from the four extensumeter readings.
6
7.
8 Meon Blongsations per 100 inches
9 Total Elongations (Mean+that due to sand ete.).
104 Total Hordigontal Thrust on Arch obtained from ealibration
of Tie Rods in Testing Maghine.
11, ft. on cross section
eross ssctional area.

Mean ressive stress per sqe
of ring Total ltrn:}



o ~TRatio o
Ra Thrus
“Jg‘*"m t Span 3:'., 4 gpan Deflection at Crown.

inches inches {nghes inches inches inches™’"*
Total minus  permanent
e s o S M.
1,86 16.91 8.80 11 8 0.00
PR 1 ok Hpaes oo 0200
1.46 18.23 8.64 11.46 B8.64 0.22 0.08
1.55 19.30 B8.56 11.38 8.56 0.30 0.16
1.58 19.70 B8.40 11,20 8,40 0.48 0.34
1.60 20,00 8.40 1l.12 8,40 056 0.42
1.73 21.60 8,40 11,04 8.40 0.64 050
1,76 22.00 8.40 11,00 8.40 0.68 0.54
1.82 22,70 8.40 11.00 8.40 0.68 0.54
1.94 24,00 B8.40 1¢.88 8,40 0.80 0u66
2.00 24,90 8.36 10.88 B,36 0.80 066
2,02 27.50 B8.36 10,88 8,36 0.80 0466
2.30 28170 8.32 10.84 8.32 0.84 0.70
2.85 29.50 8.82 10.84 B8.32 0.84 0.70
2.56 32.00 B.28 10.80 B8.28 0.68 0.74
2.65 33.10 B.24 10,80 8.24 0.68 0.74
2.66 33.20 B8e.24 10,76 B8.24 0.982 0.78
2.67 53.20 B.20 10,76 8.20 0.92 0.78
2.62 82.60 8.16 10.72 B.16 0.96 0.82
8063 32.70 B.16 10.64 ..u 1.04 0.90 -
1.55 16.91 8.60 11.04 8.60 0.64 0.50 0.00
R
N - o . . . “ .
2.12 26.60 B.48 10.92 B.48 0.76 0.62 0.12
2.13 26.70 B8.40 10.88 B8.40 0.80 0466 0.16
2.15 27.00 .52 10.84 1,32 0.84 0.70 0.20
HEORE uE moaR B OfR e
L] - - L] L] - - -
LR E R omk im S G o
- - - - - L] - -
1.38 16.91 B.60 11.04 B8.60 0.64 0.50 0.00
1.61 20,00 B8.56 10.96 8456 0.72 0.58 0.08

2.12 26 .60 B.48 10.88 B.48 0.80 0.64 014
1.35 16.91 B.60 11.84 B8.60 0.64 0450 0.00
1l.61 20.10 B.32 10.72 8.32 0.96 0.82 0.32
1,81 22.60 B.24 10,56 6l24 1.22 0.98 0.48
1.80 22.40 8.16 10.48 6,16 1.20 1.06 056

1.84 19.10 6.40 10,08 - 1.60 1.6 0496
14, 15. 16, 18, 18, 19, 20+ 21,
Columne

12, Stress per lineal foot of Arch ring Total stress/width
12, Theoretical Stress from Blastio formula 3wi/ZR.

14. Ratio-Aetual/Theoretical.

15 Radio stress per lineal ft./Ioad per « Radius
5 of "Line of Stress® by Naviers l’rm:lfsh.

16«
17. Rise of Arch at + Span, Orown and § Span from
18. Deflectograplis

Total Crown Deflection from Unloaded Profile.
Grown Deflestion from Profile No.3 (Load 6300 1b8e) e
(Toad 6300 1b8e)s

19.

21. Orown Deflection from Profile No.23
subtracting permanent aete
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Compressive Strength of 1 brick
Compressive Etrangth per sq. ft.
Compressive Strength of lortar Joint

Compressive Strength per sq. ft. of
Mortar Joint

To tal Toad on Arch at lst. oracke.
Total Toad per sqe. ft.
Total Horizontal Stress at lst. orack

Total Horizontal Btress per s8qe. ft.do

Deflection at Crown "
Total ILoad on Arch at ¥Failure

Total load per sa ft.

Total Horizontal Stress

Total Horizontal Stre:s per 8qe. fte

Previous Defleetion before failure
Percentage of Btrength of one Joint

REBULTS.

107000 lbse
380000 1lbs.
38920 lbs.

138000 lbs.
55900 ibs.
863 1lbs.
58606 ibse.
52000 lbs.
1l.12 ianches.
36300 1bs.
1810 lbse
6%00C 1b8.
61500 1lbs.
1.20 inches

% 44465
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CONCLUSION,

The only oonolusion possible at this stege and
with the resulte obtained is that a continuence of the
tests is eminently desirable. It is, of course,
impossible in the first test 10 eliminate all errors
and to bring the apparatus and the procedure of testing
to a completely satisfactory stege.

The preliminary testis can only indicate the
direations which the resesrch should take, and the
gpecial points which need to be elucidated. They cannot
be considered in any way final, and the resulte so far
obtained are not yvet of value in the.neaign of Arches,
but 1f thev lead the way to a more complete research
on the piopsrtiou of Volssoir Arches, the preliminary
work of the author will not have been in vain.

there is cnother branch of this eubject whioh

is quite as important as the foregoing tests on aotual
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arches, - the optical method of the determination of
the nature of stresses induaced in a transparent
structure by means of the properties of Polarized Light.

Alexander and Thomson in thelr "Applied
Mechanios" desoribe a method of ascertaining the
distribution of stress in a bean subjected to a bending
moment. A brief epitome will be given.

Yhen = ray of light enters an aelotropioc
transparent substance, it is usually resolved into
two rays of rolarised light vibrating in planes
perpendicular to eaoh other, and parallel to the
Aireotions of maxirm and minimum elasticity of the
suBstance. The position of these directions of maximup
and minimum elasticity may be found by the ordinary

polariscope, and from these directions the direction and

position of the lines of stress may be found. Alexander
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and Thomson show how the distribution of stress in a

glass under various bending moments may be found. The

author thinks that if this method be aprlied to glass
"arches" it may lead to some very valuable discoveries
and perhaps finally solve the vexed problem of the =o0lid
hingeless arch.

An appraratus to perform these experiments
would be of a fairly simple nature. A mirror polariscope
would be advisable as then arches of a convenient =size
counld be used. With the Nicol's prisms and microscope
the "arches" are mich too diminutive in size. The means
of strescing the arch in various wayvs could be easily

arranged. It would be possible and also very valuable to

measure the aprlied load. The value.of the crown thrust

and the amount of deformation are best left to the

full size test.

N.B. The results of the Third rest will be incorporated
in an Appendix which will have to be sent in later.





