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IN'!'RODUCTION. 

! HE ARCH 1e twu~.lY desoribed 1n Engineering 

text books ae a curved etrnoture, wh1oh 1mrt ~r tht't aatj.on 

of vert1 oal load8 , exerts an 1nol1nect p rfltefntre on 1 ts 

sup~ortR" 

It 1e rAallY 1ntarmed1arY betY~een a Ol.ll"Ved beam 

and s ourved etrut, a~~roaohing th~ ~ornar or the latter 

are oorresponn1n~ly prectomlnant. 

The THEORY o'f MaaonrY Aroh6$ hBA bean, and lR 

now in an lmAatiAfflot or.y Rtate owing to AAVArnl rEH\Aone·. 

Firstly, tha materlals o'f ~onstrnotlon are gp,ne!'ally 

oh~ap, and oonsequ~ntly, ftoonowy 1.e not ~ontd.dered 

1mrortsnt. secondlY, up to qul te a Ahort t l rtfl Ago, 

· 1nv~et1gnto:r.e P6rs:t a tAd 1n R type o'f theory whi.oh was 

Where th ~ word ARCH in ~6nt1 onod hArea~t~r. it rA~er~ to 

the h1nf'el ens vo1flso1r arc11, 1UllASfl ot ht-'rwia,., n t.ated. 
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in the produot1on of I:ron and st~el 1n the U1netnenth 

century eave a greet impulse to the ,reot.1on o~ st tatures 

mada o~ theee materials, and so, althot~h PnginP.P.rs 

beg8Jl to be al1 ve to t.hA 1u·port,anoe of both e Ypf!lrimental 

dnt n anct theomr 1n atructnral ft81gn, t.h" ManonrY Aroh 

Fourthly. th~:r.e were AO many 

were al most nlwaye baaed on these e.xl nt1ng onee to, the 

detT1m~nt o~ reeearoh. 

There ja , t herefore , l~ to the vreeent 

pract icallY no useful data on wh1oh to base a aat1Rfnot ory 

theory. Empir1oal reaul ts are certainly neoeAAary ae 

the oont1 it1ons under wl11oh M aroh beA.ra i tB load are 

too varied to adrr1 t of treatment b y I"UT_., t,hoory. 
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be net t led a e re[t, rr\e p:rn()tioal d11'fj . . nlt,1ee, and 'mtj.l 

thee A are eet tled all theor:1.ee of t hf\ Masonry or 

Vo1saoir Aroh will be o-r doubt+Ltl u t ,.li t,y. 

Aroh design hae not a grent wealth of 

exper1monte.l data t o dnpf'nd 1 !)on, ( t~hus c\1 ferJ.ng from 

n ost ot her enP:1neAr1ng struot.ure! ), al.though it has the 

TeRte on arches hav~ bAen mnde up to the 

l)reAent prino1ually 1n AtJ.etr,.a anti. in Am~r-' oa, ( part1oulare 

or vrh1oh wlll 'be p;:tven lntflr). 

The aut,hor thinl<.B that j.'f' a RYst,fim.at io taet of' 

aa many tYr~e o~ arohes an YAtemR o~ loa~1~g aR 

poe~ible be un<tArtaken. Ito at o.o t h6 outf'tanct.1ng 

tt1f.Pioult1ee her61nafter mentioned may be Ro lvad, and the 

design o~ arohee be plaoed on a t1rr1 bae1e. 

Arohes have been bllilt wh1.oh are t o all 
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apptlaranoee perfeotly safe , but wh1oh a11 .. ord1ng to 

t 1eory oannot poe see~ s t ab i 11 ty, and th1e el1owe that the 

t heories ar e not yet !n a eat1R~aotory Bt ate , eApeoiallY 

important 1n the ong1ne~r1ne world today. 



C H A P !' P. R l. 

HIS!ORY OF ARcHr,s. 

The l')raat1one o-r mnn hav~ orten been 

f'oreshanowed bY tlature, and th6 arch 16 no exoe~t1.on 

to t.h1n rule. 

In :mnny r ounta.:lnon~t dj,et:r.j ots nnn ~Pound t he 

by the erosive aot:1.on o"' wat6r end au~hlj.Jte . 

ProbablY orude ATt1'f1o1al aroh~R w~rfl 

oonstruoted 1n "Jlay or r.ud bY man, a t a very TAl'10te 

per1ott. Although, of' "1oure., , these wonld not survive 

lon~ enough to give any evj_denoe of their axlatP.noe 

today. Whether th~ ad~nntagee o~ an aroh were disoovered 

by aocident, pe:rhape by some prehiat,orj.o bu1lctetr who 1n 

or der to eave t1mn ana troubl~ put tn a bont p1Aoa of. 

t1~ber wh6n constru ,ting hia hut, And thftn f'ound it, more 
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oompetftnt to b~ar the a'"Perj.n .Jttt'lbent w-A1ght , or whether 

t he struotu.re ns copi ed from nature for • ar' •s s ake•. 

ant,.qu1 ty does not dleoloee, but t he oldest aroh ye't 

d1ac~overed was p robablY f"l!Om 1 tR R 1 ze oonRtr.uoted 'for 

arohit.,ctural ft~'f.'~ct . 

4 , 000 B . c. aooordlr&g to Aroheolog1ete; was el l 1.p t 1.oal 

i n -roxr.;, end wa~ ~onatruoted of burnt. voiasoj.~ br1. oks 

la1d !n l ay mor t ar. It fi apen was t wentY 1noh~s . 

The Chines& I)rob·\bly em.v loYfld t he Rroh a t a 

very ea rly period, for the pnr])o.se of b!'1ct£ing small 

stream~:~. an<t 1 t 1A Known that b:r.1rlgea and ot.her public 

ork/.e were oxeauted in China 2,900 B.c. 

Also~ r alioe o~ ano1en~ stone ~nd br1ok 

arohflta have been ""ound 1n Egypt. Ther e wae d:f.soovered 

in a st r uotur e )\.nown as Oro:.'lpbell 'A Tomb, n h:r1ok aroh o~ 
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o~ rour oonoentr1o r1n~e. haviny a RPan o~ 6l~ven ~eat. 

Th1e wac euJ>poeed to have bean .. onRtrn .. tad. about 1540 B.a. 

'!'he Ee?Iltj_ans, howeve!-, generally pr,ferftd t;hA solid 

11nt~el f'or the p11rpoee o'f APannine opaninge . 

Rema1na of' f'nlee nrohee -Pormo<.'l by outt1ng out 

opsnj_nge to a ourved intrados in or.c\inRrY "~ll.s have 

been ~ound in all parts or the world • 

.Arohec\ Sflwers bt~~ 1 t about 1500 B.c . have bAan 

die ,overed baneath thfl :Of! laoee cr N1n'rr.ot1 . 

Sar?,on. 102-?05 B.c. f~undad ft n1ty in AaAYria 

the gate?tnye o-r which w~ra bu1.lt w1 th se~1o,.roular atone 

vo1sao1re of tw~lve to ~1ft6en feot Apan, th1s be1ne the 

firat re~ord of stone arohee o~ nny a1ze . 

Tho Fo~ane a~parentlY w~rft the f1ret to b1dld 

arah~R or oone1t'\erable rnRgni tude. Th~ enrl1.ast ant,hentia 

aroh, the clo tJ Maxima. W88 oonatruotfi!d abottt 615 B .o. 

It .on tsted of t hrep con~entrio ringa of' Atone. The 
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span wae .Potlrtefln f'e~t . Stonft br1dg6A of :f1f.'ty to seventy 

f.,At epan were conAtruote<t by Aem1lue soaurue tn 1?.0 B.o. 

"'Yrajan, 104 A. D. built a t .Aloantata 1n Spain tt eew1-

o1roul ar aroh of' one hunctred and ten fAet span, wh,.oh 

1a still in existenoe. Kany ex3mpl"8 of Roman 

a(}uaduote rn&y be rH,An todc.y in 1.hft old Roman p:rovi noas. 

1th a progre~s1ve o1v111zat1on the arch ae 

t he only l>Ofn::~j ble atruotur~ onp9ble of" providing 

permanent means of oor.~~un1cat1on b~tweP.n thA banke or 

more utilised. It was a lAo na~d to "nhRnoe th., hAaut,y 

of not:J.onal and fl)ooleA1ast.ioal bulldinge • as for 

exampl*' the magnificent ElU"opean cat,hedrale • 

• 

was a bridge bltj.l t a t 'Pl'eazo 1n I taly 1n 1377, but 

unfortunatelY d~etroyed 1n 1416. Ita Apan wnA two htmdred 
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ann Nny :reet , the thj.r d la:r.geat yet Klnetruotad in 

stone. The ~1ret plaoe 1n ~oint of alae, 1A held by 

a br1dve at Plauen, saxony, blUlt 1n 1905. Its span 1e 

t wo hundred snd ninety -Pivo ~eet. 
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!ABLE 1. 

Di liENSIONS OF NOTABLE VO!S ~OIR ARCHES . 

No. 

1. 

a. 
3. 

4 ~ 

5 . 

6. 

'1. 

a. 

9 . 

10. 

11 . 

12. 

13 . 

14 . 

15 

16 

Name. naaor1pt1on, eto. 

syra . Plauen, sax . H. Slate, 3 o. 

Luxmnbu.rg, Gorm . H. o. 
Trezv.o, Italy, H. Gran . o . 

Morb~ge, Italy, H. Gran . 3c . 

cab1n John. u.s.A. R. Gran . c . 
Prllth, Anatria. R. sandot . o. 
Otuta,h, Germ. R. Sandet . c . 

Iaar R1v . Bavaria, H. s o . 

Lavour, Franoe. R. e. 
Chaste~, Eng. H. Sande~ a h. C. 

Gour tJo1.r, Rranoe . R. or an . c • 

cop,~~l, Germ. 'R . snndoG o. 

Ballnoh, Mozle. scot . R. c. 
London Briage . H. Oran. E. 

Grenoble , Frano~ . H. c. 
Ponty Prydd. H. sand~t o . 

1'1 . Maidenhead, R. Br1~. E. 

18 Bourbonnais, R • Gran . c . 
19 • D~vlle Br:t ~'Ke , ItalY. H. 

20 . Avignon, Franoe, H. 

21. .ll8allf'tara, SP . H. 

22. Bisnop AUOkland, Eng . H. 

nate . 

1~05 

190~ 

1~77 

190~ 

1859 

1893 

1901 

1902 

1888 

1883 

1888 

1901 

184-' 

1830 

1611 

1756 

1838 

1000 

1187 

100 

1388 

Foat epan. 

295 

278 

251 

330 

220 

21 5 

210 

210 

202 

200 

1.~7 

187 

180 

152 

150 

140 

l2tl 

134 

120 

)'"0~ 

100 

100 



TH ICI-{ NESS 

Peot Rise. or. Gpr. 
F'ee r-

59 4.9 11 .2 

1oa 4.7 7.2 

88 4.0 • • o 

33 4.9 7.2 
Ref'erenoe to Tablfl . 

57 4 . 2 6 . 2 
• 

59 
. 6 .9 10 . 3 H Highway . 

' 

52 6 .6 9.2 R Rallwe.y . 

21 3 .4 4 .. 2 0 segrnf'nt al . 

90 5 . 4 12.6 3 o. Fa1a~ S6r't1 Ell~.pee . 

42 4.5 7.0 E Elli:pt,.cal . 

53 5.7 13 .8 2 h . TWO ,_h~.np,ed . 

53 5 .Q 8 .5 t 'l'l' i ,kn~Rn of Arch ring . 

90 4 .5 6 .0 

38 4:.8 10 .• 0 

5~ 3 .• 3 -
'35 1.5 1 .• 5 . 

a' 5.3 7.5 

6 .9 
I 

2.7 5.6 

60 4 . 5 -
51 2 .4 

50 .... 

22 1.8 -
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It will be se~n rro~ the preceding Table that 

th6 d1 ~nslone o~ e1m1lar ax ,hee very grAatly . The 

earlier a:rohee are 1'6nerally of' bolder deAlgn , soma ot 

th~J!l bAing r .arkably t:;J.P,nder, for exanpl.,, Noe . 15, 

16, 16, ao, and Ra . 

hsvo aroh rings of f}no:r.moue t.h1okn~eR. !hj.R j~p probab l y 

due to the 1n~luence o~ the lin~ o~ ntreAA t h AOT1fle . 

oonorete and Re1nf'oroe<l. concrete Brldgee of' s l more 

recent date have freqllently very t hin nroh r:1 ng , RU<'h 

as 2.8 ~eet ~or 1~5 ft. epan ( conor~te), or 0 . 6 foot tor 

122 re_,t span , ( Re1,n-Porocd cono1--etn ), al thoueh concreto 

1e no atron~er than well. built Atone masonry. This 

rednotion toll owe uJ)on the 1ntror1ttot1 on o"f t.h~ Elar-Jt,1 o 

Theory. 
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0 H A P T E R z . 

DESCRI PTION OF THEORIES . 

There are t\1'10 <! 1st 1,not tY}16s o~ t.ha<'r.iee f"or 

the design of' n:.asonry arohE'ta . The :r:t.:rst t1.ntt older 

theory is that which e~ploye the "LINE OF STREss•, the 

seooud and nAwAr., 1s that whioh is b~Aed upon the 

ELASTICITY o~ the arch ring . The ~or~ar 1a always 

uee~ for th~ de61gn o~ voisRo1r arohee, and the lattAr 

for either ~onol1th1o or met all1o arohes . 

r,I~~ OF STRESfi. THEOPY. 

De,..,.ni t1on of' the line of' atrass . The 11ne of st.:r.eaa 

is the locus of the oentroidA of all the j ntornal 

foroes d1Atr1buted over thB oroSA aeot1on of th~ arch 

r ing. Thus, ae~um1ng tho a~oh to be •tin~ar•, 1ts Ahftpe 

would be that o'f the line of stress and tho d1reot.lon 

of the resultant :Poroe in the a r oh ring is tAngant,1aJ. a t 
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every Point t o the l ! ne or atrees . 

If th~ Ol'ntrt 1de o-r all the -roroes aot1ng '·n 

the aroh r1ng oan bP. ?ound, then the pos:t t:! on an~ ahE\f'e 

o~ the lin~ o~ etreae can be daier.m1n~d. 

UErHOD OF FAILURE OF ARCHES . 

An aroh tlaY ~all as -rollowa ( ex"lncU~ ~xtran~ous 

08Uflfl0 ). 

( l ) By ~.1reat ortUTh1P.g . 

(2) BY the eliding or adjao~nt vo1sRo1rA, (Rhear1ng ). 

( ~ ) BY Rotation at the e~ae or a jolnt ( BencU.ng ). 

CRITERIA. -
C 1 ) Ort1Ah1ne. 

I f the presFJur& at any point 1n the arah rtng 

t he a rGh will yield , although lts ~tnbiltty 1.R not 

1nde!)Ant1.~nt of" the !)osition of' the 11n8 of' Rtrti1sa, E\nd 
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d.np~n'is only on t,he r e x1nurJ i n tan 1 ty o the oo.:n rAAn1 ve 

strflas. 

(a) Sl1~1n6 o~ Shoar1n~. 

Th1~ t}'I)e of" 'failu::re depAnds upon the v alue of' 

tha resolved strftas varall.,l t o thA plane of l.eaet 

shenr1ng At:r.enetb, ( gFUJ.~rallY th~ planf' of tha joint). 

shearing atrength in that Dlane, th n th~ arch will 

oollav~e. To v~ov1de aRainsi thi~ fn1l\~B the angl~ 

betw~f>n tha <"\irt'ot1on o-r re u1 tont rn·ee~ure, and tn& 

normal to t ho plane o'f least ~hf'ar Ahould ba ma<\e nmall . 

plane of tha joints, 1t followe tha\ the reeultMt 

'foroi) Rhotut' not make a greater angle wt th thf' no • al 

to the joint t han that wh!oh 11m1 te t.h~ ~qu111br1urn . 

IIowevar, if the rat1o b"'tWP,An t.he maximum Fthear and the 

sh,ar nlong the joint bA greater. than the rat,1o b~tlreen 
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th~ ehaa:ring otreneth of t.'~e voi~Ao1r in that plane 

o-r max111um intP-ns1 ty, o.nd the Bhear1ne streneth o~ the 

jo1nt, ( a pose1b1l1ty 1n br1ok arohee), then th~ ar~h 

will ah~ar 1n that d1reot1on aoroAa the vo1eao1re and 

1nd~pen~~ntly o~ the jo1nta. 

( s) J~otat1ne: .or Be,nd1n~. 

When the ar~b 1A rrubJeot~A\ to a b~nt\1.ng 11 omont 

of' the usual order, oon:pron,:;ion 1A indUOf)<\, (~An~rallY 

speaking ), 1n the u~per e1~e of tho aroh ringt and 

tenA1on 1n the lo~er. Thf'ee ~treaAes mus t ba .ompounded 

w1 th th., oompresA:\on ind.uooo by • a.roh not:t.on• • The 

tene1.on may entirely ~ j.sRwear or sorA I>firt of '·t may 

remain . tf the ~roh r1ng cannot r1ee or fal l Ri Ao~e 

otb~r vlaoe. (that 1s to any~ unlaeR th~ linA o~ streae 

pasaes throtv.h tha P.xtrn~onA at two pointe, an~ the 

intrados at an 1ntflrmed1ate point, or vita vArAa), th1~ 

tenAilft stress will not flndRngf>r t hf' Atabj.l1ty o'f t h e 
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aroh even i f the joint~ nosness no tena~1ty. lml~as thft 

upp~r or lower aide , as t,hn case may be , oan ortlAh 

that poi nt. Then th1a oaee praot1oAllY reAol~~A 1taAlt 

i nto the fira t. 

ar ohae gf:ln~rallY fal l owinlr t o the movelrflnt of' t.he 

abutment&~ bllt as th1e aoeo not oonoflrn th~ oroh 1. tsf)l r 

piS~RIBUT,lON OP STRESS . 
t ;; $I i ; J (baU';t . 9 

~hen & bodY 1e tmder the aotton of' lntornal 

st:!"esaee 1 t '-s known that no tans1on is pr,o~tlCOd at 

oute1<l~ thA •middle" th!rd" of thnt orot'H~ a notion . 

Wh&n t he re~ul tnnt passes through t ne l1ottnc1ary of" the 

middle third tho lliatrtbut~on of' (lltreoa is sho'Rll 1nA. 

baing zero at the :rnrthe:r. ~dge. ann hav:tng a maxtnnJn 

, 
value at the fidjacent edgfl . 
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SUppose there 1$ tenaila strength at t hie oroefl saot1on, 

and the resUltant vaeees outside t he m1drlle third . 

'l'en~ion is now 1n<\uoed at the f'ttrths:r eidfJ ae shown 1n B. 

B,'lrt• fiUPpOs& that the orosA· Re<Jt1on oan develop no 

tenAile atl'eng-th. The aqu111br1.um of the bo<\Y 1s not 

dest, ;r•oy~d whan thft rf'Anltant IH,P~t~eF: outa1d" t h e m' ddl~ 

third, th1d not ooourrlng until t.he r(l)t~tttl tan\ I>eseee 

entlrAlY outf1J1de the cross S*'Ot1on . The <ilat:ribut1on 

orr stress 1s 1n this OEtA~ll:Hi~ ~;ho;m in c. '!'he co.mpr..,nA1.ve 

strength beoomee greater. 

'l'he direction and po~1tton or th~ lina of' 

atrees repree~nte the dir90t 1on and poa1t1on o~ the 

reetutant fo roe at any joint in the Drah ring , AO that 

the rt1etrj.but1on o1' Btl'EJf;S ov~r a joint undnr the 

variouo oond1t1ons 1e ae ~hown above. When the jo1r.ts 

oan v11 th stand tenoion t.ha rl t~tr1but:J. on of' Rtr,:,es when 

the line of atree~ departs fr.om t.h~ mi ddle third 11:-l ae 



( l~) 

ahown in B. When theY are unahl ft to wtthptand 1t the 

oompres"1ve strength is greater tban that in B. But -
the joints will not open et a great~r rate than ba~ore. 

(1e. no more than the oompres~1on on the oppon1t~ Aide 

will allow ), and the aroh 1e not un~t abl~ till th~ line 

ul t1mate Ort'l~h1ng ~trength . 

NearlY all authors of text books on vo1s~o1r 

11ne o:r. stresa t\eviai~s fiJom the middle third. 1'f th6 

joints possess no t~naile etreeA they will open 

entirely. This 1s not ao as proved above. 

The experimental proof of thiA will be ae~n 

sanot1on the departu~e of the line of strestJ 1n vo1e~o1r 
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mny be d.es troyoo, nnd <tonRACJ.nant,ly thA abj J.1 t.y o'f the 

joj.nt to rfln1s~ shearing r. treng th may bt' 1mpa1.1'8d. 

PAC!ORS OF SRPITY. 

1. .Again at, oruah1n«. 

'r.he th~oret1oal :r.aot or o.r fH\'f'ety 1n t'qual t,o 

the ttl\1l11ate crnAhing etron~th of thf1 aroh rjng divided 

bY the maximum aomprAatd.v& atl'eAA 1ndno8 • AotuallY, 

th1e faotor of earety ia not o-r muoh value l-lt present, 

ae t.he ul t1mate ontehing strength of" th~ aroh r:t.ng 1s 

never known. It 1e ~arta1nly not the AAme ae the 

o~~hing ~tr~n~th of the vo1aao1re o~ wh1~h thA arab 

1e aompooed. nor yot the RSlTIA as that o~ t. he matertal 

ot wh1oh the joints are made . 

one of t be obj6ots o~ this pr6sP-nt. teAt 1~ to 

aieoover th1A quantlty. It undonht~t11Y varies with the 

uneupport&~. l ength of' the arah ring, and w1 t h the OT(')fJA 
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d1m~na 1one. and 1nvers~lY ae th6 l ength. 

a1.1thOl' think& that the nllo?7able A ttt8RR nhould va ry ae 

the dtmens1ona of th~ aroh, 1n tnc~. it ~hould bA 

deter.m1ned 1n a e1m11Ar manner ae the ~trees in at~1ts by 

a mod1fioat1on Of' Gordon •s or Fank1ne '" fomul.a. !he 

pre01ee :rorm of, and. th& ooru~Jtrurte 1n ~ueh a .Po rmula oan 

only be d.8.term1ned bY experiment. It la certa inly 

neoeeaary to aeoerta1n such Ytmdam~ntal ~aots b~~o~ 

the design or vo1sao:tr Aroh~s oan be placed on a 

sat1afaotory bas1e . 

Ftt!'thermore, 1'f the value of oompree fl,.V& streee 

• induoed te determ1n~d bY tho line o'f FJtress theory, this 
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to the arb1\rarv aanl'!tnPtlons that f'ust n~aeaRtu~1ly be 

made in th1e theo.M' • ... 

( a ) Against Shfl R~1n~. 

Tbio Also 1s unknown an<\ oan only b~ dflt~m1ned 

( s ) Aes1 ne) Rotat 1.ng Q:r B~nd~ne; . 

but ee expressed by moat w~1t~rs it is r.eally only a 

formal a1~antity . Huw~v~r, it 19 not 1mpor.t,Mt RB the 

l1m1 t,1ng pos1 tion of th~ 11ne o-P atreas 1e generallY 

reeuJ.atftd ( oth~r things being cqnal } • bY the allowable 

oompre~B1ve str~a8 . A reoord of th~ee ~oto~ o~ sR~ety 

shows tlle naGeee1 ty o:r rf)liable e xr•eriment nl data . 

LlMJ or .~TRESS ~HEORY . 

Apart -rrorr. practical and m~ohen1oal c.U.ff1.oul t1ee 

•hioh nre. of oours~, ootn. lon to e.ll theories of the 
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the aroh . It may be ~tated def1n1tely, that it 1e 

1mpoe&1ble to aurmount th1e <\1-Pfi ul ty by mothomat.tcal 

d.evioe alone, ow1ng to the oxoess of' unknown Cillan t 1 t1ee , 

so that Although the theorv may p,1ve apvroximate 

r eeul t e, 1 t 1a reallY irrational . A poaA1blfl me ens of' 

pantiallY ratj ona11s1ng j . t bY expc:r.! p,nt will be 

deeor1bed at the end ot th1~ theeie. 

Many unver!f1ed ae~t~pt1on8 to ~vad~ thie 

be d~eo.rib~d after tbfl meobMical ~11''fl 'lul t18A havfl been 

b:r1,flY enumerated . Theae ra~er. oh1f7~1Y t<l the 

external foroes . The po1nt.s of ap l1o&t1 on, d1:rectJ.on, 

ftnd 1ntAnA1t1es of the ~xternal ~orc~e ar~ nAver 

aoourately known, axoept in t.h~ oaee of a wnt. r load, 

but a water load hae vArY r arely to b e d Aolt w1 th • 
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rn moet uaaes the load 1s e1 ther ~3.atr1buied thron h an 

earth o~on. or by means o~ • Apandrel walla•, the ~ormer 
being used f'o:r :flat aroh~s \Vb1oh do not require a 

heavY fill • 

Tbe maximum vert1oal T>roe~ure <iue t.o All Aarth 

load 1s , o f" oouree, nqual to 1t a tt'~j.ght . Thn h oT'1Rontsl 

'PreuRure g1vee the s 1:mpleet results, nru:n:Aly, thnt th~ 

gr.eatf)et !'At1o of' th~ hor1r,ontal and vnrt1.oel aomron~nt~e 

1s equal to1 I± td.n o/1 1= sin cf, <P bA1ne t hfl MP:le 

of the l.ooee materi 1 will atand. 

oomDone~t may exoeed the vortioal 1~ thft earth 1e 

•vunned• and vio~ versa 1~ the earth ia loose . Ae 1e 

genePallY t aken t o b e ~0 degreAe th~ ra~! o resolves 

1teelf i nto tlle limiting v~luee of :S or 1/3. 

! il e horizont al losd 1~ freqtH~ntly na~~le ted . 



Alexander & !hort;aon • s m~t.bo(t of tr~et 1ng 1 t by mt\8l1R 0~ 

t he Nor1~ontal Conjugata Load AHae 1B probabl.Y l;he 

beet ( eee later}. 

Por W$d1um sized arohee thfl ~~aoe between 

the arch ring and th~ f"omat1on 1eve1 te usuallY taken 

up bY lonft:l~ tudinsl sr•and.el. walle and arohes r:td1ng ou-; over 

t he $:¥'<th nng . 

The pr.,asure exert~d bY these 1e :1.udetA:ntt1na t.e . 

It i ft <lerta1nl¥ teee than t .. he aetual wf)lght . 

Plaoed tranev0rse1v sottoaA the aroh ring at e <1nAl 

1nt.arvslo . rttbe :Por.oe~t tn t,hia ons~ a:re 1tert,3.eal M<l 

eomm~aeurable . but tno aroh r1ng 1s not s o strong as 

t he tt-ansverso walle do not tncrease '-t e r1;r1rt :1. ty as a 

strut. Also when t llt3 load 1e con~ent~ated at points 

1n the ar oh riJlg, there must b$ " kinks' i n th~ l1no of 
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stress and th~ effeot o~ shear i s prcb~bly tmpcrtant. 

!he ~~~acto~ the variouh Ryst ;ms o~ lo.d 

~1~tr1but1on may be di6oovered bY oheerv1ng the 

d1f.('erenoe 1n thf) ~ault.ts o f tests of a~.m1lar aroh 

r1nge loaded aooor.d1ne to thaA~ m~thods . 

the 11ne or Btreas oan bP d Aa1t with. 

absolute and aotual position o~ the line of ~tresR 1n 

the arab rtng. it is neoeRSRl'Y to knovr -t:.ho <1rown thrut~t 

and tn order to know the orown t,hruat, 1 t is nooAAn&.rY 

to know the poa1 t1on of the line o-r etr~so. consaqueJltly, 

there 18 a • oul de sao• 81ld it 1e at th1e · t.."1damontal 

point that the rational! tY of the 11no of stress •.hoor~ 

088Aft8 • 

Many aRAt~~t1ona hava bR~n madft1 ~,o th~ moRt 

important will now be ~1. A01l~S6d . Eaoh one haft 11.e 



.. 
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suppo:r:tere 11h0 all believe in the ~uperlorJ. ty o f' t.hoir 

own Dart1oula:r theory. some of' tba asFnunptiOl\B rA 

appa·r entl.y sat1~f'notoz-y. hut, of' oo11rFJe. no thnory that 

is bae&d on tmver11"1e<t aec:umpt1ons oan bA oal18d 

rat tonal. 

HYPOTHf.StS OP LFAST PRESSOR~ . 

'!'his hypo~Jlee1s is tha\ thA t t-ue l~_.,e of' E'treea 

1e that whiah giveiJ tbf) least abAolute J)ressure on any 

joint. Tb1A gives rm~oubt~c.1~1Y .,.noorreot :r.6stll ts. I f 

eV~lT joint ooul d be substituted the aP~u.r: pt :lon m1g11 t, be 

oorreot, but th~n the aolut1<ln woul.d tr.anot?n<\ t h fl l1tn:f.te 

ot r athamatioal eVAluation. 

• For Rn aroh ring o~ <mn~tant oroRR eAot1on 

that line of stress in approximately thB t.:r11e C\!\O whioh 

118& n.,sraet to the Mie of ihe arab ring as <1.et~n:r.lned 
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bY the method 01' '1\laat squarcnt' • . 

The &dvantag8 PGaaeAAed by th!~ as~t~r.t1 on 

itJ that oerta1n oonl')luaione oan b., drawn :rrom 1 t 

whiah agree witb the elast1o theotT. 

I~ft eh1ef disadvant ages are :-

( 1} Exttn-:uil t'orees muet be vertical And nnJ font ( o'f 

~are ooour renoe L~ pr aot1ce ). 

( 2) !he erose eeot1on of' the aroh 1e no t usuallY lUd~ f'o 

( s) It g1Ve& no olue to th4l re'ol shape of' thtr:t line o 

etreee. For inotan<m. supz>oee a line o'f R treR be <1rawn 

wh1oh ~lf1lle the oondit1one. Revers~ th~ «1 reot1on o~ 

the offsetts t':rom the ax:1. A or the arch ring . ThE! 

aond:1.t1on 18 e't1l l f'ulfj.lled; bu t tfta shap8 o., t.he l.1ne 

ot strese 18 quit~ d~frP.rent . 

(-' ) !he method i e t6ntat1ve, tmd very t,ronbleAotne to 

anvly oomplotely . 

A preotioal 1nt6rpretat1on o+" t.h1a 1e that 11' 

• 



of he ar~h rtne t t~e true line of ~trees lles therein , 

but, unfortnnt\tely, this (\Qft~ not t"Ollow :trom v. j.nklAr •e~ 

theorem. and 1A probablY inoorreot in 1. tsel f . 

])ree~ed by J'lomal 'forces 1~ equal to the normal 1ntona1. ty 

a1role at thet point .• Th1f1 1a true 1f th~ arch is 

linear .. or !f t he curv.~ltur& of' tho lin~ of Atr&ae 1e 

known, b1lt then as it dnpcnde on i~he lin~ o-r stress 'YQr 

that. the t T"tle 11n.e of' Rtreos i s thr(~ whi~h r;ror noes the 



-- - .__jf_ 



'l'h1R may or f' ay not be oo!'reot. but. the on ly known 

vert1on1 antt aa ehown 1n di 8f~ :r.ru11 . 
LET 

ofT and R. 

f or<'Ses) f rom H. 
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$~8ller Y ehotad be 1noreaeed. That 1s that th~ aroh 

shonld have tt h1g~er r1Ae. !his 1a, or 101lrRP., trne, but, 

un-rortunataly, 1t 1s q ,1 ... e 1rrelAVan't to t.he I>olnt 1n 

queAtion. 

appl1oat1on o~ T ~hoUl~ approaoh th~ extrados of th~ 

orown. 

Now th~ thickneeA of en aroh ring is 

generallY small oomparad to the rise . There:fore 1nAt.~ad 

the aroh r-ing . 

an~ th., mnxj.m'Ut'J 

a.nd minimum values f'or th~ f'ormer l' are alt and a all ! 
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oannot dftr>art -rro~ the aroh r1~ .... o.lto"e"'h •'!:::. 0 ,, er. In 

praot1o& the maxitl'ttm and m1n1171\"ttrl v alueR ara prohah ly 

still n~Jarer tognt~her aa th6 t,hrustT 1e not likely to 

be nt th" edge o:f' t11e aroh , ... 1ng. Theret'ore (a+ t) etofle 

not sene~blY d11"fer ~om ft ftn<\ t he vnluft of' T 1~ only 

changed by a V6ry small attount ovm ,,hen 1 ts point, of 

~ th,rof From this it will be eeen that this matho~ 

1s praot1oollY 1meless. Moreovf-lr, t.he 1:\ne of' otress 

aooorc\1n~ to the f1:ret &crao.t.!on ahoultt be ar1 h1~h up ae 

poes1ble at the erown , that 1A 1 t Ahoul<'- pass throur:h 

th.., e:x.tradoe 1 tAel1' a.t that po1.nt, - an ab~urd 0on .ll.1R1on. 

to pas a t,hrough the upper 11m'. t of thf\ m1~dle third 

oondemne the theory . Th~ line o~ AtreeR ylven bY th1e 
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method is of' q J 1te opposite oharaoter to that Ao.~o:r,., 1ng 

to the two no86d Catenary netho' • 

In all thee~ t,h~ori.,e wban thA atarting poUtt 

of the 11ne of Rtreaa 1~ aaRU ed, th~ line t~al~ 1~ 

dr.awn by rneane o~ a foro., o1ap;ram Md lj.nk polygon on 

tht' ueual way. 

AlJEXANPER &: TSOMSON 'S '!'WO-NOSFD OATnNARY TR~OPY. 

'!'his th P.ory 1s base~ on R~kine•o treatment of 

lin~ of streeo theor1ee both beoausc o.A far as tho 

mathemat1onl "art 1e conoemet'\ tt t~ mor~ rat!onnl, And 

bnoause it pA!'mite the riaal~ of an a:J-oh by n:t:r.flot 

methode. Ita n1sadv~ta~ee arn that !t 1A bY nD m~ane 

an analytioal m~t,hod , and ther.,-rore j,t lR not Rnit.able 

for te~t1ng the Rtabil~ty o~ AX~Rt1ng arohea. It AU~f~rs 

from tne some defect as the other line of atr.~RA thoor.ies 



in that the oorreotnees o~ the ~OA1t1on o~ th~ line 0, 

etreee at, the crown iR not, ft8F;U~d, but in t,h j" oAAe 1 t 

ie not eo Rttr1.ons 8.R t,hft ehRpe of thP, lj.ne of Ptre~A 1A 

1nder-endent o.P 1 ts ae~ume<1. poRi t1on. It. oan al.ao onlY 

u&e one eyetem of' load1np,, '~ ~. v~rt. !ot\1 :f"oroea clue 

to a fixed arranp;enf)nt of w~lght . 

· n .B. I f tranevoree epandrnle ar~ uead the ohapft of t11e 

line of stre~e 1a more n~arlY polYROnal and t.he t nn ~nte 

to the line of atreas wh1oh mee~ at the oentre o~ ~8oh 

tranevanre spandrf'l t:thoul.d be need :t.nntead of 'the 11.ne 

of ~trees 1te~lf. 

The d1Atr1but,1on tmd amount of' th~ ho:rtzontal 

thruat of' t 1e abntmente an<\ thn poAl tj.on o'f t.h., •Jo~.n~ 

o-r Rupture• sra 'founo. bY the method of' conjtteate IJORd 

N.B. This Joint ot: Rupture 1tt thf' point, wh Are the 



Horizontal load ohangee tlien . It ls not the !lOint 

where thP- l1ne o~ ntres~ ~ont nearly approaohee the 

boundary of the aroh ring, and it 1e only a Joint o~ 

part of the aroh r !ng. the port !on b~J.ow 1 t he1.n~ 

reallY part of th~ {lbutmflnt. 

The conjugate Load Areas how th~ r J.atton o 

the hori~ontal and v,.rt1oAl l.oada &A 'follows . It, 1~ Known 

the' a oha1n or. lin"lar r1b ur.<'. t~tr thfl ln'fl u~noe o-r a 

vert1.oal load tni'fo:r'mlY d1atr1btttf>,d nlong tl'l6 eprm 

8Bst&es the shape o~ a psrabola. and ~rom the prop~rti ee 

of a I>arabola th., following aon~i t:f an o'f ~qn111.hrilmr 

osn be dednoert • 

·~hat the tangent at any point shall ma~t t he 

orown tan~ent on the vert~1 oal t7hrough t he oen t.re of 
I ;.I 

gravity o~ the portion o~ the load tlrflB from th orown 
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baak. Th!a 1e a very ~asy wey or f inding the extra 

horizontal l oad due to an 1ncreaeed live load . 

The Rhape of' t.he oon;jugate load araa for e 

l oad along the ar~n r.ing is n8xt ~otmd RA ~ollows. The 

thj <'ltnASA o f" the aroh rin~t 1A f'iret t ak.,n equ.!\1 to hnl:r 

the .ra~1 us . I n t. h1~=: w~y Al~XfUldAr and 't"holJ'r on~ 

( star ting from the top ), a line o-r l in ~ alopA f"or the 

f1ret 1'our-n1nthe or the ctit:ttanoe: t l1en 1 1n a for next 

fon~n1nthe, and las t,1.y 1 in l for the :N.nal ninth . BY 

the _,qnatlons used to <1ft t orm1ne this •treble batter line• 

the value o f the thrust at t.he crown was f'olmd to be 

equal to ~ 

])otantial r being the r adius ). 

· This ext ravagant aroh ring And t.h~ load a:r~a 

oorreApond1ng t o 1t , are now rer.ovfld ftnd an aroh ring ot 
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praot1oal th1okneee Altbat j tut,ed, (say ~5 ~) J . 

th1e is then and~d to the right of th~•troble& 
·' ' 

r1nt 1e a lRo added and th~ l1n., re OVP.d still ttt,har. 

As th~ thi okneee of a ARgmental aroh r1ng 1~ 1norAaA6d 

f ound to b~ eqnival~nt to a po~1 tj,ve load along tha aroh 

ring, and a negat1 ve load E\long thA :Pormat1on letvel. The 

and tht~t • trt~tbl8 b atter 11ne• at total (U.At Rnoe ot o/'5. 1:" 

!he ~inal hor1~ontal load area 1A t hen aa shown. The 

Alexender and Thomson next prove the 'followtng 

th~ load bRtween 1ts~lf Rnd t hA ~or.mation l~v~l 1e a 

oat ,narY.• 
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to the devth of load of' th9 orown , and t,he rao 1tl$ of 

ourvsture or th., equil1hJ:-1um ourve Rt that point. It 

1e f'ound that th1e ratlo 1.A O<!Ufl l to t.h~ square of the 

ratio of transfor.mation . 

1/ S the ourve 1s sharpest at th6 ve~tex . 

When !t !A leeR than l/3 the vertex 1a flat 

and th~re are two •no~eR• on ~ither a1de o it at a 

oerta1n dietanoe out. !h!e l a ttar 1A the only oane 

wl11oh need be cone1dered 1n t.he c1 A sign of' vo.j A oir arohea. 

'he vroo~ed11re now 1e t.o oaloulato t.h~ exaot 

form of" the tra.ns:ro:rme". ontenary, nnr.l to tt r aw a 

"kernel• o~ »ro~er ehave to oonta1n 1t . ThA width of 

th18 1s 1noreased thr~A times, and thus th~ l ine of 

etreee 1e aon~ined to tho middle third of an aroh ring . 

Th9 exoeao wflight o~ the aroh ~ing 1A allowed 

for ., and t ab lee of th~ variouB qnantj. t1P.e for dj ffAr~nt 
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e1zed arohee have been pr~parad. 

Thie mAthod 1e a v~ry elegant and easy way o~ 

des!en1ng an nroh, and pives re~ulte oerta1nly on the 

safe side. !he shape or the l1n6 o~ atra~a ar.paren t ly 

is oorreo~. but whether th~ line 1~ oor.raotly looatP.d t s 

not oertain. The loadin~ in praot1o~ j A not o~t~n 

~J etr1buted as the theor-y r~qnl.rt:ts, and no real nllowanoe 

1e made tor unaYir.metriaal loads, but oon~1dar1.ng t he 

preeent state of 1~noranoe about allowable etrftAReR ~ and 

auoh like, 1t 1e probablY the beet theory to ~mploy ~or 

It 1e V6r!' ejJnple and very 

expe~1t1oue in appl1oat1on, in faot. ~ith the h~lp of 

the tables it 1s possible to design an aroh o~ any e1ze 

1n hal :r- an- hour. 

!LAS!IC THEORY. 

This t)h~orv 1A ealdom a.pplj.e<\ in the <tes1gn 

of vo:leeo:t. r arohett, 88 j;t is c\oubt f'lll wh~tther 1 t holt\s 
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at all oomplet~ly ~or vo5eAo1r arohee, Rn~ .ons1d~r.1ng 

the vresent state o~ knowle~ge o~ th~ data ooncarn1ng 

the Rtrength of maRonrv~ tha anvantagae gain~d hY its 

uae are q1.rl t P. oonnt~rbal~.noed by the extra troublP. and 

oompl.1cat1on thAt ent~~ue. It 1~ t,he only oonplfltnly 

rat1.onal theory o'f the hingel~Aa aroh ynt orrmtlnted, but 

1 t labours under ihe earle d iaadvantAefte RF; the ot.here 

as reJJEtrde prno-t~ ioal d1f''Pionlt1fte . It is interior 'to 

the tran~~or.med catenary theory 1n ~nA r6Apeot as it 1e 

no1l a d.1rdat meth<xl. bnt RimPlY a method or ver1Ncat.1on . 

It ~1nde the ~nternal etreA~ee by m6An8 of 

thft Oaloulus either entJ.rely ana lyt!oallY or partly 

by graph1oa1 m~thods, Bnd oan te~e into acoolmt the e~eot 

of axial at res A on the length o'f t.he a r oh r1ng , ( whioh 1~ 

1nportant 1n ~lat vo1AAo1r aroh8e), and nlAO thft ftr.~~o~ 

of ohangfts ot tfmlD~rature wh1oh , ho1mve:r., ar~ n<lt 
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important in masonry aron~e . ae th~y probahly alt~r 

onlY a small amount in tempt~trature af t a:r they have beP.n 

built ( that 1s , of oou:r.-sfl , 1n temi>Arate oountr 1os .) 

Ae t he th~ory 1s much too lon6 to d*'AoJ·ibe i n a 

11m!ted apaoe with any degr e e o f' 1ntell1g1b1l1t~y j ,t wi l l 

not be ~rther treated here . 

{The disouse!on Of th~ var i ous theori~e is 

bas8d on their re~resentation in th~ ~ollowin~ text books ). 

Baker' s YRsonry . 

Arner ioan 01v11 Fn~ineera Pookat Book . 

r~anefo~ed catenary Theory. Alexander & Thomaon •s 

Elast i c Tnaorv. Howe •e Treat1~e on Ar.onea . 
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0 H A PIE R 111. 

FORMER TESTS . 

The moat noteworthY Aer1Aa of testA yet 

OOli~Pleted w~re un~ertuen bY the Austrian soa1 ety of 

Erur.1neere 1n 1895. A r eport wae puhl1Ahtl)~. unt1.nr the 

t itle of • Bex1oht. dPa o awolbe, - AnsohuaeA • bv t t.~htl) 

author 11-ae not had time to ttnod tt, A O that a ehort 

sp1tom~ w1ll be p,ivan ~rom t he Proo. Inst, . c.E. Vol . 

CXXlV. 

Teste were oarried out in th~ .,.,.ollo?ling ser1ee 

( 1~ . n, Vv1sao1r arohes only will. be not~. "ea. ). 

(1) ctruotur~e of t hP. following evans, -

( a ) 4., ft • t> 1n span . two br1ok a~ohee . 

( b) 3 rt . 10 in . Apan, ona b~1ok roh . 

( o ) 13 :r.t. 3 in . span, one br'-ok a ron . 

The wi d th was in Aaoh oa~a 6 ft . 6 1n . and the 

arohee were loaded with I>ig iron . I n R~rJ.~e ( a ) the 
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thlakneeA wae 6 1n and t,ha rise 5i• and tbet brlok.R w.,re 

buil' in ltmo-mnrtar. Th8 aroh~e w1thatood a load o~ 

lf35 lbe. per Aquare 'foot w1 th onJ.y Rli ht oraoke and 

apparently no real s1sms or fatlure. 

In e~riee (b) th~ lo~d wae oono~ntrated on one 

halt ot tbe span . The th,. <~kn..,ea o~ t 11e aroh was 6 1nohes 

ant\ thA ~tee 10 i noh&e . Failure oomtrroo nt a load of 

864 lbs. p~r s<J.. :rt . tlle 'final df'fl eat ion be~ore rupt1urc 

be1ne a.oa 1nahee. In Ael·1.ee ( ()) lS ft . 3 in span, 

th1akne9R Si 1nohee,at 137 lbe. per eq. rt. iha ar~h 

eho•ed s1~8 of" wesknaee, and r.uptnr.et1 e.t. 2'75 lbs . 

( ll) Span 75 ft. 6 in, one stone aroh, 

on~ br, ok a.rol'l. 

In each oa.ee the d1m~n~1onA m~tho~ of hntld ine; 

end loa<Ung trere the 8Ii!A . !he thi ,knAes wae 2 :ft. at 

the orown and s ~t . 7~ 1n. at the avringinge, and t he 
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ra<\1.\18 of the aroh ring was 54 'ft . Port,lant\ o~1:1ent- ortar 

was used o~ ~trength 1 to a.s. 

!he ntone aroh railed at 709 lba . P6r eq. r~. 

and the bl'i()k aroh rupt,ured -'· t h a load of saa lbs. per 

eq. ,ft. In ftt\Oh oatu' the ul tin r te atrflngth of the aroh 

was by no means reaohed when the f1rs i oraok appear.Ad . 

Ae the abstraot ~1ven 1n thA Pr,oo . !net . o.E. 

1e very b.r1e~. 1 t 1e !'lOt po~a1ble t<l d taousR f'ullY the 

The v~rr tmvcrtant no1nt m1Aood in 

t hese 1nw~at1gat1onA was t.h~ mae.en:r-~ent nt· th., ~ otual 

horizontal t n:r:ust in t,ha e.roh . Th1R waa, of. oo1trAe, 

1mrosa1ble i n the lare~r .arohes, but, waa POAA:J.bla in the 

smaller. 

A s"£'1oa o.(' tee t s on fl.002' ar.oh~e was lmd art. ak.,n 

1n Arler1oa 1n 1891 and 189'1. "The arohee lr6rA all 

oompoAed ot hOllott 'fira-proo~ tilee. Tha r esult" 
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obtained are not of" muoh uee in this branch or the 

aubjeot • tbey simply gave a comparison betttean the 

different ~orms or tiles . 

In 1896 at the Ehinger works o~ the Stuttgerten 

cementfabr1 k~ a oonGrete ax-oh -.rae built and tested bY 

dead we!ght. IPon g1rder.e were e~b~~ded 1n t hA s roh . 

A·s tlH~ abutmnnts gave way t,he teet was not v~:ry suo<Jeesnu . 

(Proo . !nst. O. E. Vol . CXXXll.) 

!hr&~ .1on1er Gonorete arohes wflr6 te,et,ed bY a 

Kr Beers in 1897, but t hese again were onlY to oonfir.m 

eriOoial methodB of oonstrnotion and not general 

Pr1no1ple8 . (Pr oa . lnst. o. E. ~ol. CXXXlll .) 

!he Jtrusaa<lhUse, te tnat1tute o~ 'reahnology 

poe~ess a HYdra,tl!o Arah resting Avparatus, Atm!ler to 

that bullt by tha au~hor, but no re~nlta have yet been 

VUbl1sbed . P.rov1 sion 1R made :for t.he meaettrf>lJJ.~At o'f t.he 

Hor,.zontal thx-ust in the arch, and if T.flA lll ts can be 



obtainfl)c.\ f'ro~ u.s . A • in time t o 1naert in this t,h e 18 

a valnnhle oho0lt on t.he author' 8 raenl te will be 

obtained. 
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J1 H ... A P !' ,E R l V • 

DESCRIPTION 01' APPARA!'US US D BY !'HEt AIJTAOR FOR ARCH 

!ESTI HG . 

In Oo.ober 1910 ProfesAor n1xon Al~PeAted to 

UeearR . Romero- nay. o. D. Agbeb1 , and t.he Aut.hor, tho 

teet1ng of Vo1sao1r Ar<lhes fta t\ aubj ,ot for t h P. FC'urth 

Year Laboratory oouree 1n Maeon1y . 

DoA1gne wP:r.e then v:r.a!lared ~or a eeemen i al 

a:.r.•oh which would be o-r enff1c1~nt s'.7,e t,o obtn!n r easonable 

rasttlta . For the f irst aer1ee the RDun wf\a r1.xad at 

10 ft . the :rise 1 fi . end the width 3 1"t . and 1t wae 

d.-aotded t hat e.t 11.rat the aroh hottlld be lo4:uted by JT~ oane 

of wetehte . 

detatl . 

The ap ... aratus \v1ll now be df'A0~1.bet\ 1n 

THE SKEWBACKS ( P!_!t,e 2 ) & PIERS, ETC . (Pl~t~ 3 • ) 

The P-kewhaok8 ARCh oontd. at ed of" ti 9i• x Bt• 

x 4•o• Br.oed Flanee I Beam to whloh wae holtA~ at the 
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correct t\ng le bY meane of aut t able angJ.e :Plates • a Rteel 

plate 16• x l • x 4: • oar " These r;ltowb aoks ware ,onn~ot ect 

togethe~ bY t .xo tie bars 11'8* long by 1~ " di ameter 

upeet at the ends t o 1 t-lf and aor ewe:r • An ext onao:not.,r 

bSl'lh end eo t o obtain the !lo:r.1zontal thruat due t o the 

load on t he n~~h. 

mane to rest on t wil et &el. r olt.e.ra ).• cttHr• oter, wh1oh i n 
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a letanoe of' a •s• apart . The1r upper edp;ne lfAre ut 

to n curve of> 13 1"i. rocti ue. LalY'o-.. nrr o"""n eA h ,.., ,.. J. o • "'~s·O~ \ t Y 

• 

ele.ok hlooke VJ8,.A u~ad to RHPr ort thAtn in thfl usual 

mann.,r. 

THE ARCH. ( Plate 3). 

Ae t he tim~ availab le durin ""' 1910-ll wae ona 

afternoon per \Veek, the o:rk na t urallY w~nt, on v~nr s lowly 

and t he firat aroh wae not oozr.p l Ated till c.Ttme 1911 . 

!his aroh wae hn11 t of* c OI.T.li:' on recr b,.ioke wl th P:rEvltloally 

to fao111t ate br1 oklay1n~. ~he thickne~A of tha aroh 

ring wee •t• or t brick. As aoon RS t.he san<l Wf\8 drY 

eettl~r ent waR observed ns th~ j oints wAre ~Ade ae th in 

8f9 PO,Aible. 
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LOADING . ( Plate 3. ) 

It wae de ,1ded t o ri 1stn:J.hute the load \U11 o ly 

ove~ th6 arah bY means of a Rand •fill•. A frrunework 

wae therefore made of 1• boar~e out to a n~ve to f1t 

the extrac\oe of the aroh, M<\ t,.~d tor-ether AftO'll.Tely. 

This wae plaoed on the aroh and fille~ with Rand. The 

arab waA thAn teAt6~ by plaoing half ton waighte on ,t. 
A full {1.eaor1Pt1on of th~ rtotnal teAt w:t.ll ha folm<l 1n 

Chapter v . 

Owing to the laok o-r tntf'~1<J1flnt waj.ghte tht' 

arah oould not bfl broken. 

HYDJ!~l~LIQ 'rESTING APPARA,!tlS. (Plates 5 flnd 6 • ) 

The author having obtained thP. Bowen RAsearoh 

Soholattsh1p 1n Junf' l.9ll, '· t wae deoided hY Pr()feeAor 

Dixon to conti nue thf) teattne o-r arohes. ThA Nethoc.\ of 

testing hY wej.~htA waa -round to be ve:r.y cnm1brous and 
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tmeat1sf'aotory, so the Rnthor in the Al~ftr vRoat1on 

prepared des1gnfJ for a Hydra.ul,.o Ar.oh TAAting Appar.atltR 

o.P '10 tonR oapfto:l ty. Two TMgye Hydranlio Shipt Jaoke 

eaoh ot 35 tone oapftoi ty have been noqu1rf'c.\ to vroduoe 

the neoee~arr load. 

It will b~ seen that the h~lght of thE' pi~re has 

been 1noreased to 5 ft. R8et1ng on thee~ J)1.6rA are two 

20• x 'It- x 1a•o• I Beams (B.4:} oonnf'lot~d a'\ tl'l6 bottor. 

flanges by two pa1re 0~ 8• X 4• X 3'1~• I B~Rm8 (B.5). 

Thee., latter AUIJ!!ort tho Hydraulic Jaok.s whioh havt\ been 

t1.xed f1llfllY in an invert. ad pos1 t,ion to thAae Beams AO 

tha\ they ooUld be :}Onneot,ed to fl hYdraul1o r.aug6 to 

As th8 JaokR have be~n 

cal!brat,ed 1n t.hf' 100 Ton TeAt1ng P.aoh1ntt a fair 

ao()uraoy oe.n bft obta1ned 1n mftaAur.j.ng th~ applied load 

by raf\d1ng the gaugtt. 

Eeoh reepaotlve r.am 8X6:rt.~ preAsnre on a 
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121 X 6• X 4 '0• I B.-,am ( B . 6 ) whj_ h d,p,panc:\~ bv mftAnA o~ 

( t vvo ~<ACh srciJ 
f our lt' rorls 14 1't. long'"' .a from the mrJ-e"pont'\ing 

set of beams on t op o~ the Rroh. 

It waR obv1oualy unan1.t able to pl aoe thA Jaoke 

1n an uPright pos1 t~ton on theRf' J.ower be;:.ma, and then 

oonneot them by a r1g1d pipe to the en.nge ns 1'1nr1ng t he 

test the oonnftotj.on would un~oubtedly be broken. 

DIRTF.IBU~ION OP THE I.OAD . 

fhft, apparatus 1~ arrangA~ 11 0 that. the fUll l.oad 

oan be exerted on ei tber half ot t.h~ aroh. 'rhe sand 

and dA~V~r box to oont ain ii hse h~ftn made. Tbfl hoards 

of wh1oh 1 t is oomvosed are n• thick, and oonneotf'd 

together bY angle irons and t 1e rod.R. t.rhe box has beAn 

h1ngt=K\ to a llow of de.Pleot ion i.n the R:J-Oh . 
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transversely on the a and, an<t. on these, lone! tud1-nally, 

are rlaaed t he N.rst tier of' beams (B. 3}. These are 

twelve 1n numbe.r, be1ng plaoed 1n three rowe., and are 

It will be not1oed that 

b 
theee have been l evelled up 6t thA enda . !bin is to 

allow any dAfleot1on in t.he arc.h t,o take plaoe w1 thout 

x a• ete~l angle bent to 60 degreee to prevAn\ orush1ng. 

Aoroee the oentr·e of eaoh pair of' t hesF> beams 1a plaoed 

a l6• x e• x 4'6' I beam ( B. 1.) and on to the bottom 

flanee or th1s are bolted two sem1"1raular oast 1 r on 

rool<.ere 1 n. a~rt. so as t.o reet on thf' beams B • 2. 
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Theee allow the aroh to de'fleot 1f1 thout d1. ~ turbj~ the 

topznost be8llle rrom \heir vertj.onl poe 1 t 1on. 

'the beams B. 1. artl 1 t uat,ed ~xaotly above 

th~ be8DJR B. 6 end ~re conn~oted t o thAm by means o~ 

the long bRre hefor~ mention&d. AoroAs ~aoh and of the 

top flange,_, of R. 1 and. esoh And of' tho bottom f'l.anges 

of B. 8 are bolted two channels 4• x p,• x 1 '3•, fnoe t o 

faa~ ~bare passing b~tween them . The bnrs are sorewed 

eo that the d1stsnoe betweAn the lower b~ams and the 

jsok.e oan be ro~rUlntAd bY me8.ll R or nuts. ThUs the load 

oan be appl1ed either ln11~o~lY all ov~r the ar oh or 

un1for.mly on either half. 

EX!F.N ~OMETER I (Plate -4. ) 

When the ~irst aroh wae t ~stAd time b~1ng 

very limited, the Axtensomater wae 1noompl~\e and 

ext~ns1•a was only m~es1~~d on on~ hor1~ontal tie bar. 

!he ~xtenRometAr has now been oompl6ted and 1A Pxr.ang~d 
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ae follows. !wo 08et 1ron rj~nge o'f thflt fore shown in 

end of the tie bars, th0 dj.atanoe between th bning 

100 1nohee. Two ~orewe are aorewed PRrall~l to the bars 

into the top and bottom o~ eaoh ring, th~ h~ada of the 

sorewe being turned toward the m1d<'\le o-r th~ bar,. . A 

small hole i- d i ametAr 1s <'\rillfld in thfl head of eaoh 

sorew, an<'i betwaen eaoh palr of' ROrflwe is a mtHHnU'ing 

rod 7•o• lon~J and i• <U.mneter, tnp~red at t hA flnde. 

Eaoh t,1., her has two of t1"l~Ae :ro~A supp o:rtAd a'ove flnd 

below 1 t, and :P.rae to slide on the RUPI>Orte. On e And of 

thft l")8asur1ng rod fl t" into tha 1;• hole !n t ha head of 

one Ror~w. while th~ oth~r iA about twfllve j.nnhes away 

tron the opposite screw. An 1nR1de mio:romotAr reart1ng 

to one thousandth o'f an 1noh \Jan be })laoed betw~en this 

end of th~ bnr and the Rorew. Thue to obtain the value 
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ot the ~or1zon~al thru~t for a part1 Ul6l' load f'our 

n1"romatAr reaclinge are t aken, thus ~l11r.1.nat1ng ohano~ of" 

error oreP-p1ng in through 1naonnrate meesnr6I·.Pnts. Eaoh 

tie bar has be~n t eetAd up to seventy ~e~~ thousand 

pomda 1n th., 300 Ton '!'eating mach1n" t \l(ll!:lng t,he (ib('ve 

exteneometer. 

MEASURING THE DEFJ,J!C'!'I ONS. 

----------
arob,,.(at every two te;t-(trom th9 g;r.otmd ~ Th,.ft was 

1noonv8n1ent, tecU.oue, tmd probablY 1naoourate, nnd in 

Novemb6r 1911 Prot"essor Dixon Allg;reetad UAing a 

pantoeraJ>h to copy th., 1ntradoe of th6 aroh on a :r.a{\uoed 

made by the author t o S}i ve a r8t1uot1on of one Aie"hth • 
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ThA jointed ~amework rotatee 1n a oaAt iron blon~ wh1oh 

g1rd"r B. • . Tba board on 1'h1 oh thft ourvfle ~ ":rawn 

1A arranged to Alide ' ll> anet. <\own RO t.hat thA ourv6s may 

bA drawn aevarat~ely to avo1d on:flts1on. The ltlner.am 3.s 

produoed di~o~ on traa1ng i)loth by a s tt~*'l 3h1~el 

point, the oloth being backed bY oarbon pap.,r. Dj. Agr Rt:e 

oan be r~produoed on blue prints f'or re:fert=mo6 and 

1lluRtrat1on, anrt prel1m:tnary m8a6u.rell:lents oM be t. f\ken 

from th8Jn without dmr1ag,.ng the originals or 1ntroctno1.ng 

1naoaureo1e8 by trao1ng . Of oouree , 1 t muAt bEt borne 

1n mind that blu~ pr1nt paver expands oon~1derably on 

woul<t b6 a Ate~l point moving on a ?tinO fJh6P.t . Th~ l:J.ne 

oan be mad~ muoh :t1.ner and all ~rrore duA to stretoh1ng 

of the ol oth will 'be avoi\\ed. An &o ,uraoy of' on&-

hundredth or an 1noh 1n the ~1agram (oorr~snon~ing to 
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lAss thsn a tenth of an 1noh 1n the sr.oh), oRn t,hen he 

e8A1ly obtained and oan be dep~n<\e<\ upon. 

It 18 possible to meaaur.8 on~ htmdre~th or an 

1noh on the t.rao1ng nloth, hut the a ,ouraoy oannot he 

dep.,ndf.td upon • 

'!'he Zino sheet. has b«~~en adopt1Ad 1n the t.h1rd 

tee,. Th~ eteel point ie vreesed on thfl bonri.bv m~ane 

of a spring. and oan b~ w1 thdrawn when required. 

The de-rleot1on of' ~he maln giroer on the 

aquftez1ng of thft timber baulke on \'fh1oh the skewbaoKe 

res~ will not af'f'eot the s oouraoy of' the ourvee. 

Provieion hae been made to rr~v6nt thn £ir~er8 on top 

of the aroh from falling eno , ~oing ~amage aA w1ll hA se6n 

in the photographs. 

During ev~ry teat the ttmber OAntroing hR8 been 

kept n few inches below t he aroh ring, ~o that ~hen the 

eroh oollai>ees 1t will not have -rar to 1'all. nurjng 
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the 1'1rAt teet with t.he hYdraul1o apt')ar: tue preaFJure w88 

supplied bY a high presAure PWIP A1. tu.at~d about t P-nty 

fee' fro~ the aroh for the Aaka of ~a~ety. but when the 

aroh br oke it :Jarr.e down BflntlY on t,h~ oentrea and nothlng 

untoward happen6d . 

A oonvanient plat~or.m 7 ft . tTom the ~rotmd 

hae been ~reotP-d rotmd the aroh, and haA beP.n made 

s trong enough to take a va1r o~ Ah6ar lagA f or l1~1ng 

purposes . 

bear inge ext~nd1ng the whole w,.dth o'f th" skAw b aoks . 

The skewbaoke will then be b~tter balan ed and better 

supported . filE V'4 S ~ E W .B AC l-1' ~ 

stronger t1~ barR o~ batter atP.al.(AbsolutAl Y 

neoeAaa.ry .) 

An add itional extP~RomAtar, prArerahlY a 

Y18J.b l e reoord~r . 
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C H A P ~ E R V. 

RESULT OF TESTS. 

The results w..i3.l not bfl (\iA~UFJna<l ~llly at 

t h1R nlnmantarv Atagft of th~ work . 

Data and nj~~nR1ons o~ Ar.oh No . 1. 

Built, -
~ested, 

T1rpo of' aroh , 

svan~ 

Riee , 

Radius , 

Width, -

Th1oknefla , 

Hator1al, 

Jo1nts, 

Bont\ , 

-

-
-

-

-

-
c P.nt r~s rP.J'.o v oo , 

-
-

Al"}h t~et~d, -

MBtho£1 o1' loading , -

D1Atr1but1on of' iosd , 

- June 1911 . 

c.rune 1911 . 

segmental Uingelflss Br13k Arah 

10 ~aot, . 

13 .. . 68 inch~a . 

13 t~et . 

~ 4 aflt l ff j 11 "}h(tS. 

42 da~reee. 

4-if in <lll~" ( t br1 f'k ) • 

co l on wi:r.e- ont !'f'd bricks . 

sand, - thin . 

All E;t.:retohe:rrJ . 

• dflY~ after tnu.l d1ng . 

rrom 7 dflYff Aft~r hu1lti1ng . 

Df}ad Wf),gl\t . 

Unif'o . , - hy ennd :fi11 . 
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Uf'thod of l"leasur1ng de'?l~'..1t1onA, BY vArtloal 

Mat hod of rr 68Rllr1ng horlzont al t hrnflt,, - BY 

ExtAn~ometar aa rt~R~r1hP~ ~or T~at No. 1 . 

R9ad1nge were t aken generallY at eaoh adoition of load . 

The ~1rAt weight was plaoe~ 1n the oentre o~ 

tho arch. This was then sh,.fted to one ej.de and the 

second weie;ht plaoed nex't to 1 t, ano thna the syrranetnr 

in loading wee preserved i n eaoh oae P. F~eult.e e=e TAEtt 

'!'he quanti te:tiv" rasul te may b6 A*'en in 

Table a.~ c...ur ves P IC\ ,_.€ II 

D1sous nion o~ Taat No . 1 . 

The t eet o~ arch No . l cannot be r egarded as 

The ext. mu~omA~er reacU.nge oannot be 

11 d non aa th~ ar!'anl!arnnts were !'ath~r crude • The rn~ .. _(1 Us.· ~ r~ 

t eAt1nP: 11ad to be (ltone 1n a hurry and ao thA apJlaratua 
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could not be oompleted . Tt was impossible to no 

r o}?Aated teste on th1a ar oh as th.e conntant Rh:tft1ng 

o-r the heavy weip;hts would hav~ taken n venr lone ttme. 

ThA remarkable ~oint in th1P tAAt ~aa the 

enor· ous ctefleot1on thE), aroh showed vl:l thout. co ll3pae. 

'rhe jo,.nta did not open and the brioks were not aotuRllY 

ol'Uehed , but. were broken ao.roPA owlnP; to th8 •poor • 

" cnsl11on1ng" pror>~rty o-r the Rand jo:tnt . Th1e 

dafi .. P,Ot1one . 

r nthAr erratio, but thAY agr e6d in b61ng much greater 

t han thflory prP.dJ.otP,<t . Their err.atlo natnTe waR (\Ue 

to the 1noompleteneas of t he oxtens~eter , and th~ 

exten~f}d period over wh1oh they had to be t aken . 

The profile of the loaded aroh ea s6en rrom 

the tabulated dA:f'lHottons nas veT.Y strange· The :M.nA1 

~1 le Rhows th~t ~or ~our feet in th~ oAntr~ thA aroh pro_. 
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wee perreotlY horizontal and ~lnt. 

Had t he line o~ atrena pn~Red th~l~h thA 

U}lper bo\mdary of the middle thtrd of' the aroh rtng at 

the P-tart ( aooording to th~ Leaat crown Th~t~t Theory ), 

then the aroh m\~t have qu1ok1Y beoome unRtable ae An 

hiRher up 1n t he cro~n . 
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CALIBRATION OF F.XT~NSOM~TER . 

An extension of .0015 1noh~s on A l P.ngth or 

100 1nohee oorreAvond a to a 'fo roa of 1, ooo lbs. in (l8Ch 

tie bar, or to n Horj.zontal Th!'ttst of aooo lba. 

( a ) F1 ~et a1gn of oraok1ng ( o~'!nEr. to looal bf'n~ ing 

ot: t-h~ brj. oks) 

( b ) TASt aont,_nuec\ following day. 

( o } do . do . 

( d ) Load herea~ter extending a ~eAt aoroAA the 

e~oh fTom th8 r1~ht . 

Stren~~h o~ bri o~~ . 

o:rnshing load llS ,OOO l.be. pe:r. briok. , 

4 00,000 lbe. per Rqua rft ..,oot, . 



No. 

l 

2 

s 

• 
5 

6 

a7 

b8 

~ 9 

10 

a ll 

12 

15 

14 

d15 

18 

17 

18 

19 

Loat1.. 
1b8 . 

1560 

2680 

3800 

·~20 

6040 

8280 

10520 

10520 

10920 

11420 

ll420 

12~20 

13020 

13~20 

11680 

12800 

13650 

14500 

15760 

!ABLJ: 11 . 

T~~T OP ARCH NO. 1. 

Extenfl!on . Load. Thrus t . Thrust . 
1n•JhftA . per oQ. 1't . lbe . J)or lill. f t. 

o.ooe2 5a .o 2950 976 

o.oov 

0.009 

0 . 019 

0 . 022 

o . oa6 

0 . 038 

0 . 038 

0 .038 

0 . 038 

0 . 038 

0 . 042 

0 . 042 

0.044 

0 . 042 

0 . 046 

0 . 058 

0 . 056 

0.069 

89 . 3 

126 . 6 

164 .0 

201 . 3 

276 . 0 

350 . 6 

350 . 6 

364 . 0 

360 . 6 

3 8 0 . 6 

407.3 

-434 . 0 

464 . 0 

387 . 0 

426.6 

455 .0 

48~ . 3 

535 . 3 

9320 

12000 

a5ooo 
29~00 

34600 

50600 

50600 

50600 

50600 

50600 

56000 

56000 

58600 

56000 

61200 

69200 

74600 

78600 

~106 

4 000 

8333 

9766 

11533 

16866 

16866 

16866 

l68SG 

16866 

18666 

18666 

1~533 

18666 

204 00 

23066 

2-'866 

26200 

D~floot1on . 1nohee . 

Thruet • R1 se. 0 a• •• 5 ' 6 ' 8 . 

per et. t't . inoheo. 

2690 11 . 68 0 0 0 

0 

0 

0 

0 0 

8300 

10700 

22300 

86000 

30000 

45000 

45000 

45000 

45000 

45000 

50000 

50000 

52000 

50000 

~800 

61700 

66500 

70000 

11.68 

11.31 

11.18 

1 0 . 93 

10.45 

9.93 

9 .81 

9 . 69 

9.56 

9 . 43 

9 . 31 

8 . 93 

8 .93 

8.81 

8 . 56 

8.31 

8 . 06 

0 0.125 o .a5o o . us 

0 0 . 185 0 . 250 0 . 375 0 .375 0 . 126 

0 0 . 187 0 .375 0.500 0 . 600 0 .18. 

0 0.~70 0.635 0 .750 0 .750 0.~75 

0 0 . 696 1 . 125 1.250 1 .125 0 . 695 

0 1 .196 1 . 625 1 .750 1 . 635 1 . 195 

0 1.195 1 .750 1.875 1 .750 1.195 

o 1 . 195 1 . 875 a.ooo 1 . 875 1 . 4~5 

o 1 . 310 1 . 876 a . 1a5 a . ooo 1 .4~5 

o 1 .435 a.ooo 3 .350 a.1a s 1 . 560 

o 1.~35 a.aso 2.~75 2.~75 1 .685 

o 1 .685 a.5oo a.750 a .6a5 1.685 

o 1 . 665 2 . 5oo 2 .750 a .625 1 . 685 

0 1 .935 3. 750 3 .875 3 . 635 1 . 800 

o 1 . 935 3 .125 a . 1as a .875 1 .936 

0 2 . 310 3 . 375 3 . 375 3 . 125 2 . 050 

0 2 . 435 3 .625 ~ . 635 3 .250 3 . 050 

10 1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

~ 
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Data and Dtmene1Qne o~ Aroh No. a . 

Built , -
'!'6Ate(l, -
.TY'Pe of aroh, 

Span, .... 

H1ae , -
Radius , - -
Width, -
Anp.olfl subtenrl ed , 

Th:fokn6BR, 

Mater1nl, 

Jo1nt8, 

Bond , 

Bn:t.lt, 

-

Centree droppP~ , 

Int~rval , 

T*'Ated, -

t-rovember 1911. 

ltaroh l fl l2. 

- segr11(>.ntal H1.ngPless Briok Aroh 

10 -Pent • 

-

-

11 .68 :tnoha,.. 

13 t'Aet. 

! feAt 1~ 1noh~R . 

~2 dP.grtlA~ . 

4-i inohee ( i hrlok) 
~:lnp;J A :r.1ne; . ) 

3 t o l Portland CAm~nt 

Mort,ar; no joint l~~P t han 

t ,.noh th' ok . 

All atr~tonf'rs . 

Novftr.bnr 17th. lPl l. 

neoAmber 15th . 1~11 . 

aa daYFJ . 

5th . 6th . and 7th . MArch . 

I nterval , - 1 09 dAys. 

u~thod o:r lcacl1n~ , RYdraul.io pr.oAFnre . 

ntatr1but,.on of load,- Un, .. :rom .. - bY Ron<\ r111 . 

Meat nod o-r lr. ea Auritlg, - " D~t'"lAot,o~r,Ph" • 



Method ot measuring Horizontal Thr1.1st, - complete 

ext~enaometer ae dexor1bed . 

The aroh was tested 1n the fallowing manner . 

( 1) Load taken up to about 11 tont:~ ( a6 , 6~0 lbs . ) at 

1ntervale of about 1 , ooo lbe . from 3 t,ona, ( residual 

load ). 

( 9 ) Load taken up to about 11 tone. ( 26 , 640 lbs . ) at 

intervals of about 2000 lba. from~ tons, (rig!dttal 

( load ). 

( ! ) Load taken up to about 5 t one ( 10,.660 lbs .) at 

intervale of' about aooo lbe . from 3 tons. ( re~l1ual. 

load ). 

(4 ) .Load tatten 'from! tone up to about. 9t tons ( ~~lOOibe .) 

direot and ~rom thP~O& bY intervale of abottt 4000 lbs. 

to the brenk1ng load ( 56 , 300 l be . or 16 . 2 tons ). 

Readings were taKen at ~aoh addition o~ load . 



Reanlte o'f' !aet No . 2 . 

1n Table S and. plotted 1n Plates 1.2.., 13, &t I 4 . 

Photographs of' th~ 'frnot.lu-e aPDftar 1n Platft I 0 . 

This taat was sat1sfaotory and re~lllte have 

been obta1nP.d wh1oh 1f confirmed by otn~r tests w1ll be 

exo~ed1ngly tmportant . 

The Horizontal Th~lste r8oor-ded Ar8 extra-

ordj nary . While they do not PORAeRe th6 ~:r.rat.:S.0 

nattme of tho~e r~oord6d 1n Ta~t No . 1. ( owing to t he 

at var1anoe w1 t,h th~ thrttRt~ obta.1n6d bY t hfl Jn.aat ,.o 

Tll,.,orv, Nav1er •e Pr 1no1Plft, or the parabol1o t.hP-ory . 

In ~verv oaae the r~a111te are greater than thos8 

predict ed and w1. th t he 1norft&A 1ng l oad they o.i vArge 

still rurther from the tllP,o:rct1oa1 . It 1e apparently 



tmvosA1ble that th8 6Xteneometer oan ba at ~aUlt 

beoause 1n th6 ~1rat Dlaoe ~our rea<\1ngs war" t aken to 

obtain eaoh reaul t, and th~se reRr11.ngs agreed Vftr/ well 

wi t h each othe~, and secondly, the t ifl bare were t~st~d 

r epeatedly hot.h befo~"' and a~ter th~ Aroh Teat :tn the 

t he ree.11ngs werfl tRk6n bY the author tfh., e:rrors t'\\tft 

All thf9 poss ible 1nao~nrao1flle 1n the mennurAment of the 

Horizontal '!'h ruet euoh as the :rr1ot.1~on of tha rollore 

measuri ng rode t o move ~~eely in their supports, would 

tend to :reduoe thfl l'f)trolte. ~he inor~asa· in the 

d1ver?:nnoe between t he aotnPl and t heoret1oal resnltR • 

( w1th the greater loads), wae not dU6 to t he yi~l~1ng 

or t be bars as t hey were not Atreseed up to the yj Plt\ 



point 1n th6 aroh 't;eet , Me\ 1'nrth~r , during oal:tbrat1one 

1n thft Tenting manhine th~ yt~ld vo,.nt wfts pa~Af9d , ann 

th~ 1noreaee in l.eneth wae muoh too larg., not t.o be 

not1oed 1mmed1ately . 

However, 'mt.!l thf)ee r~sul tA· Are oon:finned 1 t , 

1e not advisable to r emark on them :ru:rther . 

!heM wae a perm~nent eet in the aroh af'ter 

the. load had been takrtn up to about, 11 tons, tmcl. removed 

the 'f! rat time, but this de-romation did. not mator1allY 

1norea~e when the prooedure was repaaie~ . It wa8 also 

found that tne nor1?tontal '!'llruet,s d,.<.\ not agree w1 th 

eaoh othftr 1n sucoe~sive app11oat1onA o~ load , 8 A will 

be Aeen :rrol'l the ou,.-vee . This 1A alr:;o a' p:r~RAnt 

1naxvla1nf.lbl.e . 

The f1rAt nraaks apDesred when the load 

had reaoh~d 25 ,900 lbft . 1n the fourth R~rieA, - lfl~e 

.. 
. l 

J 



than that load r~&ohed in the other testel This mfty hav~ 

b86n due to sl~.gbt 1nao0urao1es 1n the gauge ae a 

different gat~ wae used fOr the ~1nal teet. ( N. B. the 

jaaks we.re O(ll1brated w1. tb lloth jaolte ). 

ed 
oeourr"aimultaneouslY at th~ ~P:r1n~inge at each side, 

The fail~e ooou~ed ~hen the load had raaohed 

36 , 300 ~- . or 16.2 tone , the lef\ hand end or the aroh 

<lrtlSI11ng oompletel.Y, and the &l'<Jh falling on the 

oentrae . 

shown . ! h6 oentre r·a.rt of t.he t\roh was aPtlarently 

not muoh d~ged, thl~ bearing out the ~a~t that the 

radi al thrust of' th-e arah '- n greatest at t he aJ)rtngtnge • 

It waa notio~ when the aroh r ing was l aid 

" J 



bare that almoe~ oont,lnuoua aracke f'rorn tha aprlnP;1ngs 

to the crown wAre prasentt. Thee a oo #nrred at the edges 

of the aroh at the SI>r1n~ings, Rnd graduallY approoohttd 

eaoh other t owardA th~ oentre, thus apparently 

eho•1ng tbe pyram1d10al ohsraot~r of aaoondary ~htar due 

to crushing . 

Thus the aroh to all app~nrruto~s :fail~<\ by 
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0 
1080 
fiOO 
fiOO 
7100 
8100 
11680 

106f0 
118to 
ano 
18800 
U880 
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18650 
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2U80 
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.2720 
A880 
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8040 
.ueo 
111640 
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8100 

.0660 
uoo 
llOO 
51100 
0700 
6300 

:a. \ 

1blo 

0 
lOll 
210 
210 
us 
27& 
316 
2106 
&tO 

'" 460 
496 
583 
5'17 
61& 
653 
8H-
735 
77-5 
816 
852 
886 
IUO 
278 
356 
f.U 
#.96 
377 
6521 
73& 
616 
886 
.uo 
278 

3115 
:no 
7021 
883 

R 
!op. 

1nohea. 

o.ooo 
o.ooa 
0.006 
o.ooo 
o.ooa 
o.ooa 
o.ooe 
o.ooo 
o.au 
0. 013 
0.015 

(0. 017 ) 
0.020 
o.ou 
o.oao 
o.ou 
o.oaa 
0.0#.5 
O.Of,~ 
o.on 
o.o&a 
0.0&6 

-
(0. 017) 
o.ou 
0. 019 
o.ou 
0 . 029 
0.081 
0 . 03#. 
0 . 0311 
o.o .. 

3xtcl.e1on.. L 
Botto.. Top. 

1nw • • 

o.ooo 
0.007 

(0.018) 
o.ooo 
o.ooa 
o.oa. 
o.ooo 
o.oo8 
o.ou 
o.ou 
0. 016 
0.019 
o.oaa 
0.027 
0 . 036 
o.oas 
o.a.s 
o.o&O 
o.oa3 
o.ose 
o.oao 

(0. 06&) 

o.oo8 
0.012 
0.017 
o.o2a 
0.027 
o.oao 
o.oa3 
0. 037 
o.of.O 
o.oOf. 
o. o11 

1nohea, 

o.ooo 
o.oo1 
o.ooa 
o.ooo 
o.ooa 
o.oos­
o.ooa 

(0. 011) 
o.ou 
o.ol3 
0 . 018 
0.019 
o.oaa 
0 . 027 
0 . 029 

(0.081) 
o.oaa 
O.Of,4 
o.o • ., 
0.0#.11 
0.050 
0.0&3 

0.0011 
o.ou 
0. 018 
0 . 02$ 
o.oa& 
0 . 030 
0.02121 
0 . 086 

(0.0218) 

o.ooa 
o.ou 

1nohe •• 

o.ooo 
0. 007 
0. 016 
o.ooo 
0. 001 
o.oo3 
o.ooa 
o.ooa 
o.ou 
0.018 
0.016 
0.0111 
o.o:o.a 
O. Oa&· 
o.oas 
0.0217 
o.o'" o.oao 
o.osa 
0 . 056 
0.059 

(0.067) 

0.007 
0. 012 
o.o11 
0.022 

(0.0~) 
o.ou o.oal'l 
0.086 
o.o.a 
o.oo. 
o.ou 

1023 
: ,10 

o.oos 
o.ou 
o.oaa 
0.086 
0.046 
o.of.& 

o.oao 
(0. 028) 
(0.088) 

o.ou 
o.ou 
O. Of.& 
0.0.1 

0.027 
o.oa1 
o.o&l 

!') 

3 . •• 8. 7. 

ll X P t. A B A ! 1 0 Ji , 

lfo loa4. 

aoao 1ba. or land on Aroh. 

All. apparatua on top of Arch - t otal 6800 1ba. 

OGDmoer.scnt ot 1'e1t. PeJ'IIIAI:IIInt 1oa4 61100 1bl. 

71rat Mr1 .. ooap1ete4. Loa4 ,-.on4 to 6300 l bl . 
&D4 aeo.Dct Mrte• beaun. 

Beoon& Mr1ca COr.JPlett.<\ M4 third beawt• 

fhlra 0011p1ete«, rourth and tinAl bi6WJ• 

to.& taken ltra1S)lt 'I4P to 21, 000 1bl. 

l'lrat •I"&&b at apr1na1ns-• 
IAJUID. 

o.ooo 
o.oo1 
o.oo. 
o.oo. 
o.ooa 
o.ou 
o.o11 
o.oua 
o.o1to 
o.oaa 
o.ou 
o.o .. 
O.ON 
o.o.2 o.o., 
o.oao 
o.o .. 
o.ou 
0.018 

0.018 
o.ow 
o.ou 
o.ou 
0 .021 
o.oao 
o.on 
0.017 
o.on 
o.o.e 
o.ou 
o.ou 
o.o!llll 
0.044 
o.o.. 

e. 

OOlllllllo 

1 . 

2' A 1 L ~ III, 

RenlU ot Areh No. a. 

in.._..· 
o.ooo 
O.OOf. 
o.ooe 
o.ooe 
0.010 
0.012 
o.ou 
0 .01111 
o.olt 
o.on 
o.oaaa 
0.027 
0. 0211 
o.oaa 
0 . 040 
0 . 0-'4 
o.oao 
o.ou 
0.058 
0.061 
0.061 
0.066 
o.ooe 
o.o16 
0 . 0205 
o.oaa 
o.oao 
o. oae 
o.oae 
0 . 04-1 
o.o.a 
o.o.11 
0 . 008 
o.ola& 
o.on 
o.ooe 
0 . 012 
o.o ... 
o.oaa 
o.ou 

II. 

fttal Sti'MI Stree1 
StNaa per ~q.tt. per 11n. tt. 

lba. 

0 
suo 

10680 
11110 
11100 
uooo 
18700 
IUOO 
28100 
28000 
nsoo 
!leOOO 
40000 
uooo 
63200 
68000 
68500 
7UOO 
77.00 
8UOO 
83800 
68000 
10600 
21380 
11&00 
34000 
60000 
foG GOO 
50800 
64600 
00000 
662()0 
10680 
16800 
28000 
10680 
••oo 
58600 
6t.OO 
&NOO 

10. 

lblo 

0 
..,110 
t&OO 
tiiOO 

11080 
uaoo 
16600 
18800 
2UOO 
UltO 
21700 
32000 
36600 
aeooo 
"'000 
&llOO 
119000 
65000 
68500 
72100 
14000 
18000 
t600 

l81X)() 
24200 
110000 
15&600 
f.l&OO 
•aooo 
4fUOO 
68000 
58000 

11600 
U100 
ueoo 

11600 
1>1100 
112000 
81600 
61500 

u . 

! A B L 11. 

0 
lf80 
3680 
8NO 
f.f.IO 

563() 
8110 
7100 
84110 
91150 

lOU() 
12000 
1211'110 
14670 
177110 
1113150 
8al'70 
Uf.70 
15800 
111110 
21110 
8111150 

3560 
7120 
11130 

1111110 
121&30 
186110 
1.6870 
lBIOO 
20000 
81730 

111160 
&&ao 

tlJIIO 
8NO 

ldOO 
1115110 
a&liiO 
1211110 

12. 

haber ot reai.Jns. 

a.. 
0 ara ... ... 

1101'1 
1650 
lfiO 
UlJ7 
6871 
noo 
11750 
6200 
111661 
7211 
1'100 
8161 
8871 
noo 
11100 

10200 
10660 
11075 

16211 
1450 
U37 
6100 
6100 
7211 
8161 
eaoo 

10200 
11076 
18a& 
U50 

"" ... 
8800 

10800 
11800 
15000 

!otal Loa4 on the Aroh. Obt&1necl rroa calibration of Jao.kl• 

s. 

•• o. 
6 . 
7. 

a. 
e. 

10. 

11. 

Load per aq!UU'e foot Total LO~ ~ 

Ke~~n lllona,t1on• per 100 1nohta 

total lllongaUon• (Kean +that due to aan4 ete. ). 

!ot&l Hor1aontal fhntet on Aroh (lbta1M4 troa oa11brat1on 
ot t i e Rocla 1n T11Ung Kaohine. 

Wean IO!Ii!PNII1T• 1tre11 per ~q. tt. on oroaa .. euon 
ot Aroh rins total atrell/ oroaa .. ct1onal area. 



lido 
•xo !hnl.,; RiM 

Aot !bfor Loa4. t Span CrowD t Span 
DetleoUon at crown. 

in ohM lnobH lboh•• inohd 1noh•• 1noh••/lrlllll~ 

Total ainu• permanent 
t.o. ll.fa .. ~ 1n1Ual .. ,. 

1.8t 1?.~ Detleon. 
1.16 1&.t1 8.80 u.u e.8o o.ju o.oo 
1.&6 16.91 8.80 u.u 8.80 o.1• o.oo 
1.46 18.28 8.64 u . .a 8.64 o.a2 o.oe 
1.&& 19.10 8.66 11.18 8.66 0.30 o.1& 
1.68 19.-ro 8 • .o 11.30 8.60 o.68 o.u 
1.60 ao.oo 8 • .0 11.12 8.60 o.&& 0.4.2 
1.73 21.60 8.40 11.04 8.40 o.&4 0.50 
1 .76 aa .oo 6 • .0 u.oo e • .o o.66 o.&4 
1.82 22.70 6.40 u.oo 8.4.0 0.68 o.&• 
1.94. ~.oo 8 • .o J.4.88 8.40 o.oo 0.66 
:a.oo . u.go a.~ 10.88 a.M o.ao 0.66 
a .oa 27.&0 8.1& 10.86 a.M e.eo 0.66 
a.ao 26170 8.&2 10.M 8.32 o.e• 0.70 
a.8& 29.60 a.Ja 10.84 8.32 o.M 0.70 
a.M 32.00 a.~ 10.80 8.28 o.a a o.74t 
2.66 83 .10 8.24 10.80 a.u o.aA o.74t 
2 . 66 38 .20 a.~ 10.76 e.a. 0.92 o.1a 
a.67 33.20 6.ao 10.'16 8.20 o.9a 0.76 
2.62 32.60 8.16 10.72 8.16 o.~ o.a a 
2.63 32.70 6.16 10.64 8.16 1.04 o.~ 

1.36 16.91 8.60 11.0. 8.60 o.&, o.ao o.oo 

a.06 26.80 8.66 10.96 8.66 0.72 o.&a o.oe 

2.06 25.60 8.48 10.96 8.48 0.72 0.58 o.oe 

2.12 26.60 8.4.8 10.99 8.48 0.76 0.62 0.12 

2.18 26.70 8.40 10.88 e • .o o.eo 0.66 0.16 
2 .15- 27.00 •.aa 10.84 •.aa 0.84 0.70 o.ao 
2.0& 2&.80 a.as 10.84 e.ae o.M 0.70 o.ao 

1.96 ~.70 8.28 10.M e.ae o.84t 0.70 o.ao 
1.96 ~.60 a.u 10.80 8.84 o . 6a 0.74 0. 24 
1.96 24 .60 8.20 10.76 6. 20 0.92 0.78 o. aa 
1.30 16.91 8.60 11.0. 8.60 0.64 o.ao o.oo 

1.61 ao.oo 8.56 10.96 8-.66 0.72 0.68 o.oe 

2.12 26.60 8.4.8 10.88 8.4.8 0.80 0.6.& o.1.& 

1.30 l&.tl 8.60 lleM 8.60 o.a• o.&o o.oo 

l.&-1 20.10 8.3a 10.72 e.aa 0.96 0.82 o.aa 

1.81 :aa.ao 8.:M 10.66 8124 1.12 0.98 o.4t8 

1.80 22.40 8.16 lOe.S 8.16 1.?.0 1.06 o.&& 

1.64 19.10 6.60 10.08 1.60 1.46 0.96 

14. 1&. 16. 11. 11. 19. ao. 21. 

Column. 
12. Stre .. per 11Deal t oot ot Aroh rina To tal atre .. /width . 

1Z. !'heoret1 oaJ. streaa from B1Mt1o romula awr/2R· 
' 

14. Rat1o-Aotu~Theoret1cal . 

11. 

16. 
17. 
18. 

lt. 

ao. 

21. 

Ra&1o atres l per lineal t t./Load per eq. tt. 
ot •Llne ot Stre•• • by Ja~ere Prlnclple. 

Rl•• ot Aroh at ! Span, crown N14 ! Span from 
DeneotoSJ""l)h• 

'total Cro-wn Defieotlon fi"'Ol Unloa.ded Profile. 

Rad1U8 

crown DeneeUon t rol!l ProtUO No.s (Load &300 1b••>• 

crown DotlooUon from Protll• xo.aa (Lof\4 6100 lb••)• 
aubt raotins poraanent .. ,. 



I 

SYWO P SYS R 11 S U L ! s • .. _. ...... ._ ....... __ ...._. 

Comprese!Ye Strength ot 1 br1ok 10?000 lb•• 

Compress ive Strangt h p~r sq . tt. aooooo lba. 

Oomjressive Strangth ot t~ortar Joint 38920 lba. 

Oomp~se1ve Strength per sq. ft . ot 
Morta r Joint l38GOO l ba . 

To tal Load on Arch at 1st. crack. 25900 l b• • 

Total YA ad per eq . tt. 86Z lbs. 

To t a l Ho r ison t al Stres s a t 1st. oraok 68600 l b• . 

To t Al Horizont4l St r eas per sq. tt . clo &~000 lba. 

Detlectton at ~rown 

Total LQ d on Arch at rnilure 

Total Load per aq tt . 

Total Horizontnl Str eas 

Total Ho rizontal Stre. e per aq. tt. 

Pr .-v1ous Detleat1on 6e(o r-e fq cl () r~ 

Per oents.ee o t Str-eneth C't one Jot nt 

,, 1.12 luohea. 

36300 lbe. 

J.nO lbs. 

69000 l b • • 

61&00 l b • • 

1 . 20 1nchea 



Tor~ l tt. oad ' " Ktps 
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CONCLUSION. 

The only oon~lusion t'oaA,.ble at t,hia fttee e and 

with tho rof'ul te obtained ta thnt a oont:J.nuenoe of t.he 

teete 11il err.inAnt.lY dea1~rable. It tR, o:f oou:r.se~ 

1In:POAA1ble in the "first teat t.o el!n j.nate Bll errorn 

and to br1ng the apparatus and t h n proeocture of tAet1ng 

to ft completely Aat1e~aotory stage. 

The prP,limina_~ teste oan only 1nd1oate the 

ep~\lial po1n\s wh1oh nef"d to be eluoidatad. trh~Y o:mnot 

be oonAldered in any wf;ty f'1nal, ann t.he roRl1l te ~o far 

obtR1nod. are not yet o'f value in the neaign of' Arches, 

but if' t~hey lead thfl way to a :more oomplAte rnAaaroh 

on tno properties o:f Voiaso1r Arohee~ the prelimlnary 

work of the aut bot' w.t ll not have bef'n in vain. 

,_,here 1e r nother branoh of thlR snbj cot w'hi oh 

1e <lUi te ae 1n:vortent as the f"oreeo1n~t tflate on a'ltttal 



arohee, - the opt1oal method of the datermj.nat,ion of 

the natllre o~ etr.esaes 1nd.uofK\ 1n a tranf'parent 

et,ru'ltnre by mAane of' the properties of Polar1.zeel L1e;h't. . 

Alexander ana '!'homaon in their • APlll1ed 

Meohan1o88 rteaor 1be a m6thod o~ asoer.ta1~n1n~ the 

d1str1 b1lt1on o~ at.reea 1n a be am ~ubj ~otec\ to a bendi.ng 

moment. A br1e:f' ep,~iOll"le will be gi.v~n. 

When e. rav of' lip,ht enters an aelot:ropj o 

transparent aubAtanoe, it. 1e u~ually r~solve<.t into 

two rays o~ r olar1aed light vibrating 1n planes 

pP.rpenf 1.r,ular to eaoh oth6r, and IHu·allel to th~ 

d1r80t1one of max il1mm and m1n!I'lt1Dl elaAt.1~1. ty of the 

eul>et anoe. '!'he r~o~' tion of' t.heee d1rfl'ot1one o~ max ~_mttJJ 

anCl zntnt.mum olaAt1o1 ty may be 'f'olmd bY the or,.,1.nary 

poln:r.1aoope, and from t,haA*' (1J:reot,ione the dirf'otlon and 

post tlon of th., 11n6e of' A t,r.flas may be f'otm<\ . 



and Thomson show how the d.ist-nibution of' st"~"ess in a 

gl ass tmder various bending moments may be found . The 

author thinks that if thi s method be applied to glaa~ 

"ar ches,. 1 t may lead to some very valuable discoveries 

and pe r haps :fin all~, so 1 ve the vexed problem o"f the solid 

hingeless arch . 

An qpparatus to perform t hese exper1aents 

l'rouln. be of' a .fAirly ~im-ple nature . A mi rror polarlscope 

would be advisable as then a r ches of' a conve.1ient ~1ze 

coul n be used . With t he Nicol ' s prisns and tiicroscope 

the 11 arches 11 are l.iU ch too d1m1nut1 ve in size . The mAans 

of' st~es ~ing the arch in variouF~ ways could bA easily 

arranged . rt would be possible and also very valuable to 

mPasure the appl ied load . The value.of' the crown thrust 

and the amount of' defonuation a r e best le~t to the 

f'Ul l size t est . 

N .B . The results of' the Third Test rrj 11 be iilCOrporat ed 

in an Appendix which will haYe to be sent in l ater . 




