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with joggled pl ates of t he form ;.; 110\\"11 in l<' ig . H\B , and 
the observations were treat ed and t he strain curves obtain ed 
in a similar m anner to that employed in the case of thp 
joillt with straight plates*. These res ul ts, ,,·hi ch are shown 
graphically in F ig. 22, indicate a diminution in the value of 
the bOlldillg moment ill con sequ ence of th e joggling , for t ho 
max irnum fibre stress n ever exceeded twice the value wbicb 
it ,,·onld have reached if t he joint had been subject only to 3 

di rect load. 
Although it is thus seen that t he stress in the plates of 

a joggled !.R p join t does not approach t he sam e m aximum 
value fO lllld ill joints constl'llcted \yith stmight pl ateR, the 
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FIG. 22.-S tr ain Curves for Joggled Join ts 

fact does not constitute a final argument as to the superior
ity of one joint over the other, for it can be seen that addi 
t ional and increasing stresses are set up in the already in
determinately stressed rivets as the load upon the jOillt in
creases . vVorkmanship and the m echanical treatment 
during t he joggling of the plates, in addition to the fac t that 

* This was the only joggled joint tested , and an effort was 
made in its construction to reproduce the exact conditions indi
cat ed in the lrawing (Fig. 16B), hut it should be noted that small 
variations in t he set of the plates, would proba.bly considerably 
affect the distrihlltion of stl ·ess. 
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the rivets are put in t ension when t he joint IS under load, 
must always be kept in mind. 

27. Su(mestion of an Alternative Method oj 
2'vfeasarement by F ixed Mirrors. - W hile the observations 
taken by m eans of the extensometer mirrors and fi xed 
mirrors were being interpreted, it was noticed t hat the 
readings from t he fixed m irrors did not show uniformity, but 
varied according to the position of th e fixed mirror upon 
t he joint. This fact suggested that a comparison should 
be made between t he mirrored scale differences obtained 

u --'A~-B~-'G~--'C~-~H~~D~---

FfI: . 23. 

from t he fi xed mirrors at yarious poiuts along t he joint; 
upon t his being done it was lJ oticed t hat t hey gradually in
·creased as t h e point of attachment of the fi xed mirror to th3 
plate approached t he point of maximllm bending moment . 
A general m ovement in t he plate as a whole would have 
produced a uniform change in the .. m irrored " scale differ
ences from the fix ed mirrors, and since such did not exist, it 
was argued that the observed variat Ion was produced by 
local curvature of the plate as a result of the varying bend
iug moment present. It t hen hecam e e\idcnt t hat the 
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magnitude of thu fibre stress might be determined by in·· 
terpreting the results obtained from the fixed mirrors alone. 

If a mirror rotate through A radians, any ra.y r efiectecf. 
by that mirror has its direction turned through 2 A radians. 
Using a t elescope in the manner ulready described, any angle 
through which the fixed mirror may h&,ve turned will be· 
measured lin radians) by 

1 Difference of .. Mirrored" scale reading. 
- x ----c;~__,___--_;;_-__,___,,-__;;cr:_-------'" 
2 Distance of scale from Mirror. 

Let the points G~ H2 (see Fig. 23) represent two. 
points in a test lin e upon the specimen under any condition 
of loading, and let G~ H:3 represent the same points with 
an increased load. Suppose that the ordinates AA'I B Bl 
etc., are drawn equal to the "mirrored" scale differences. 
obtained from mirrors attach ed at intervals along the sur
face ABeD of the test piece under observation, and that 
these observed differences are entirely due to the effect of 
the additional load. The two points G~ H2 are taken 
sufficiently close to one another th at the surface of the test: 
piece between t hem may be considered as a portion of a. 
circular arc. 

vVith these assumptions 

H2M = R 

similarly G:3 Ml 

t he init ial radius uf 
curvature 
the final radiu!'; 
of curvature 

Assuming that the initial curvature of the specimen 
I'; caused by a bending moment, 

Let M units = the initial cause of curvature , 
And Ml = the additional hpnding moment 

imposed on the specimen be· 
tween the points G and H. 

If the posit ion of the neutral axis be known, then the· 
radius of curvature of the neutral axis may be obtained 
under both condij; ions of loading from the values of the
radius of CUI'Yat ure of the outer surface . 

Assumin g that no appreciable error is introduced by 



STRESSES IN LAP JOINTS. 31S. 

ignoring the difference in the radius of the outer surface .. 
and that of the neutral axis, and if . 

E Modulus of Elasticity 
I The Moment of Inertia of the 

Section 

then R 

and R, 

:. M, 

Let.f = 

E I 
M or J.11 

EI 
R 

EI 01' M + M, 
M+ M; 
EI 
R, 

EI 

the additional extreme fibre stress. 
caused by the additional bending 
moment M, 

11 - .. the distance of the extreme fibre 
(where f is measured) from the. 
neutral axis. 

then f ~ = 111, = E I (*, - ~ ) 
:. f = Ey ( ~[ - ~ ) 

but from Fig. 23 

and R[ 

A rc G~ He X 3600 

,,,! 'T." & 

A rc G:;H:; X 36(/ 
!, 'T."( G +:/l) 

( 1 - __ £) = 2 "'~ 
R] R Arc: G e H" x 3600 

But if GG l and HH , represent the mirrored 
scale differences thai would be obtained from fixe d 
mirrors situated at the two points G e and H" . then, 

.7J 1 f (G G l - HH1 ) 1800 } 

= 2" ( distanee of scale from mirror x --:;--
and by substitution 

_ E J ( G G 1 - H H 1 ) l 
f - y I 2(distance of scale from mirror) (A rc G"2 H 2 ) ~ 
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but ill t he limit 

GG 1 · - HHI 
A rc G~H" 

hence / 

where (3 

the t allgent of the angle of slope 
of the plotted mirrored scale 
differen ces, at the point under 
consideration, when the cur7e 
is drawn to a natura.] scale. 

E Y.J!.m B 
2k 

angle of slope of the plotte:l 
m irrored scale differenoes . 
the distance of the sc'ale from 
the mirror . 

F rom the above it is seen t hat th e m agnitude of the 
-extreme fibre stresses set up by a bending moment only 
may be determined by referring to the mirrored scale differ
-ences obtained from fixed m irrors . This m ethod of deter
mining extrem e fi bre stresses is hereinafter r eferred t o as the 
"leix ed Mirror" m ethod of m easurement. 

SECOND SERIES OF TESTS. * 
28. Application a/the Fi.l'ed Mirror .Method to Boilers.

The relative va lues of th e extrem e fibre stresses ill the 
v icinity of lap joints as they actually exist in boilers were 
!l ex t investigated, and us 110 m ethod of using the Martens ' 
mirror extensometer proved practicable a.t this stage, t he 
results dUl'ing t his sen es were obtained by m easuring the 
.additional extreme fibre stresses caused by bending 
moments , by the "fixed mirror method" above described. 
To the res ul t so obta in ed t he com pllted values of the extreme 
fibre stress caused by direct loading only, were added , and 
thus the total stress in t he extreme fibres llnder considera
tion was determined. 

The fix ed minors were attached at various points along 
t he test lines by m eans of beeswax, t he sUl'face of the pla.ttl 
be ing previously scraped in order to seC Ul'e a satisfactory 
attachment. 

The test lines on which observations were made are 
shown on Fig . 24 , a nd from the results of the tests th e 

·t 

'" The authors are ind ebted to Mr. G. F. Davidson, B.E. for 
he observations and mu ch of the work of this series. 
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"Sections of Stress" shown later in the paper are deduced. 
29. Description of Boilers. -The majority of the ex

perimental observations upon the stresses in boiler plates 
were made upon a new Babcock and Wilcox boiler which is 
part of the equipment of the Engineering Department of 
the University of Sydney. At the time of the second series 
'of tests this boiler had never been under steam, and in con
sequence no corrosion or pitting of any kind had developed 
in its plates. 

The general appearance of the boiler is shown in Fig. 
'24A. Its circumferenti::d barrel plates were half-an-inch in 
thickness, and were connected together by means of double
riveted longitudinal and sin gle i'iveted circular lap joints. 

Some observations were also made upon a new vertical 
boiler of the ordinary type (Fig, 24B), and a tubular boiler 
·of the Colonial type , which were kindly loaned for the p ur
pose of experiment by the firm of Messrs. G. and C. 
Hoskins, of this city (see Fig. 24). These observations were 
entirely confirmatory of those taken on the B. and W. 
boiler. 

30. Actual Observations taken from Boiler Plates.
In order to determine t 1le strain in the extreme fibres of the 
barrel pl ates in t he vicinity of the longitudinal joints of the 
B. and W. boiler above referred to , a test line A.B. was 
chosen, and fix ed mirrors were placed at various points 
along that line. The gauge pressure within the boiler waR 
varied . from 0 to 140 lbs . per square inch by a small 
hydraulic pump; the water used for that purpose was '1t 
the same temperature as the plates of the boiler themselves 
"in order to eliminate any dimensional changes caused by 
unequal expansion. 

The "mirrored" scale differences were obtained after 
"the same manner as those in the first series of experiments ; 
that is to say, for every twenty pounds of increase or de
·crease of pressure an observation was made from each 
mirror. The series of ' ~ mirrored" scale differences obtained 
from each mirror were t hen plotted against the correspond
ing pressureE', and a fair curve drawn to represent graphi
cally the' 'mirrored " scale differences for all pressures, less 
'than t h e maximum of 140 lbs. per square inch. 

From t h e set of ol:Jservations thus graphically recorded, 
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the "mirrored " scale differences corresponding to those
which would have been obtain cd from each mirror when 
the cold water pressure within t he boiier was 100 Ibs. per 
square inch were t alcen, and are s hown plotted in F ig. 25A . 
Observations were also taken in t he same way on the test 
lin es C.D., E.F . O.P., and thp deductions from the 
result s are dealt with later in the paper. 

31. Interpretation 0.1 Results.- From t his curve, the 
t angents of th e angle of slope , when dra.wn to a na,tul'fd 
scale, were directly measured, an d their values graphically 
represented in Fig. 25B. 

J( nowing the tangents to the curve of mirrored scale 
differences at any point, the stress at that point due t o
bending is r eadil y obta iJl cd for, hom abo\" e-· 

f" = E.?J tan (3 
. 2k 

where in the boil er ,Plate under test-

E = 29 ,000,000 Ibs. per sq . inch (Youn g's lVfodllllls) 
y= h alf the thickness=i" 
If = RORI e di st'an ce = 125() m.m. 

I. e. f = lUll (3 X 73600 lbs. per f:q III 

Using the values of the t angent s shown graphically in 
Fig. 25B , and mllltiplyillg their respective values by the 
numerical cOll stant 73f.iOO ,- the m agnitude of the stresses 
caused by bending alone was obtajn ed for aU points Up0 1l 

the surface of the plate along t he t est line A.B . . 
By calculation, it Ivas fOUlld that the stress pel' square 

inch , which would hase been caused by a cold water pres
sure of 100 lbs . per square inch in a joint less cylind er of the· 
same dimensions as that under test 

= 4020 Ibs. pel' square inch, 
and therefore the stress in the extreIrle fibres, at t hat pres
sure, is t he algebraic Sllm of 

(4020 + fi b1'e stress due to bending). 
The curves giving the ex treme fibre stress in the inner 

and outer s urface of the boiler plate , along the test line 
A.B. , obtained in thi s mann er, are shown in :Fig. 25C. 

The foul' diagrams, Fig. 25, indicate clearly t he m ethod 
of arriving at res lllts where the " fixed mirror m ethod" alone
is employed. For instance , Fig. 25D represents a cross-
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section of the boiler upon which the actual positions of the 
fixed mirrors are shown. Fig. 25A, is a graphic record of the 
mirrored scale readings obtained from those mirrors under any 
one condition of loading: Fig. 25B represents the values of 
the tangents of the angle of slope of the curve previously 
mentioned when drawn to a natural scale; Fig. 25C shows 
the calculated stress caused by direct loading to which is 
added the stress caused by bellding moment. 

The sarno results are shown plotted directly round the 
boiler shell in Fig. 26A. 

32. Experiment!; on the Shell of a Vertical Boiler. 
--Experimental observations were next carried out along 
the test line AB upon a new vertical boiler pre
viously referred to (see Fig. 24B). The observed re
sults were analysed in a maIlller similar t.o the 
above, and the resulting curve (see Fig. 26B) 
is shown for a cold water pressure of fifty pounds per square 
inch within the boiler. On making a comparison between 
the curves obtained along the test lines on the two boilers 
experimented upon, it will be observed that the same char
acteristics are exhibited in bot.h; that is to say, in each case 
the extreme fibre stress in the vicinity of the lap joints is 
increased considerably above what would occur in a jointless 
cylinder of the same dimem;ions. It is clear, however, that 
the ratio between the maximum extreme fibre stress exist
ing within the plates and the extreme fibre stress that would 
have existed if the joint had been absent rea0hes only a 
value of two in each case, and from this it may be argued 
that a lap joint action is not as severe when the lap joint 
OC0U)"S within the plates of a boiler as it is in the experi
mental joints dealt with in the first series of tests. An 
explanation of this is not very hard to find, for on referring 
to the curve of the extreme fibre stress obtained from the 
Babcock and Wilcox boiler, along the test line AB (see Fig. 
24A), it will be seen that the extreme fibre stresses show 
signs of a similar action occurring at a point in which no lap 
joint is present within the actual plate, but which is in a 
position corresponding to that of the longitudinal joint in 
the adjacent plate (Fig. 26A)*. This indicates therefore 

* Sl'e also Fig. 32, Plate IV., where the same action is indicated 
.at x and y. 
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i hat the construc t ion of the boiler t en<;ls to stiffen the 
various parts, and, as a result, to modify the effect of want 
of symmetry in the design of the joint. 

33. E xperiments on the Dishpd E'lld (~l the B. and 
W. Builer.-About this time the report of an enquiry 
into the cause of an explosion of a thermal storage drum 
which occurred at Greemvich (England) became available . 
In t his explosion the end of a cyfindrica.l drum, whose dia
m eter was about five feet, and length about 24 feet , was 
blown out as a res nIt of a fracture which extended circum
ferentially along the flanged portion of the end of the drum, 
the fracture being slightly removed from the edge of the 
rivet holes (see Fig. 27) . The report of t he committee ap
pointed to investigate thi s explosion considered that the 

OREENWICH BOILER FAILURE 

FIG. 27. 

failure was due entirely to inferior ·workmanship, for the 
plate had been severely injured during the course of con
-struction. The experimental results, to be described later , 
however , will clearly show t hat the faulty workmanship 
which was noticed was not entirely responsible for the 
fa ilure, although it certainly caused it to happen at a much 
earlier date t han would otherwise have been th e case. The 
·occurrence of this explosion, even though inferior workman
ship was regarded as its imm edi:1te cause, naturally directed 
the experimental work towards t he det ermination of the 
extreme fibre stresses in the vicinity of the flanged portion 
of the end plate in the Babcock and \Vilcox boiler previously 
-described . For t hat purpose a test Ime OP (see Fig. 24A) 
\Vas taken. and t he extrem e fibre strain caused by the beJ: cl-




