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THE STRESSES ON SKEW ARCHES. 

Read by PROFESSOR KEANOT, 7th August, 1901. 

"Skew Arches are of figures derived from those of symmetri-
cal arches by distortion in a 
horizontal plane. 	The eleva- 
tion of the face of a skew arch, 
and every vertical section par-
allel to its face, being similar 
to the corresponding elevation' 	B -' a 
and vertical section of a sym-
metrical arch, the forces which 
act in a vertical layer or rib 
of a skew arch with its abut-
ments, are the same with those 
which act in an equally thick 
vertical layer of a symmetrical 
arch with its abutments, of the 
same dimensions and figure, and 
similarly and equally loaded. 

Fig. Io8 represents a plan of a skew arch, with counterforted 
abutments. The angle of skew, or obliquity, .is the angle which 
the axis of the archway, A A, makes with a perpendicular to the 
face of the arch, B C A B. The span of the archway, "on the 
square," as it is called (that is, the perpendicular distance between 
the abutments), is less than the span on the skew, or parallel to the 
face of the arch, in the ratio of the cosine of the obliquity to 
unity. It is the span on the skew which is equal to that of the 
corresponding symmetrical arch." 

The above statement, taken from Rankine's "Applied 
Mechanics," page 261, and copied substantially in Colonel !Way's 
" Instruction in Construction," page 444*, represents what has 
hitherto been the accepted view of the Engineering profession. 
In accordance with it large numbers of skew arches in masonry, 
brickwork, concrete, or Monier, have been built in England and 
other European countries, and a small number in Australia. As 
our railways increase in number and importance, and the necessity 
of replacing short-lived timber structures by more permanent 
works, and substituting for level crossings over or under bridges 
of substantial character, this number will steadily increase. Hence 

*See also Encyclopædia Britannica, Vol. II., p. 33o. 
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it is of practical and local importance to discuss the reliability of 
the hitherto accepted view. 

Rankine's theory is illustrated graphically in Fig. r, where the 
arrows show the supposed direction of the horizontal resolved part 
of the thrust, and their equality in length indicates that the thrust 
is equal on each unit of length of the abutment. That this is 
Rankine's belief is !proved by the counterforts in his Fig. io8, 
above quoted, being of equal length at each side of the arch and 
being in a direction parallel to its face. 

On the r4th May last, a Monier arch of considerable size, and 
built at an extreme skew, collapsed at Bendigo, unfortunately, with 
loss of life. The failure was sudden and unexpected, unlike the 
recorded mode of failure of Monier arches that have been tested 
to destruction in Europe and elsewhere, in which cases numerous 
and conspicuous signs of distress were visible long before the final 
collapse. The contractor, who was no other than our worthy 
President, at once retained the services of the writer of this paper, 
and in describing to him the disaster expressed doubts as to the 
correctness of the received theory of skew arches. These doubts 
appeared reasonable, and led the writer to examine the matter 
closely. Assuming the abutments to be immoveable, which must 
be very nearly correct, as they are small in height, massive in 
section and founded on solid rock, and that the arch was perfectly 
and uniformly elastic, so that the stress in any given direction 
would be proportional to the change of dimensions, the following 
calculation was made. The arch was supposed to have been 
pressed down to a given small extent by its own weight, and the 
superincumbent load and the consequent reduction in length of 
lines traced on its extrados in the positions A B and A C were com-
puted, the result being that the percentage of shortening in the 
direction A C was found to be almost exactly double that in the 
direction A B or in any line parallel to A B. Consequently, it 
followed that the heaviest stress in the arch was diagonally across 
from A to C, that the stress in the direction A B was only half as 
great, while that in the direction B D was found by an extension 
of the same calculation to be excessively small. 	In fact the dis- 
tribution of thrust along the faces of the abutments instead of 
being as in Fig. r, must be something like Fig. 2, the magnitude 
of the thrust at or near the acute angle of each abutment being 
greatly increased and its direction altered in any unfavourable 
manner, while at the obtuse angles the thrust would be very small 
indeed. Hence the abutments should have had the form shown 
in Fig. 3, being strengthened when the heavy thrust occurred, and 
for economy reduced at the other end. 

By the time these conclusions had been arrived at, the debris 
having been removed, the writer had an opportunity of examining 
the fallen portion of the arch and the abutments contiguous, and 
found that the acute angle C had been absolutely pulverized 
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though of good strong concrete, thus bearing witness to the great 
local intensification of stress. The heavily shaded area in Fig. 2 

shows the extent of destruction of the abutment, and the dotted 
line extending from it the boundary 'dividing the portion of the 
arch which fell from that which remained standing. The strength 
of the Monier arch came out most clearly, for where it was pro-
vided with a sufficient abutment it had stood almost uninjured, 
though loaded with a steam roller at mid span and subjected to 
are enormous downward drag from the falling portion, transmitted 
through the grid of steel rods which forms the speciality of the 
Monier system. 

In view of the preceding, there seemed to be no reasonable 
doubt but that the accepted method of designing the abutments 
of skew arches was most seriously in error, and that the immunity 
from disaster in previous cases was due either, first, to the angle of 
skew being in most cases very moderate compared with that 
adopted at Bendigo, or, second, to the fact that the structures had 
not been subjected to such a specially severe test as the Bendigo 
Council had insisted upon, and which, I may add, was a long way 
in excess of any test to my knowledge previously applied to a 
public road bridge, or, third, to the usual employment of a very 
large factor of safety. An excessive factor of safety, it has been 
well remarked, covers a multitude of sins in designing, but is 
neither creditable to the designer nor economical as regards the 
client's money. 

It appeared in the next place that a conclusion, so important 
and far-reaching as the above, should be checked and verified in 
every possible way, and further, that definite rules or formulae 
giving the magnitude and direction of the thrust at various points 
along the abutments, were very desirable as a guide to designers. 
The writer therefore placed himself in communication with the 
leading experts in elasticity known to him, but found them unable 
to supply the requisite formulæ. The mathematical theory of 
elasticity, though long a subject of study and possessing a con-
siderable literature, appears not yet to he sufficiently developed 
for the purpose. Mr. Love, the Demonstrator of Physics at the 
University, and whose brother, Professor Love, of Oxford, is the 
leading British authority on elasticity, very kindly gave con-
siderable attention to the matter, and after failing to indicate any 
direct mathematical solution, made a curious and ingenious 
suggestion, namely, that as there is a very striking analogy between 
the laws regulating the distribution of stress in an elastic solid 
and those regulating the flow of electricity in a conductor, while 
electrical experiments are much easier to conduct and capable of 
giving much more minutely precise results than measurements of 
infinitesimal elastic deformations, a metallic model of the bridge 
should be made, and a current of electricity being passed through 
it, its equipotential lines should be determined by well known 
experimental methods, and that a series of lines drawn at right 
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angles to these would give the direction of the stress, and by 
their convergence or divergence indicate where the stress became 
intense or the reverse. 	'l'he experiment was actually carried out 
at the writer's request by Mr. Wilfrid Kernot, B.C.E., Lecturer on 
Electrical Engineering at the Working Men's College, who 
possessed special facilities for such work, and the result is shown 
in Fig. 4, where it will be noted how greatly the current density, 
and by analogy, stress is intensified in the vicinity of the acute 
angles, A and C. 	The actual numerical result was that in a 
bridge of the proportions of that at Bendigo, three fourths of the 
whole thrust was resisted by less than one half of the length of 
the abutment, one half of the total thrust by one fifth cf that 
length, and one fourth of the total thrust by less than one thirtieth 
of that length, and that the weakest and least effectively backed 
up portion. These results are indicated by the positions of the 
points O, P, Q, R, S, T. 	One fourth of the electric current 
passed between A and R or Q and C, one half between A and S 
or P and C, and three fourths between A and T or O and C. 
The model experimented upon consisted of two massive copper 
abutments, connected by a thin German silver band to represent 
the arch. 

The writer's own experimenting was of a different sort. He 
endeavoured to construct and test an india rubber model, having 
parallel lines or circles of known diameter drawn upon it, the 
deformation of which would indicate the direction and magnitude 
of the stress. This model gave unmistakeable indications of great 
intensification of stress in the vicinity of the points A and C, but 
was troublesome to manage. Taking advantage, therefore, of the 
well known fact that an arch and a suspension chain have 
identical distribution of stress, the compression in one being 
represented by the tension in the other, an inverted model was 
made of thin sheet india rubber, which gave very definite and 
consistent results. These are shown in Fig. 5. 	The lines A D 
and X Y were originally parallel, but when the arch was loaded 
A X increased enormously, showing great intensification of stress, 
while Y D remained nearly unaltered. The stress then was very 
small at 1), increasing gradually for about three fourths of the 
length D A, and finally increased with great rapidity as A was 
approached. The same pecularity is shown by the small circles 
drawn near the line B C. 	Most of these remained almost 
unchanged, but those near the point C were greatly distorted, 
showing a very heavy stress approximately in the direction A C, 
which is quite contrary to the received theory. Other experiments 
have been tried with models in soap, cement, mortar, and plaster 
of paris, but owing to various practical difficulties in carrying 
out the tests, the results, though on the whole confirmatory, 
have not been so consistent and satisfactory as is desirable. 
If other engagements permit, these tests will be repeated wit 
better arrangements. 
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Corroborative evidence as to the truth of the views herein set 
forth is to be found from the behaviour of skew beams. 	Let 
AB CD in Fig. i now represent a flat plate of any uniform 
material, supported at the edges A D and B C. By reasoning 
similar to that applied by Rankine and others to the skew arch, 
it would be anticipated that the downward pressure would be 
equally distributed along A D and B C. 	The simple experiment 
of attempting to lift the corners, A B, C D, in succession off their 
supports, however, shows that the pressure at A and C is 
enormously greater than at B and D. This has been verified with 
plates of thick india rubber, of pasteboard and of metal, with the 
most uniform and striking results. 

The conclusion, then, is that the views hitherto held as to the 
distribution of stress in skew arches are most seriously and 
dangerously in error, and that an elaborate and costly series of 
experiments on a fairly large scale is urgently needed in order to 
establish reliable rules for the designing of such structures. Until 
such experiments are made, the following provisional rules are 
submitted, as representing the results of the small experiments at 
present available and as constituting at any rate a distinct improve-
ment on the old unscientific system of the text books. 

In conclusion, I must express my thanks to Mr. Love and Mr. 
Wilfrid Kernot for valuable assistance, and my sympathy with 
Messrs. Monash and Anderson, who unfortunately are responsible 
for the construction of the bridge that fell. 

Provisional Rules for proportioning the Arches, Abutments, and 
Piers of Skew Bridges in Brick, Stone, Concrete, and Monier :- 

Angle of Skew.-9o°  signifying a square bridge. 

Above 8o°.—Design as at present. 
8o° to 7o°.—The acute angle of each abutment and pier to be 

replaced by a right angle. See lines A M, C N in Fig r. 

70° to 6o°.—Increase the thickness of the arch by one fourth at 
the points A and C. Such increased thickness to diminish 
in all directions until it vanishes at a distance equal to one-
fourth of the skew span. Acute angles of piers and abut-
ments to be replaced by right angles, and the thickness 
increased one fourth at A and C, such increased thickness 
to diminish in the same way as that of the arch, 

60° to 500-- Same treatment as the last, except that the increased 
thickness of arches, piers, and abutments be one third 

50° to 4o°.—Same treatment as the last, except that the increased 
thickness in each case be one half. 
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