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PREFACE TO SECOND EDITION

———

IN this edition considerable emendations and additions have been made
to the book, the principal of which is the treatment accorded to the theory
of the stability of weirs or other works founded on a sand stratum. In the
first edition this stability was made dependent on two considerations—first,
the weight of the structure, and, secondly, the enforced length of percola-
tion. Exception was taken to this view by professional critics, weight-as
an agent effecting reduction of pressure or head being ruled out as unsound.
The author now frankly ‘admits that his previous view is untenable, and
Chapter VI. hag cbnsequently been entirely recast, the first factor, that
of weight, except as regards upward hydrostatic pressure, having been
eliminated from the equation of resistance.

The next main alteration effected is in Chapter V., where the tables of
discharge‘ of submerged weirs founded on theory have been replaced by
others worked out from the formula introduced by Herschel, an American
hydraulician. These are based on experimental data which,.though on the
usual unsatisfactory small scale, still must be preferable to the use of
coefficients obtained from any purely theoretical consideration. Chapter I.
remains as before, Chapters II. and III. have been recast and rewritten
de novo. Gravity dams and -weirs are now united in Chapter II., while
the arched and panel deck varieties are dealt with in Chapter I1L., with
many additional examples. Chai)ter IV. is little altered. Chapters V. and
VI. have already been referred to. The remaining chapters have had
additional matter inserted and some excised, the most important alterations
being in Chapter XII. (olém XIIL), which has been practically rewritten.
The increase in the number of illustrations all through is considerable.

The work has been brought by this means thoroughly up to date.
While its original characteristics, namely critical examination of existing
works, are retained, its scope has been enlarged and its value, it is hoped,
as a medium of instruction thereby enhanced.

The author -wishes to express his obligations to the following works
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bearing on the same subject :—* The Irrigation Works of India,” R. Bwekley,
C.ILE., Londpn; “ Reservoirs for Irrigation Water Power and Domestic
Water Supply,” James De Schuyler, New York; ‘ Irrigation : Its Principles
and Practice,” Sir Hanbury: Brown, K.C.M.G., London; * Irrigation
Engineering,” H. M. Wilson, New York; ‘Indian Storage Reservoirs,”
W. L. Strange, London 3 * Treatise on' Hydraulics,” M. Merriman, New
York ; ¢ Public ‘Wate‘r Supplies,” F. E. Turneaure and H. L. Russell, New
York; “Waterworks Engineering,” Tudsbury and Brightmore, London.
W. G. BLIGH.

Toronto, October, 19IO.
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THE PRACTICAL DESIGN OF
IRRIGATION WORKS

CHAPTER 1
RETAINING WALLS

(1) RETAINING WALLS, whose function is the retaining or holding back of
earthen banks, form one of the most considerable items of the component
parts of masonry structures. The design of such should satisfy conditions
comprising the utmost economy of material in combination with absolute
efficiency. To effect this desirable end with any degree of accuracy and in

0,

FiG. 1.

accordance with scientific principles, it will be necessary to possess a
thorough understanding of the theoretical problem involved, without which
the designer has to fall back upon empirical rules of doubtful value.

(2) The diagram in Fig. 1 presents a graphical statement of the theory
of garth pressure. 4O is the back of the retaining wall, AB the terrain line,
or top surface of the bank which is upheld, and OO, the horizontal base
line representing the natural surface of solid ground. OB is the plane of

LW. B



2 DESIGN OF IRRIGATION WORKS

repose of the earth forming this backing, the angle BOO;, or ¢, being thus
the angle of repose, t.e., the steepest slope at which the earth will stand
when unsupported. The triangle AOB represents,-therefore, the largest
prism of earth held up by the wall.

In case of failure of the wall, the earth backing will break away in some
line OX in the prism AOB, intermediate between AOQ and OB, and OX is
termed the plane of rupture. Of all possible positions of OX, that one
which ensures the maximum thrust on the wall has alone to be considered
as the true plane of rupture, and thus the prism 40X is the portion of the
earth backing tending to overturn the wall, and will be found, as hereafter
explained, to have a much greater effect than the larger whole prism A0B,
on the supposition that the plane of rupture is coincident with that of repose,
which is not the case.

(3) By reference to Figs. 1a and 1b, the forces in equilibrium will be found
as follows :—

(1) The weight of the prism 40X acting vertically.

(2) The normal reaction of the retaining wall acting at right angles to
the direction of the back of the wall OA4.

(3) The friction of the prism on the inner surface of the retaining wall
acting upwards. .

(4) The normal reaction of the plane of rupture OX.

(5) The friction of the prism AOX on the plane of rupture acting
upwards.

(6) The cohesion of the earth in the plane of rupture acting upwards.

{4) Fig. 1a represents the force polygon of forces 1 to 5; Fig. 1b the
same, but inclusive of (6). In both diagrams forces 2 and 3 are components
of 7, and 4 and 5 of ¢ The polygon is thus resolved into the triangle of
forces p ¢ ». Of these p is the weight of the prism AOX, represented by the
area of the triangle 40X ; ¢ is the reaction of the plane of rupture, and »
the resultant pressure on the back of the wall, both ¢ and » being modified
in direction by angles of friction. The direction of ¢ is determined by the
angle §, which it formis with the vertical p; the length of # is dependent on
the value of this angle §. Now 8 is also the angle between the planes of
repose and of rupture, or the divergence of OB and OX. Hence the primary
necessity of ascertaining the true value of this angle, on which that of the
force 7 is dependent.

(5) The two diagrams, ra and 1b, shows clearly the great reducing
influence exerted on the value of » by the introduction of the comparatively
small force (6) representing cohesion. No definite value can possibly be
assigned to cohesion, as it must necessarily vary with differing soils and
conditions of moisture, consolidation, etc.; for instance, from pure sand,
which is almost devoid of the property of cohesion, to stiff clay in which
this property is highly developed. Consequently we are compelled to omit
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this force, though always present in a greater or less degree, from inclusion
in the graphical statement.

Although this omission will apparently somewhat vitiate the value of
the theory of earth pressure, as it presupposes a state of things in the condi-
tion of the earth which does not actually exist, yet it will be found that the
neglect of cohesion will not preclude the successful use of the remaining five
forces to which approximately correct values can be assigned, provided that
the unknown value of cohesion be considered as supplying a definite, though
not precisely ascertainable, factor of safety in favour of the stability of
the wall.

It is well known that retaining walls, which according to received theory
are designed of too weak a section to be safe, are in reality possessed of a
large factor of safety. This point was fully brought out in the discussion on
retaining walls in the “ Minutes of the Proceedings of the Institution of Civil
Engineers,” Vol. LXV. | Conse-
quently the theory of earth pres-
sure, though not reducible to
absolute exactitude as in the case
of fluid pressure, still will be found
an indispensable and reliable guide
in the economical design of retain-
ing walls. The sections need only
be designed of sufficient statical
properties to withstand the theo-
retical earth pressure. That is to
say, the moment of stability of the /9«‘/
wall need be only just equal to « AL
that of the aggressive forces, or in FiG. 2.
equivalent graphical terms, the
resultant centre of pressure of the combined forces can be allowed to pass
just within the outer toe of the base of the section, leaving no factor of safety
beyond that supplied by the unknown influence of cohesion and further,
designs based on a slight modification of this principle will be found in
agreement with commonly received and established Jgractice.

(6) Fig. 2 illustrates more fully the triangle of forces p ¢ » with their
angles of divergence. The resultant 7, it will be seen, forms an angle with
the normal to OA of the assumed value of ¢1, tan. ¢; being the co-efficient
of friction of earth against the wall. This force, which acts in favour of the
wall, causing a downward deflection in the direction of #, is neglected by
some theorists, but without tangible reason. It is evident that friction must
develop on this surface, as well as on the plane of rupture, on any movement

" of the wedge of earth 40X ; consequently it cannot be ignored. The value
of ¢ is, however, not considered as equal to ¢, and in Chalmers’ ¢ Graphical
Detgrmination of the Stresses in the Structures of Engineering,” an authority
on such subjects, the valueof ¢; is assessed at one half that of ¢. This pro-
portional value will be adopted. Asregards ¢, a consensus of authorities place

B 2
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the slope of repose at 1} to 1, which is what ordinary soil naturally assumes.
Some clays, however, have a much flatter slope of repose, as 2z or 3t I;
in such cases, however, the backing should be formed of prepared material,
which will not have a flatter angle of repose than 1} to 1. Sir Benjamin
Baker, in the paper on the pressure of earth on retaining walls above
referred to, assumes 14 to 1 as the slope of repose, although dealing with
London clay with a natural angle of 3 to 1.

(7) The earth backing is thus theoretically considered as a fluid, having
the specific gravity of earth, but subject to modifications by the influence of
friction on the surfaces on which it slides. The reactions of the back of the
wall and of the plane of rupture, in accordance with the properties of fluids,
must be normal to those surfaces, but the action of friction causes obliquity
in the directions of ¢ and of » from the lines normal to-OA4 and O.X.

(8) In all subsequent investigations the value of ¢ will be assumed at
13 to 1, ¢1at 3to 1. With regard to p, the weight of earth will be taken
as 1 cwt. per cubic foot, or specific gravity 1°8. Some clays weigh as much
as 120 lbs. or 125 lbs. per cubic foot, or have a specific gravity of 1°g or 2°0,
but they are exceptional and can be met by special design. In hot countries,
where alone irrigation is practised, the heavy clays common in Europe,
which are due to glacial action, are rarely met with. Most soils do not
weigh over 1oo lbs. per cubic foot.

Position of the Plane of Ruptuve.

(9) It has already been observed (vide par. 2) that the position of OX is
somewhere intermediate between OB and OA. By reference to Fig. 2, it
will be seen that if the plane of rupture be assumed to coincide with that of
repose, the triangle 40X will be coincident with A0B, and consequently
p will be at a maximum value. The angle 8, however, disappears, and with
it . On the other hand, were OX coincident with O4, p would disappear.
Some intermediate position of OX must be found which will satisfy the
condition of giving a greater value to » than any other possible one. In
works where this subject is treated by analytical methods, a formula is given
whereby the angle 8 can be found by calculation, but it is so involved as to
be useless for practical purposes. In Chalmers’ work the problem is solved
by graphical process, but except in the case of a horizontal terrain line, the
system adopted is too abstruse and complicated to be of practical value,
though doubtless suitable for students as an exercise of ingenuity. The
process adopted in this work for finding the correct value of 6, where the
terrain line is not horizental, is experimental in method and as simple as
possible. Various positions of the plane of rupture are tentatively assumed,
the value of » deduced in each case, and that inclination giving the greatest
value to 7 is adopted as the correct value of 6.

(10) When the terrain line AB is horizontal and the angle of friction is
neglected, OX will bisect the angle AOB. The proof of this can be found
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in any work on the subject, When the friction on AO is taken into
account, the direction of # will be more inclined, and thus will tend to
slightly modify the position of OX, but to so small an extent that for all
practical purposes it may be eatirely neglected.

(11) In cases where the terrain line ‘AB is inclined upwards or down-
wards, as shown in Figs. 3 and 4, the position of OX has to be found by a
tentative process as exhibited below.

Fig. 3 is a case with a terrain line inclined upwards at a slope of 2 to 1.
On 4B any number of points, X1, X, etc., are taken; these joined by the
dotted lines with O, form so many planes of rupture, each having different

FiG. 3.

~ values of ¢, viz., the angles X,0B, X,0B, etc. We have now to find which
of these directions will ensure the greatest value of R, the resultant pressure
on the wall. As the triangles A0X;, AOX,, etc., have the common base 40,
their areas are directly proportional to their several sides, 4X;, 4X,, etc.,
consequently these sides can be taken as representative of their areas,
t.e., of p1, pa, etc., the weights of the prisms held up by the wall.

To avoid constructing a separate figure the force polygon can be joined
on to the diagram by assuming AX as the vertical load line. At the point
A the direction of 7 is set off, making an angle with p equal a on the figure,
in the same way at the points X, X,, etc., the angles 8y, 85, which 0X; and
0X, make with OB are set off toward the line ». These lines, which repre-
sent the oblique reactions of the planes of rupture, cut » in several places.
These several intercepts of the line above the point 4 give the value of 7 for
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each trial plane of rupture, and that angle effecting the largest intercept is
to be adopted as the correct value of 8. In the case in question the line 4
gives that greatest value to . 0OX,is then the correct plane of rupture, and
X OB the correct value of the angle 8.

(12) In Fig. 4, where the terrain line slopes downwards, the process of
finding the plane of rupture is iden-
tical with that already described. In
this example the intercept of 85 is the
largest, consequently OXj is the true
plane of rupture. It will be noticed
that with a rising terrain, as in Fig. 3,
the position of the plane of rupture
lies beyond the bisection of the angle
AOX, whereas with a falling terrain
line in Fig. 4 it lies within the
bisection.

(13) A third case is illustrated in
Fig. 5.

Here the terrain line is horizontal,
but above this is superimposed a
depth of water. This is an example of the common case of a masonry weir
wall with earth backing and water passing over the crest. Itis clear that the

presence of the water will

Lo not modify the position of
L 0X, which will bisect the
- L b Serface of Water angle AOB (vide par. 10).
i For purposes of simplification

the area of the water rect-
angle aX has to be reduced
to the corresponding weight
of earth. Taking the specific
gravity of the earth backing
as 18, if the depth Aa of the
water rectangle be divided by
18 and A4, made equal to
this, the area of the smaller
rectangle 41X will then repre-
sent the corresponding weight
of earth. In the example before us the depth of water Aais 4ft. AA;isthen

scaled off = f_B = 222, or this division can better be effected by graphical

process. Make the horizontal A¢ = 1'8 on any scale, and Ad = 1, join
¢d, mark off Ae = Aa and draw ed; parallel to cd, 44, will then be f:%.

The horizontal through 4; should be drawn, meeting OX continued, at Xi;
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thesenlarged triangle 4,0X, will then represent -the combined weight of
earth and water acting on the wall, as if composed of the former material.
The slight excess in the area of the superimposed parallelopiped 4 X;,
which is somewhat larger than the rectangle 4:X, is too trifling for considera-
tion, though capable of exact adjustment by further lowering the line A X;.

(14) Process of drawing resultant line of pressure to base of wall profile.

H=30 D 77 I _¢ _ ,.hf

Fig. 6 represents a trapezoidal section of wall 30 feet high, 2 feet wide at
crest, and 12 feet at base. The face is vertical. The object of drawing the
resultant line of pressure through the base of the wall is that the position
of the point where this intersects the base .
forms the criterion of the stability of the
section adopted. If it falls at the outer
toe, the section is of just sufficient statical
stability; if outside, the wall will over-
turn. The further the point of inter-
section falls within the outer toe, the
greater the stability. Excess, however,
would lead to waste of material. As
already noticed in par. 5 the unknown
force of cohesion forms a large but
indefinite factor of safety. It is, how-
ever, deemed advisable to ensure a certain small additional precise factor by
designing the section so that the resultant line of pressure wiil intersect the
base within the outer toe at a distance having a certain arbitrary proportion
to the width of base. This will obviate any remote possibility of crushing
the material at the edge of the base, which would be liable to occur were
the maximum point of pressure concentrated at this point. This inset being
a fraction of the base will ensure a uniform system of design applicable to all
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sections and one which is in agreement with practical examples of known
stability, the weight”of these trapezoidal walls thus bearing a constant ratio
to the base width 5, the top width being a fixed dimension.

This fraction will be fixed at one-eighth the width of base, and has been
decided on with due regard to assimilation of deSIgn to the proportions of
retaining’walls such as are commonly followed in practice. The problem of
design now consists in adjusting the base width of the sections so that the

resultant .line of pressure will cut the base at a point b within the toe.

8
This can only be effected by a tentative process of trial and error. As the
section is determined entirely by the base width, any alteration in the latter
affects the back slope of the wall, and with it the oblique direction of 7,
which is at a fixed angle from the normal to the back; furthermore thearea
of the triangle of earth pressure, the position of OX and value of 8, are all
modified by any alteration in the base width of the profile of the wall.

To express this in analytlcal terms would necessitate the use of formulas
of so comphcated a form as to prove too cumbersome by far for practical
purposes, and:the time spent in working them out would greatly exceed that
employed in making the graphical solution, besides the increased liability to
error.

(15) As already noted in par. 8 the specific gravity of earth backing is
taken as 18 for these investigations. With regard to the walls, carefully
built rubble masonry will weigh from 140 lbs. to 145 1bs. per cubic foot, i.c.,
have a specific gravity of 2}. This value is adopted in “ Water Works
Engineering ’* as applicable to masonry dams, where it is stated that the
specific gravity of the stone used with careful construction should, in casesof
walls subject to water pressure, bring the weight of the built masonry to not
less than 145 lbs. per cubic foot.

For retaining walls of ordinary construction a specific gravity of 2} is
deemed too high, and in this work 2'1 will be adopted for earth-retaining
walls and z°25 for stone dams and weirs.

Granite masonry has a specific gravity of 2}, or even 3 or more, with
Portland cement mortar. Brickwork varies from 100 lbs. to 125 lbs. per
cubic foot, i.c., from specific gravities 1°6 to 2'0. In these investigations 1'8
will be adopted as the specific gravity of brickwork. The following is a
résumé of the foregoing :—

Earth Backing, Specifi¢c Gravity ... 18
Brickwork, Specific Gravity... ... I'7 to 1’8 in lime mortar
Ordinary Stone Masonry ... e 271
Special... ... 2'25
Granite ... 2'3to 3in cement
¢ ... . .. 13torx
¢ ... e ves ... 3tozx

x" ¢ Water Works Engineering,” by Tudsbery and Brightmore.
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{16) To revert to Fig. 6. OB is the plane df repose, sef out at 13 tor
from the base line 00;. The terrain line AX being hotizontal the plane of

AZOB. The prism of earth 40X,

rupture bisects the angle A0OB, and § =

which exerts active pressure on the wall will do so by sliding in its base OX.
The resultant line of pressure of this weight will act through the centre of
gravity of the triangle AOX, and a line, shown dotted on figure, drawn
parallel to the base of the triangle AOX through G cuts the back: of the wall
AO at the point marked a. Oa is clearly one-third of 40, and thus we see
that whenever the apex of the triangle of earth pressure is coincident with
the inner point of crest of wall, the resultant earth pressure invariably acts

at one-third the vertical height of wall above base or at %I In Fig. 5 the

apex of the corresponding triangle is not at 4 but at 4; higher up; con-
sequently the centre of pressure will be at. a greater height above the
base. : ‘

(17) Having found a, the point of application of #, its direction is found
by drawing ab at right angles to A0 and from it setting off » upwards at an
inclination of ¢;, or 3 to 1 from the normal ab. The line » §hould be
continued through the profile. This force will now have to be combined
with that consisting of the weight of the masonry acting through its centre
of gravity.

By far the easiest method of finding the centre of gravity of a trapezoidal
figure is as follows :—From 4 measure off A¢c = base OC and similarly from C,
Cd = crest AD, join c¢d and also the points of bisection of 4D and OC. The
intersection of these lines is G, the centre of gravity of the profile ADCO.
From this point G draw a vertical, cutting 7 at the point f.

The directions of the two forces » and W are now connected on the profile,
and the next step is to find out their values.

Let H denote the vertical height of the wall. Then the weight of the

prism AOX taken as one unit wide is I;{ X AX X w, w being the weight ot

a cubic foot of the earth backing. Similarly that of the wall will be
H X W X zn, W being the half width of the wall. Let ¢ be the specific
gravity of earth, p that of masonry, then the weight of a cubic foot of water
being 62°3 Ibs. w = ¢ X 623 and w; == p X 62'3. Hence the two expres-
sions which have to be graphically equated become

H x A—ZX X € X 62°3

HXx WXp X623
eliminating the common factors we have as representative of the loads on
either side

Earth = /—I-Z-)-(

Masonry = Wp
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Reducing the earth expression to the base of the specific gravity of masonry,

i.e., by dividing both expressions by p, we have

AX

— X
2

Vertical wall pressure = W.

Vertical earth pressure =

E-R K

(18) This arrangement for the simplification of expressions is commonly
adopted in graphical calculations.

The force polygon is shown in Fig, 6a. Here the vertical force is repre-
sented by ab = ézf X i To effect this fractional multiplication graphically,

ac is drawn horizontally = ‘_4_2)_( On ab mark off on any scale, 1'8 the specific

gravity of earth and on ac, 2'1, that of masonry, join these points and
through ¢ draw cb parallel to the last line. Then by similarity of triangles, ab

orp will = pd ;:08 =z A?)f X ; From b set off bd inclined at the angle 8 from

p,and through a draw ad parallel to the line » in the profile Fig. 6. The triangle
abd will then represent the forces p ¢ and ». Having now obtained 7 in
quantity as well as direction, it has to be combined with the force W,
This can be best effected on the same diagram. The procedure is as
follows :—Draw de vertically = W, i.e. = # ft. and join ae. The triangle
ade will then be the force triangle required, ad being » and de IV ; the
resultant of these two forces R will be ae, the third side of the triangle ade,
in direction and magnitude. R is then the resultant line of pressure on the
base which is required. In Fig. 6 from the point f draw R parallel to ae¢ in
Fig. 6a, cutting the base at the point 4.

(19) The distance of 4 from the outer toe C will be found to be close to
1 foot 6 inches or § base CO. When the wall is of brickwork of the specific
gravity 1'8, the same as that of the earth backing, the force p is drawn equal
to ézi‘ This is shown in Fig. 6b. The resultant R; reciprocal to that in
Fig. 6b is drawn as a dotted line on the profile Fig. 6. Its incidence on the
base CO is nearer the toe C than that of R. To bring the incidence of R;

back to the point %, which latter is at 812 distance from C, the base width

will have to be increased by half a foot and be in terms of H ; '4H + 3,
instead of *4H, as it stands in the drawing.

The Reciprocal Triangle of Earth Pressuve.

(20) Hitherto we have only been concerned with the point of intersection
of all the forces engaged on the base line of the retaining wall, the position
of which point demonstrates the stability of the section, and which is
identical in result with the analytical system of taking moments about the
outer toe, or some other fixed point in the base line.



CHAPTER I.—RETAINING WALLS iI

This procedure is sufficient in most cases, as it can be safely assumed
that if the wall at the weakest part, viz., the base, is in stable equilibrium,
the upper part will be still more so, When, however, retaining walls are of
exceptional height, or are subjected to abnormal conditions of pressure, or
are of unusual section, it will become desirable that the line of pressure be
traced right through the section of wall from crest to base, thus enabling the
designer by inspection of the weak points to modify the profile as may be
expedient.

(21) In order to be in a position to draw the line of pressure, the
distribution of the earth pressure on the back of the wall has to be

(7b.)

Figs, 7, 7a, and 7b.

ascertained, the previous method only giving the point of application of
the resultant on the base. '

To effect this the triangle of earth pressure reciprocal to that of the
earth pressing on the wall has to be drawn, reduced to a masonry base, so
that ordinates drawn parallel to the base of this triangle to any point on to
the back of the wall will truly measure the intensity of pressure at such
point.

In Fig. 7 the triangle AOX is the area of earth backing, whose weight
presses on the wall. The pressure developed by this prism is szl at the
crest A, and is a maximum at the base, hence the form of the area of
pressure will be that of a triangle having its apex at the crest 4. The
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area of this triangle should equal the total earth pressure, and each ordinate
drawn parallel to its base will measure the intensity of unit pressure at that
point. Now the total earth pressure in terms of unit weight of masonry is,

as we have already seen, 7H, 7, as in Fig. 7a, being the resultant of the earth
pressure divided by H (the weight being unity), thus the area of the triangle

must = 7H, i.e.,its mean width will be » and its base will measure 2 . In
Fig. 7, if Oa is made = 2 # then the triangle AOa will be the reciprocal
triangle of earth pressure, its area being »H. The base Oad being horizontal,

the measure of the intensity of unit pressure at any point on the back of the
wall 40 will be the horizontal ordinate of the triangle AOQa.

The actual
direction of the pressure, however, is oblique, being inclined to the normal
to the back 40. .

X
1
- 1
1
1]
\
1
\
1
\
\

1

\

1
1
]
\

\
\
’
e e 3 X
-
td
-
Y .
_-_:_.4: N, PSR
rd
//’ i
s
Ax'e 7 -
. AX € s
) 4 -,
e 7
-
vd

Fi1G. 8,

(22) The procedure of drawing the line of pressure will be briefly described.

The wall and triangle of pressure are divided into laminas of equal depth, in
this case three.

Their common depth %I can then be eliminated from the

graphical calculation, the weights of the laminas can then be represented in
the force diagram 7b by their respective mean widths.

Thus in Fig. 7b the load line @b or W is composed of the three half
widths of the wall 1, 2, and 3.

In the same way ac or # is composed of the
three half widths, 1, 2; and 31, of the laminas of the triangle of pressure.

The incidences of 7;, 72 and 73 on the back of the wall are at the intersection
of lines drawn through the CG’s of the laminas.

From these points the
directions of the forces are inclined parallel to » in Figs. 7a and #b.

From
the intersection of 1; with 1 in Fig. 7, R is drawn parallel to its reciprocal R
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in 7b, the point where this cuts the end of the base of thelamina 1 is a point
on the line of pressure. From the intersection of R continued, with 24, a line
is drawn back parallel to its reciprocal in Fig. 7b, the resultant of the three
forces 1, 1y and 2;.  Again from its intersection with the force 2 the line R;
is drawn to meet the inclined force 3; parallel to its reciprocal R; in the
force diagram, this intersects the base of lamina 2, giving a second point in
the line of pressure and terminates as before, at its junction with the inclined
force 3. The procedure as above described with regard tothe réverse line gives
the starting point of the final resultant Ry which intersects the base of the
wall. This latter point is clearly identical with that obtained by the simpler
procedure formerly given.

(23) We will now proceed to show the method of obtaining the incidence
of the resultant line of pressure on the base of a trapezoidal wall in cases wheré
the terrain line is not horizontal and also where it is surcharged with a weight
above the level of the wall crest.

Fig. 8 representsacase with the terrain inclined upwards. First the point
X, or the intersection of the line of rupture with the terrain is obtained by the
means described in par. 11. The area of the prism of earth pressing on the

rear of the wall A OX cannot be represented as was done hitherto by ﬂ X H,

but if the line XX; be drawn parallel
to the back of the wall till it intersects
the horizontal line 4 X; and the point
X, joined with O, then the triangle
AOX; is evidently equal to 40X and
its area is equal to AX1 X H.

The centre of gravity of the prism
is evidently on a line drawn parallel to
the base OX, consequently the inci-
dence of the inclined force # on the
back of the wall will be at one-third of
H. The same is the case with any
triangle having its apex at the point
A. The procedure of finding 7 is

FiG. o.

identical with that already described, p being made equal to 4—2‘1( X S, and
q set off at the angle @ from :its extremity b, which intercepts the inclined
line » drawn from the origin a.

(24) In Fig. 9 we have a similar case, but with the terrain line inclined
downward. The procedure is identical with that in the last case.

(28) Fig. 10 is a replica of Fig. 5, in which the terrain line is loaded with
water. As already noticed in par. 13 the prism of earth acting on the wall
is the triangle 4,0X;. Consequently in the force polygon Fig. Ioa, pis

made either by graphical or arithmetical process equal to ‘—4—12}—(3 X = ; X et

The last fraction enables I to be eliminated as a common factor. By setting
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off 9 at the angle 8 from the base of the load-line the value of 7 is obtained,
as also the base Oa of the triangle of pressure 4O, which is 27. The earth
pressure is represented not by the triangle 4;0a, but by the_ hatched
trapezium A Oa, consequently 7, in Fig. 10, is not representative of the mean
pressure, but 7y, the half-width of the trapezium which is greater than 7, does
so. Hence in.Fig. 10a, 7, has to be measured off from the point of origin a,
to d, and the vertical W or de is drawn through this point d, equal to the
“half-width of the trapezoidal wall; ae is then the direction of R. Inthe
profile Fig. 10 the inclined force », cuts the back of the wall at the inter-

Fias. 10, 10a.

sction of a horizontal through the centre of gravity of the trapezium 40a,
not at that of the triangle 4,04.

(26) The consideration of further abnormal conditions to which retain-
ing walls are subject will now be deferred until the principles of design are
worked out in regard to trapezoidal walls of various heights and face batters
under ordinary conditions of earth pressure. For this purpose Figs. 11 to 15
have been prepared, being a series of diagrams of sections of equal strength
but of varying face batters, placed side by side for purposes of comparison.
Inspection of these¢ diagrams will at once demonstrate to the eye the influence
exerted in the economical design of the sections by face batter, the diagrams
also furnishing reliable types of sections for practical use, based on which
formulas easy of application can be deduced.

. "In all cases the specific gravity of the material of the wall is taken as 2'1,

that of the earth backing as 1°8, the top width at crest is a fixed dimension
of 2 feet,and each section is so designed that the centre of pressure falls close
to the outer toe at a distance of one-eighth of the base from that point. As
noted in par. 19, if the wall is of brickwork with a specific gravity the same as
the earth backing, the incidence of the resultant on the base will be beyond

g from the toe at a point about % from the same point.

Thus brick walls built of these proportions will be safe though of less
stability, or if the same statical condition as was deemed requisite in the case



CHAPTER I.—RETAINING WALLS 5

of stone walls be insisted on, the base should be increased from 6 inches in
.the higher to 4 inches in the lower sections, right through.

f-zA H= 25’ X \' A H x2S’ X

%
we % \% A

FiG. 13. FiG. 14. Fic. 15.

Reference to the diagram series will show that with the change of face
batter the consequent gradual reduction of the base width causes the back
slope to become steeper, till at last in Fig. 15 it vanishes and the back slope
becomes inward in sense. This diminishing of the base is so regular and so
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clearly governed by the height that the base width can well be expressed in
terms of H, and rules can be framed giving the required base width of any
In this, the base for a vertically faced wall,
as in Fig. 11, will be used as a standard, the whole of that series working out
to "4H. The base width of Fig. 12 works out to ‘4H—1, of Fig. 13 to

wall as a fraction of its height.

‘4H—13%, of Fig. 14 to "4H—2%, and of Fig. 15 to "4H—4.

Sections have been drawn out for everydepth from 30 toxo feet for each face
slope, though not given here, and the tabular statement below is the result.

TABLE. I.
e
Face.| H. Base. si;e%?e % P‘%%::gg:%z Face.| H. Base. sggx-e%?e li; ‘P"%ﬁg‘:‘;ﬁé?
Feet. Feet. - Feet.
30 4 H 210 4%3 5 30 |4H—1 | 195 21—6[ 10
F | 25| 4H | 150 ﬁ E 25 |'4H—1 | 137} 4:%
;ﬁ 20 4 H | 100 i .; 20 |4H—1 90 ﬁ)
15 | 4H 60 ?Ig éf 15 |'4H—1 52% 41*3
10| -4H 27% 5{1 10 |4H—1 | 25 i |
30 | "4H—1% | 187} 4‘18 12°8 30 |'4H—2}| 172} siz 1773
2 25 |‘4H—1% | 131 4—18 “E’ 25 |"4H—2%| 119 fz
g 20 |*4yH—1%| 85 %7 é 20 '4H——2%_ 75 5172
& | 15 | 4H—1§| 49 fg S| 15 |4H—21 43 5*1.4
10 | 4H~—1%| 22} ﬁ 10 |[4H—2 20 3
o ¢
o] yH—yg | 150 % g
E 425 | '4H—4 | 100 6i2 é;i ’
% 20 | yH—gq | 60 6i7 -§ g ‘
1 15| 4H—3 | 38 é 'f;;“
‘ M
NoTe.—H = vertical height. W = mean width of walls (both in feet). p = 2'1.
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(27) In practice many revetment walls, as wings of bridges, have a crest
sloping down at 1% or 2 to I in uniformity with the side slope of an embank-
ment which they support. If designed of equal strength throughout, in
accordance with the base widths in the Table, the end portion of the wall in
some cases would have an inward and the upper an outward back siope.
Although it is possible to build the wall in this way, the outer slope gradually
changing from inward slope to vertical and again outward, yet it would be a
somewhat awkward construction, and for the sake of simplicity it would be
as well to continue the wall as soon as the outer slope is merged into the
vertical as one with a vertical back; this will cause the lower portion of the
wall to have an excess of strength and material. This fact would militate
against the use of excessive batter as I in 4, or even I in 6, for crest sloping
walls, as the saving effected in the higher portion would be discounted by the
excess in the lower. In the tabular statement given above the height at
which the back slope disappears and the back becomes vertical is noted in
the last column of the Table.

(28) The great economical advantage of face batter to retaining walls is
clearly proved by the sections given and by the Table. Forinstance, the verti--
cally faced wall in Fig. 11 has a sectional area of 150 square feet and a propor-

. W __ mean width I R
—or —————of — . ‘eng
tion of 7 % height Whereas in Fig. 15, of equal strength, the

. . W 1 .
area is 100 square feet, and the fraction & is 62" In this case the back of

the wall has an inward slope, thus approximating to a pitched slope.

(29) Brunel’s curved walls had a value of II/_I[/

leaned over to that extent that the centre of gravity of the wall fell outside
the heel of the base. A specimen of the section of one of these retaining
walls is given in Fig. 16.

For the graphical calculation, the back of the wall is considered as c¢on-
sisting of two planes 4:0; and 0,0, O, being at half the height or 20 feet
above the base. As these portions of the back have different inclinations to
the vertical, the directions of their several planes of rupture and values of 0
and » will also vary. Thus a separate graphical calculation will have to be
made for each of the portions, viz., the whole 40 and the part 4,0,.

The lower portion of the back 00 is continued up to meet the terrain line
at A. The planes of repose OB and O;B; are then set out at 1} to 1 with the
horizontals from O and Oy, and the planes of rupture OX and 0:X; are found
by bisecting the angles AOB and 4,0:B1. The angles 8 and &, are obtained by
this construction. The area of earth pressing on the whole wall is the four-
sided figure 410,0X, or the triangle 40X + the triangle 4014;. If theapex
A be moved to As, so that A4y = AA; X Z,
A50X, will equal the combined area of the two triangles just noted. H,

of nearly one-seventh, and

then the enlarged triangle

being = 2—1, the positio‘n of Ag will be at the bisection of A4;. Hence for'

LW, C
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purposes of measuring the area of the earth triangle, 4,X will be considered
as the base in lieu of AX.

With regard to the upper portion, the triangle 4:0:X; represents the
earth prism pressing on the upper half back 4,01, 4.X; will then measure
the comparative weight of this part.

(30) To find the values of » for each division the force triangle 16a is now
AQ‘\, for the whole depth of
AX
Bk

constructed. The vertical load line is made =

wall, and on the same line the value of p for the upper half, viz.,

Figs, 16, 16a, 16b.

marked off. From the extremity of the load line and also from the higher
point in it the angles ¢ and 6, are set off, intercepting » and #; on the two
lines representing the directions of these forces, which lines are inclined at
angle ¢, above the normal to the planes 40 and 4,0, respectively.

The next step is to construct the reciprocal triangles of earth pressure.
With regard to the upper portion, 27;, drawn horizontally from the point Oy,
will form the base of the triangle, its apex being at A; (vide par. 21).

The lower base could in similar manner be measured = 27 from the
point O, the apex of this larger triangle of pressure being at 4. It will be
more convenient, however, to make the inner side of this triangle coincide
Jswvith that of the upper, viz., with the line 4,0, and 4,0, produced. The
base 2r will then be measured from the intersection of 4,0, produced with
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the base lin€. It is clear that the area of the trapezium below O; will be
the same, whatever inclination is given to its side, as all will have the
same base and lie between the same parallels.

The procedure now closely follows that already described in the case
of Fig. 7. First the wall is divided into parts of equal height, in this
case 1, 2,3 and 4. The triangle and trapezium of earth pressure forming
the corresponding divisions of the wall and of the earth pressure are next
found, and vertical lines drawn through the former and horizontal lines, i.e.,
parallel to their bases through the latter.  Through the points where these
horizontal lines cut the back of the wall, the four feathered lines representing
the directions of » and #; are drawn.

(31) We are now in a position to construct the Haesslers force and ray
polygon, which, owing to the varied inclinations of7, presents some difference
to that illustrated already in Fig.7b. First, from the nuclevs O (Fig. 16b), the
first inclined force 1y is measured in its proper direction and equal in length
to the half width of the triangle 1, on Fig. 16.  From its extremity, the
vertical force 1, is set out equal in length to the half width of division 1 of .
the wall sectton. In the same manner the other forces 2, 2, 31, 3 and 44, 4
are set out. The resultants, Ry, Ry, R3 and Ry, are clearly combinations of
I, I, I; I 2; 2 and so on, and the dotted rays drawn from the outer corners
are the resultants of the odd numbers I, I 21, I3 I, 21 2 3, etc. The drawing
of the reciprocals on the wall section is identical with that already descrlbed
with reference to Fig. 7, and need not be repeated. The intersections of
Ri, Ry, Rs, and Ry, with the base lines of the divisions 1, 2, 3 and 4 give four
points on the line of pressure. The relative position of these proves the
stability of the wall. The weakest point is at the base, and it is evident
that the stability of the wall would be considerably improved by the addition
of an off-set from the face near the lower end.

(32) The centre of gravity of the whole wall falls without the inner toe.
It is not shown in Fig. 16. Thus without the earth backing the wall would
fall backwards. This was provided for during construction by tightly
packing the back of the wall with rammed earth as the work proceeded.
Several walls of similar light pattern were constructed by Brunmel on the
Great Western Railway.

A curved face batter is very suitable for walls at or over 30 feet in height,
as it corresponds more closely with the line of pressure and results in a more
economical distribution of material. For irrigation works, however, this
section is not very suitable except in the case of lock walls, which really
belong to navigation canals.

(33) Retaining walls, which overfall to such an extent as to be supported
entirely by the earth, instead of vice versd, are termed pitched or riprapped
slopes. Figs. 17, 18 and 19 are examples in question.

In Fig. 17 the pitched slope is § to 1, and the diagram exhibits tentatlve

c2
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methods of ascertaining what thickness of pitching or riprap will be

required. The procedure is identical with those already described for
obtaining the centre of pressure on the base of retaining walls.

A uzas X 'JL

AX
e e

w74
wk Ax £ //
f §€//
o .
. \,}p{/
i (17a2.)

«Q
N\
\,

Figs. 17, 17a.

Trial is made of three thicknesses: 2 feet, 13 feet and 1 foot.
W in the force polygon Fig. 17a has therefore three different values and
consequently R has likewise three different directions and values. Of the

.

A A Hzas X

/1

Middle Seelion

Figs. 18, 18a,

three, R, intersects the base, consequently the intermediate thickness of
1} feet is sufficient for purposes of stability.

In Fig. 18 the slope is likewise 4 to I, but ¢, the angle of repose, is
given an inclination of 2 to 1. In this example, two trial mean thicknesses
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of 23 and 24 feet are adopted, the pitching being made 6 inches thicker at
the base than at the surface. Of the two thicknesses the greater, or Ri,
will be the correct one to adopt.

In Fig. 19 the slope is 1 to 1 with the angle of repose 2 to 1, showing
that a g-inch thickness of pitching is more than sufficient.

These examples prove the economy in the substitution of a masonry
pitched slope for a retaining wall. A river weir designed on this principle is
illustrated in Fig. 24. :

(34) Varieties of solid retaining walls used in irrigation works may be
classified as below as regards section :—

A, walls with horizontal crests with earth pressure to base.
B, walls with sloping crests with earth pressure to base.

Fics. 19, 10a.

C, walls with earth pressure for a fraction of height above foundations.

D, walls in parallel pairs termed land wings or straight returns.

E, single land wings or straight return stop walls with earth pressure

equal on either side.

F, surcharged walls.

G, walls with unequal earth pressure on both sides.

H, weir walls with earth backing to near crest which is overlaid by

water.

Of theseclasses C, E and H are peculiar to irrigation works, not being
found component parts of ordinary railway works. As regards class C this
peculiarity is due either to a fall in the canal bed, at the canal cross work,
when, as is generally the case, the foundations of the up-stream walls are
taken down to the same level as that of the down-stream walls ; the portion
below the upper bed being thus built in a trench in the solid ground is not
subject to earth pressure below that level. Walls of class E are used in falls,
either river or canal, where there is no regulating or traffic bridge, and the
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weir wall modified in section and raised to height of bank is run straight on
into the embankment on either side of the overfall gap. Class H has already
been investigated in part (vide Fig. 10).

(85) Figs. 20 to 24 contain outline plans and elevations of various
dispositions of walls in cross canal works. ’

Fig. 20 represents the skeleton outline of a level floor opening, either for
a bridge to pass traffic or a regulating bridge with grooved piers and gates.
The archway, piers, etc., are not shown as the object of the sketch is merely
to illustrate the dlfferent systems of retaining walls and the arrangement

=
B

wor4019) ;T

1%

" Elevations
F1G. 20.

of the earth slopes Figs. 20a are half plan and elevation of straight
return or land wings similar to those used in railway over-bridges. These
run back at right angles to the axis of the work at either side of the
abutment, formlng w1th the latter what is sometimes termed a [J abutment.

This direct return type has this in its disfavour: that the crest being
horizontal, the walls are of the same heavy section right through and, as
ordinarily built, are not so economical as the sloping crest flank wall
illustrated in Figs. zob to 23b. Further, in this latter disposition the flank
walls form a guide for the water, a function which is valuable in case of
increased current, as occurs below a fall.

(36) Figs. 2oc, 21c and 23c represent a type of splayed wing now in
much favour for various reasons for use up stream, generally in combination
with (b) down stream.
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This wall is naturally more expensive than a splayed and crest-sloped wall;
but it has the advantage of great flank: protection against soakage or perco-
lation under a head of water, and in addition, by causing the widening of the
embankment, enables the abutment to be made much shorter, or if the latter
is already wide, carrying arches of a bridge, it forms a level space close to the
work and clear of the roadway, which space is found useful for many purposes.
It further guides the current into the opening, which is always less than the
water surface of the channel.

With regard to (b) in plan and elevation.in Fig. 20, these are views of a
sloping wing with crest parallel to the axis of the work, the base or spring
line of the batter being splayed outward at an inclination to the crest, of ratio
of batter X ratio of fall of crest. In this sketch; the face batter being 1 in 10
and slope of crest 1% to 1, the divergence of the base line from axis will be

/%)

wongosg wrupmprbuory

M
I

Elevation,

Fig. 21,

1in 15. The wing is provided with an end return 4 feet high, whose length
should equal its height X ratio of slope of bank, 7.e.,4 X 1} = 6 feet. This
return wall is surcharged, but it will be strong enough in section if built of
the same thickness as the end of wing abutting on to it and given a face
batter. "

The advantage of a water wing of this description is obvious: it guides
the water issuing through the opening in a straight course down the ¢hannel
and also protects the banks down stream from contact with water, except,
possibly at its lower entremity, which is removed far from the main work.

Where, as is often the case, a masonry floor extends down stream beyond
the abutment, flank wings of this description are a necessity, or else with
pitched slope a dwarf wing can be substituted, as shown in Fig. 24a.

(87) In Fig. 21 a similar disposition. of walls is exhibited as the 6 and ¢
series in the last figure. In this case the floor is not level, but a drop of
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4% feet occurs in the canal bed. It will be seen that the abutments are very
narrow, only sufficiently wide to cover the end of the cross drop wall. Here
a direct return could not be adopted, or if so the abutment would have to be
lengtheried to contain the proper top width of bank approach. The efficient
protection of the work from outflanking and the provision of the necessary
width of bank are clearly effected in a satisfactory and economical manner
by the splayed wall (¢) (termed flaring wings in America).

. Down stream the sloping crested water wings (b) display a slight difference
in the way the batter is arranged. The base lines are parallel with the axis
of the work, consequently the crest lines diverge inwards. This looks some-
what awkward on elevation, but there are cases where even a small outward
splay of the water wings would be deemed objectionable, it being essential
that the current be guided in an absolutely axial direction.
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(38) Fig. 22 illustrates the case of a tank fall built in a depression which
has the surface of ground at about floor level. In such cases the splayed
wings up stream are not suitable, being necessarily of heavy section, and
the connection with the tank embankment, which in this case has a flat
inner slope of 3 to 1 and runs at right angles to the axis of the work, is
rather awkward. An abutment of width equal to that of the embankment,
combined with splayed sloping wings as illustrated, is about the best arrange-
ment. In this case the down-stream wings (b) are shown set back, the out-
lining of the abutment being modified by having the corner bevelled off to
prevent sharp corners and consequent eddies in the current. The dog-legged
pattern down-stream wings shown in the next figure is a still better type.

The water wings (b) are both shown without returns, running right down
to the toe of the embankment on either side. They are sometimes con-
structed splayed as far as end of down-stre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>