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so tha t the resultant is still ·03 feet outside the middle third; 
and if tha t is not cOllsidet'ed near enough another inch added 
to the width of base will make it so. 

The following table of walls shows a comparison of a variety 
of conditions, h = 6 feet and 12 feet, rectangular and battered, 
calculated for cohesion with the diffe rent values above described, 
and also without allowance for cohesion, in the usual text­
book method. The table graphically sets out the very great 
economy obtained f rom an allowance of even 25 pounds per 
square inch ultimate cohesive strength of the mortar, 
which allowance, as is seen, reduces the walls to about 
half the size of those computed in the manner usually advo­
cated. notwithstanding a factor of safety of about 19 to 29 for 
cohes ion, as against \he cohesive strength of cemfmt mortar 
(240 ) in the walls for working conditions. 

A few other points of interest may be seen in the table. It 
may be observed that the rectangular f orm of wall is an abso­
lute source of weakn ess. Taking the diagram condition walls, 
it will be observed that those with backs battered are actually 
of less width 011 the base than those that are rectangular (com­
pare 2 with 4 and 6 with 8), and the fac tor of safety of the 
rectallgular walls against overturning only is merely a trifle 
in excess of the smaller walls with batters, notwithstanding that 
the rectangular walls contain nearly twice the quantity of ma­
terial. Material more p roperly placed gives almost tne same 
strength as nearly double the amount in unsuitable form, with 
very little difference in cost of labour at that. '1'his is accounted 
for by the relative positions of the centre of gravity, and the 
extra material in the upper portion of the wall merely gives 
rise to a trndency to make the wall top heavy; it is not only 
a waste of material, but it is a waste that is positively detri­
mental to the stability. 

When proposing a new factor such as cohesion, in view 
of the fact that the proposal results in considerable reduction 
of dimensionfi . as shown by the table. i t is necessary to con­
sider to what extent other actions causing tendency to failure 
are affected t.hereby . So far, it is seen that the walls scheduled 
with dimcnsiOllfi for diagram condi t ion are sufficiently secure 
against overturnin g. but the horizontal effect of the force P 
also induces a tendency Oil the wall to slide horizontally on its 
base or other joints. With a wall r esting only, and without 
cohesion, on an horizontal foundation . such tendency would be 
r esisted by fri ction; but si nee th e walls are not in the least 
likely to be built so as to depend upon friction alone. that ex­
f' essively uncertain quantity l~"ed not be considered in detail. 
When the element of the cohesion of the mortar is added, the 
ref5istance becomes shearing strength of the mortar. Whether 
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fric t ion or shearing stress, considerable additional resistance is 
afforded by laying the bed-joints at right angles to the back 
batter or slope, when a lifting r esistance, due to the inclined 
plane, is added to the sliding resistance ; but it is prefe'rable to 
consider the shearing strength alone as affording the resistance 
required, partly because t he lifti ng r esistance is proportionately 
small at ordinary inclinat ions, as compared with the shearing 
str ength of the cement, and partly because it would be diffi­
cult to determine to what extent such lifting resistance would 
come into action prior to f racture of the mortar , whilst after that 
fracture the weight of the mass would have to act alone, and 
would, of conrse, be insufficient, or the f racture could not. have 
occurred. 

The smallest 12-foot wall in the table is that in the C = 
14,400 b division, with base 1 ·5 foot wide, with factor of 1 
against the horizontal force of 4,493 pounds ; allowing the same 
factor 1, since that wall has 216 square inches of area of mor­
tar per f oot run of the wall, it is necessary that the mortar 
should have an ultimate r esistance to shearing of 21 pounds per 
square inch. It is stated that the ultimate shearing strength 
of 3 to 1 Port land cement mortar, under the same (favourable) 
conditions, may be safely taken at 35 pounds per square inch; 
hence this wall has ample excess in that direct ion. The 
smallest diagram factor wall (12 feet high ) has width of base 
2'5 feet, and presents 360 square inches of r esistance, so has 
a fact or of about 2 ·8 against shear, or about the same as the 
factor for stability; hence all the larger or safe working con­
dition walls are amply strong in resistance to "shear" or hori­
zontal sliding. 

Next there is r esistance to bulging, which might take place 
in one of two ways, either in some par t of the length of the 
wall as a kind of " beam " strain between supports, or in some 
part of its height. The latter event does occasionally occur 
whilst the mortar is green ; it has been known to occur to a 
certain extent, and then to cease altogether, probably owing to 
temporary removal of l't ress with subsequent or more complete 
setting of the mortar. 

Such a wall is not a beam sw;;pended between the ends; it 
is supported all along the base line, which is the line of maxi­
mum pressure; and this support is carried up in parallels with 
lessening pressure through the other course joints of the 
Illasonry to the crest , where the pressure is niL Any propensity 
to "bulge " is closely analogous to shearing strain at the foun­
dat ion ; it ap pears to occur most frequently at the position of 
the centre of pressure in weakly-constructed walls, and it be­
comes a shearing st r ain at that point. But if the wall be de­
signed (as it must be designed ) so that each course is of suffi-
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cient width to withstand the stress of the full ."head " above 
it, each course will have a ratio of strength corresponding to 
the strength of the base course. 

Hence it may reasonably be ccmtended that the tendency 
to bulge is ouly a form of tendency to shear or slide, taking 
place in joints other than those of the base ; and that if the 
wall be of strength sufficient to withstand the one, it will be 
similarly so with regard to the other. 

There now rcmains r esistance to crushing stress. With the 
wall standin g free f rom lateral pressure, the r esultant obviously 
li es. along the cen t re of gravity points of the different courses, 
and the weight of the wall, resting upon its base evenly to an 
equal distance on each side of this line, needs only special con­
sideration in the case of very high walls, and certainly in none 
of those of the table. 

' Vhen, however , the lateral pressure P is applied, the r e­
sultant is pushed over towards the toe of the wall. If f = 1, the 
resultant crosses the base line at the toe, and then the total 
pressure is theoretically concentrated, and practically nearly 
concentrated upon that point, when, if the resultant stress be 
in excess of the crushing strength, the toe must crnmble and 
the wall will fail. 

When the resultant passes through some point of the base 
line inside the toe, the grea test pressure falls upon that point 
whilst a portion of the aggregate is distributed between that 
point and the toe, and the r emainder between the same point 
and another at equal distance upon the other side, the amount 
theoretically diminishing with distance from the r esultant, so 
that the further point, the heel, would be in the position of 
receiving none ; but this feature is modified by the distributing 
faculty of the molecules of the material. 

Practically the pressure on the base of the wall may be 
regarded as concentrat ed upon that portion of the base that lies 
between the toe and the r esultant, and an equivalent width on 
the opposite side of the r esultant ; and for all practical pur­
poses the molecular properties of the material may be consid­
ered as causing unifo rm distribution of the total stress over 
that portion . H ence, in a wall three feet wide, if the lateral 
pressure be such as to throw the r esultant over to a point one 
foot inside the toe (the middle third condition )., the whole of 
the pressure represent ed by the r esultant may be regarded as 
evenly distributed over the two-thirds of the base on the toe 
side. The assumption is on the side of safety, because the one­
third on the heel side will certainly r eceive some of the load, 
the amount depending upon the characteristics of the material. 
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Wall No.8, of the table of the c = 14,400 b section, is the 
most heavily stressed in this direction. The value of the resul­
tant or total crushing stress is 28,422 pounds on a width of 
2 X ] ·17 = 2 ·34 feet of the base, giving 85 pounds per square 
inch of compression. The ultimate compressive strength of the 
mortar is probably about 1,000 pounds per square inch. and 
that of the brickwork in cement may safely be regarded as hav­
in g a working or safe r esistance to crushing of 180. o'"r certainly 
150 pounds per square inch . 

It may now be considered as established that all the walls 
ill the table are stable against the various stresses to which they 
are liable, to at least the value of the factor placed against each; 
and also that those scheduled as calculated to the middle third 
condi tion are safe working const ruction under the conditions 
set forth . It may also be reasonably concluded that those cal­
(mlated to middle third condition, Wider C = 7,200 b, can be 
accepted as sufficient dimensions, when specilfl care is taken to 
ensure excellence of material and workmanship; whilst those 
similarl y calculated with C = 3,600 b are safe working walls 
for quite ordinary construction under full hydrostatic pressure. 

The obvious objection to the practice of construction, on 
the principle of allQwing value for the cohesive strength of the 
mortar, is the difficulty of fixing the value of that strength. 
For instance, if a wall be built to resist an hydraulic pressure, 
and that pressure be applied before the mortar has had time to 
set, obviously the wall will not have its proper quota of assis­
tance from the cohesive property, and in the case of a very 
thick wall, it may occupy weeks, and even months, before that 
wall is anything but gre~m; though, of course, a very thick 
wall will take a long time to build, and its points of maximum 
pressure will be completed first and have the longer time to 
set. 

In most cases the period required for setting can be ar­
ran ged for. A dam may be completed early in the dry sea­
son, or some months before it is actually r equired to stand stress. 
A r etaining wall may be built and dry backing placed behind 
it with ample provision of seepage holes in the base, and dur­
ing the setting period, some little care may be taken to divert 
drainage from the new work. In most cases of retaining walls 
for embankments the full computed stress will not come ·into 
action prior to the occurence of some phenomenal season, if at 
all. . 

III the case of retaining walls, it mllst be recognised that 
each case can only be eonsidered on its merits, and much must 
depend upon the judgment of the designing architect or en­
gineer; but it is certainly an unpleasant alternative to incur 
two or three times the cost of a wall to provide a source of 
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strength that is only of service for a few weeks, or at most 
months, and then is never again required. In m()st cases it is 
less expensive to make arrangements to admit of the seUing of 
the mortar illan to pay the high cost of tht~ 1Il0re gravity wall. 

Returning once more to the table of walls, it may be ob­
served that the No. 8, 12-foot wall in the C = 3,600 b section, is 
-1 ·5 feet wide at the base, and that the No.4, corresponding 
6-feet wall, is only 1·75 foot wide at the base, or considerably 
less than half of the former; hence it is evident that the requi­
site width of base is not directly proportional to the height; 
aIm 1113 1. if the batter of the 12-feet wall be built in a straight 
line from the toe to the crest, there will certainly be waste of, or 
ullsuitably placed materials. That wall would be 2·6 wide at 
the middle, whereas :No.4 shows that it only needs to be 175 
at that point. On the other hand, it does not follow that the 
wall could safely be construct ed 1·75 wide at 6 feet height and 
4·.s at the base, for the loss in weight in the upper portion 
would need some compensation in the leverage. Still, notwith­
stauding, an accurately designed wall must have a profile, which 
will partake more or less of the form of a curve. This is bet­
ter exemplified by inspection of the ~gures A, B, and C. 

Figure A r epresents a theoretical profile under the practi­
cal conditions of the proper factors of safety, as against over­
turning, sliding, or crushing, but starting from a point, at the 
wate l' level , to show the conformation of the various curves 
when ealculated upon the basis of an allowance for cohesion 
of C = 3,600 b in the cement, with which the particles are 
bound together. Pigure B represents what may be termed a 
practical profile under similar conditions, but allowing a width 
of crest of 5 feet for convenience, and access to fittings, such 
as sluiee valves, etc. Figure C is a copy of the Wegmann dam 
practical profile, for the same hydrostatic pressure, introduced 
for t he purpose of comparison. The three walls are calculated 
for praetically the same ('onditiolls, though the advantage is 
slightly in favour of the \Vegmann waH, which is based upon 
S.G. 2,\ for the material. or 145 ·6 pounds per cubic foot , whereas 
the walls of Figures A and B are computed for material 
weighing only 140 pounds per cubic foot, so that the difference 
bctween the systems is slightly greater than appears from the 
fig ured dimensions. 

With all due r espect to a generally recognised authority, 
the design of the Wegmann wall appears to be somewhat illogi­
cal, for it is laid down as a condition of the design that fric­
tion, to prevent sliding on the base (or horizontal joints), is 
assumed. The wall is otherwise calculated purely upon the 
basis of gravity as against overturning moments. Friction, to 
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prevent sliding on the base, might well be provided by dove­
tailin g the base into the foundation, but what is going to pro­
vide this friction on the other horizontal joints? They might 
all be dove-tailell, too. It would not be impossible, but it would 
be expensive certainly beyond anything, we will venture to say, 
that is contemplated in the design that is labelled "Practical 
P rofile" ; yet, what else, if not cohesion ~ Thus it is fairly evi­
dent that W E:gmann assumes a cohesive strength in the mortar 
as against sliding, but will not allow for the same factor of re­
sistance as against overturning moment . A high co-efficient of 
friction is necessary, to r esist horizontal sliding upon any hori­
zontal plane (that is a self-evident fact) , yet the force which 
enhances at' produces the salile effect throughout the mass is 
totally ignored in the consideration of overturning moments, 
and, as illustrated by comparison of Band 0, it is quite an im­
portant factor in the economy of the wall. 

With regard to Figure A, no further comment is neces­
sary; it is merely an illustration of the path of various curves 
commencing from the p oint at which both stress and strain 
= O. 

Figure B.- Here the, compression arising from the "reser­
voir full" resultant line only amounts to 78 pounds per square 
inch, and allows a factor of nearly 2 against even the s.afe work­
ing allowance for the material, which is t aken as Portland 
cement concrete. The centre of gravity or "reservoir empty" 
line lies slightly outside the middle third-a few inches out­
side of it-but the resulting compression only amounts to 37 
pounds p er square inch, which is trifling. Referring to Fig. 0, it 
will be noted that W egruann seems to lay some stress on ad­
justing this line so that it shall lie within the middle third, and 
with that object, specially constructs an offset of nearly a foot 
on the heel side; but apart f rom the aspect of general confor­
mity with an abstract principle, there seems to be absolutely 
·no purpose served by the provision , and the price is too high 
fo], the mere effect of conformity to abstract pr inciple. 

Upon the base area of F igure B alone the stress to induce 

sliding amounts to ?!8,0~0 4 = 20 pounds per square inch; 
~{X 4 

whils t the friction co-efficient taken at two-thirds the weight 
2 X 89,250 

(for masonry ) amounts to 3 = 59,500, on 3,888 square 

inches, or 15 p ounds per square inch, leaving, there.fore, only 
5 pounds for the stress to be resisted in the form of shearing 
strength, and at the lowest computation the shearing strength 
may be set down at one-quarter of the tensile strength. Tak­
ing the latter at the very moderate value of 50 pounds, there 



IS available 12% pounds per square inch, whilst the said shear­
ing strength is set down by · some authorities as safe at 35 
pounds. But this is not ali, for it is based on the unassisted 
.strength of the base course a.lone, whereas before the wall can 
sliue, it must also break the vertical joints. It might be that 
two such vertical joints would have to be fractured, but certainly 
there must always be one and a portion of another. The verti­
cal joint upon one side only of the figure amounts to 91,800 
square. inches, which allows for less thaD one pound per square 
iI!(:h shearing strength, without including anything for f"ip­
tion nn the base course. Including the latter resistanee , tbere 
is only one-fifth pound per square inch to be counteracted by 
shearing strength, so that against mere "shear " there is a very 
great factor of safety, unless it be contemplated that the shear 
is to ta.ke effect at the shallow ends of the dam; in that case 
the stress would practically amount to overturning moment, the 
factor against which in this wall is 214. 

In Figure C, again taking the friction co-efficient at two­
thirds the weight, the Wegmann wall has frictional resistance 
just about equal to thc sliding stress on the base course, or a 
factor of 1 ill this particular, and practically the same in the 
courses above. The wall is therefore in condition of unstable 
equilibrium on the basis of calculation adopted (unless dove­
tailed throughout), so that evidently the design is dependent 
for its safety upon a factor which is refused place in the other 
calculation. 

It theref6re appears that for the sake of ignoring as an 
asset a force which certainly exists, with substantial value, in 
order to obtain a mathematical factor of 2, or thereabouts, 
against overturning, and only 1. even then against shearing. if 
the same factor be still ignored, W egmann advocates the em­
ployment of some 36 per cent. excess of material and cost over 
and above the quantity that is necessary to obtain concordant 
results when employing that factor, which. although ostensibly 
ignored, is equally essential to his design for the maintenance 
of stable equilibrium throughout-equally in principle. if not 
to the same extent, as in the design of Figure B. 

Upon r eference to }<'igures A and B, it will be obl>el'ved that 
there are three interior curves shown. The left-hand one is 
the line of centre of gravi ty of the mass. and is therefore, of 
course, the resultant line of the condition" rcservoir empty." 
The right-hand line represents the incidence of the combined 
forces (resultant ) at the various sections, under the condition 
"res-ervoir full." The full line between these two represents 
the position of the centre of action of the combined forces, grav­
ity and cohesion. and its situation depends upon the· moment 
of each at each horizontal layer. Perhaps the hest man ncr of 




