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A retaining wall is especially subject to temperature stresses. To locate 
the stresses at specially prep:ued joints, contraction joints may be placed at 
stated intervals. In an unreinforced wall, a spacing of 20 to 30 feet betwecn 
joints is necessary to prcvent intermediate cracks. By introducing steel 
to pre,·ent thc formation of \'isible cracks, no joints are neccssary. Steel 
reinforcement for shrinkagc and temperature contraction is treated vn page 

499· 
EXAMPLE OF T-SHAPED RETAINING WALL 

Example 1. Design a retaining wall 12 ft. high abo ve ground to support 
a sand filling. .\ngle of interna! friction of sand, which weighs rno lb. per 
cu. ft. is 35º, and the fill slopes back at the same angle. \\'orking stresses: 
for the I : 2½ : s concrete iñ compression, ic = jOO lb. per sq. in.; steel in 
tension, f

8 
= 16 ooo lb. per sq. in.; ratio of moduli of elasticity, 11 = 15; 

allowable shear involving diagonal tension, 11 = 32 lh. per sq. in.; bond of 
steel to concrete, 1, = So lb. per sq. in. 

So/ution. If base is imbedded 4 ft. to protect from frost. and if the footing 
is assumed 18 inches thick, total height of wall is 16 ft. and height of stem 
14 f•. 6 in. The design is shown in Fig. 216, page 669. 

\,pright Slab. Earth pressure on stem from formula (2), page 664, 
taking value of Cp from the table, P, = o .. p X roo X q.5

2 
= 8600 lb. 

This acts at ¼ the height. Horizontal component, H, = P, cos 35º = 7040 
lb., and since the weight of wall and vertical component of earth pressure 
do not affect the vertical slab, the moment, M = 7040 X ! X 14.5 X 12 

= 408 ooo in lb. 
Thickness of vertical slab at bottom, using formula (q), page 4 21, and table 

of constants, page 519, and adding r.¡ in. to the depth to steel to properly 

imbed it, isd + 1.7 = 0.29 X o.118v408000+ 1.7 =23.5. Ratio of steel is 
p = 0.005 (to correspond to working stresses), hence a rea of steel is :-l. 8 = 1.31 
sq. in. per foot of length of wall. This is satisfied by l in. round bars placed 
vertically 5.5 in. on centers. (See table, p. 507 .) The thickness of wall at 
top may be selected as 12 in. The moment decreases from the bottom 
upwards so the steel ma y be reduced as shown in Fig. 216, page 669. 

Since total shear, V = ¡040 lb., unit shear involving diagonal tension, is 

7040 (See p. 44 7 .) .\s this does 
V= = 30 lb. per sq. in. 

12 X 2 r . 8 X o. 8q4 
not exceed working stre,s, no stirrups are nt:eded. 

Bond stress is u = = 60 lb. per se¡. in. (see 
21.8 X .S,¡.¡X 2.18 X 2.75 

p. 457). 
Length of bar to imbed in footing to prevent pulling out is 50 X l = 43.8 

in. (see Table on page 454), hence the vertical bars must extend into the 
base this distance, or else D:! provided with bent ends (see page 466). 

* A table of dimensions and reinforcement for T•shaped and for counterfort retaining walls of 
diflerrnt heights, compiled by Sanford E. Thompson, is given in "Concrete in Railroad Construc· 
tion, '' published by The Atlas Portland Cement Co. 
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To obtain this bond, the vertical rods frequently are bent into the ri ht 
cant1lever of the footing. If instead they are bent to run into the left ca!ti­
lever, t_hey may form the horizontal reinforcement there, as shown in Fig. 2 ré. 

Footmg •. I_n a corr~ctly des1gned wall the resultant force should intersect 
the base w1thm the m1ddle third of its length Th' d t · h · 
1 

. · 1s e ermmes t e ratio of 
eng~h of footmg to height of '_"ª11, and can be obtained only by tria! for any 
particular case. .\ study of d1fferent conditions shows that this ratio is gen-

b 

H =7040 LB, 

8 o o .. ., 
g o 

~z o ., 
o .. ., 
" ,, 

Fir,. 216.-Design of T-shaped Retaining Wall. (See p. 669.) 

erally o.4 to o.6, depending upon the inclination of earth pressure, the weight 
of the fill, and finally upon the ratio between the length of the projecting toe 
and the total length of the base. The length of base best suited for our ex• 
ample was found after severa! trials to be 8 ft. 9 in. 
W The forc~s acting on the footing are P2 , the earth pressure on the planeab 

" ~he weight of prism of sand, bcde, and W 2, the weight of the retainin ' 
wall itself. The distance from the toe to the line of action of the resultant J 
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of W, and W
2 
maybe obtained as follows: Find center of gravity of earth and 

t·enter of gravity of concrete; multiply the distance from A to these centers 
of gravity by the respective weight, and thus obtain the statical moment. 
Divide the sum of these moments by the sum of the weights, IV,+ W 2• and the 
location of the center of gravity of the combined weight is obtained. The 
line of pressure drawn for P and R intersects the base just inside of the 

middle third. 
Xormal component of resultant, .\' = 2 r 990 lb. and horizontal component, 

H 
H = r 2 900 lb. Hence, ratio -; = o. 587, which is smaller than the tangen t 

1\ 

of the angle of friction, hence there is no danger of the wall sliding. 
Maximum unit pressure on soil (from formula (.36) , p. 562) is 5000 lb. 

per sq. ft., while the mínimum equals nearly zero. 
The graphical method of finding the distribution of forces on the base is 

explained on page 586. 
Left Cantilever. Omitting weight of slab and of earth above it as neg-

ligible. the forces acting on this part of the footing are represented by trap-

ezoid fghi. 
-ooo + , -,o 

Total force is ~ --·"· - X 2. 58 = rr ooo lb. and moment 
2 

arm from the diagram is r.36 ft.; hence bending moment . .1[ = r I ooo X 
1. 36 X r 2 = 179 500 in. lb. per ft. of width. 

The mínimum depth to steel from formula (r), p. 418, using Table ro, 
page 519, is d = 14.5 in., and the area of steel, As = o.868 sq. in. How­
ever, this depth may be too small to satisfy the bond stress, which is below 

considered. 
Further, if vertical steel in the vertical wall is ali bent ancl carried into the 

left cantilever of the footing. we should have r .30 sq. in. of steel per foot of 
width or i in. round bars spaced 5} in. ce .. which for a depth of 14.5 in. gives 
a ratio p = 0.0075, or greater than is necessary. Jf desired, therefore, a 
part of this steel may be carried only far enough into the footing to prevent 
its pulling out, or if bond stre8s were not excessive, the depth, d, might be 
reduced below 14½ in. The bond for the suggested depth must be considered. 

rrooo 
Unit bond, 1, = - - - - ----- -­

q.5 X 0.9 X 2.75 X 2.18 
140 lb. per sq. in. (see p. 45¡). 

The bond is excessive unless deformed bars of known worth are used. when 
the depth, d, of 1 +½ in., orto properly protect the steel a total depth of 16 in., 
may be permitted. To decrease the bond stress, for round bars the depth 
of the can ti le ver must be increased as follows : Assume the decreased ratio, 
p. for the increased section of concrete at p = 0.0045. Then the correspond­
ing values from Table r 2 , page 5 21, k = .300, j = .900. 

\' V 
From page 457 11 = - henced= - - . Substitutillg Yalues, 

jd~·(, aj.fo 

!1000 d =---- - --- - -= 25.5 in., and total depth 27 in. 
80 X 0.9 X·218 X 2.75 

The depth of beam must be increased to 27 in. in order to decrease tht 

bond stress to 80 lb. per se¡. in. 
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Right Canti\eve· . í t is e,·ident from p· . 
forces act on the · ¡ . ig. 21 6, page 669. that three 

d 
. ng lt canttlever: the upward pressure uf the so1·1 the d 

war we1ght uf th th fil • , own-

?ressure: The res:lt:~;t of tt;s!' f~~:est~:t~,~~'.~:~v~~;r~:~:: ;~e t:~0:;~1ht 
1s negat1ve. ' 

The computations for amount of steel and h h , 
are similar to that for the left cantilever. t e s ear and bond stresses 

The length of imbedment . . th . . necessary to prevent slipping is not treated in 
e prev10us case. so it may be given here in detail. 
Area of concrete, A = 1 2 X 2 _ . 7 - 324 sq. m.; area of steel, .-J.8 = 1.o7 

' · l 07 sq. 111. ancl ratio of steel p - · . ' -
324 

= o.oo33. From table 10, p. 519 find 

the correspondmc, Je and 1· ~ _ 68 . 
"' '· - · 2 ' J = ,91 1. From formula (8). p. 420, 

since JI = 329 000 inch d • 329 ooo poun s, fs = d 
27 

X-
91 

X = r2 5oopoun s. 

For this stress in · 
1 

· 
0

7 - i. X " fleel, the length of imbedment from table on p·1<P 
4_,4 s 39 1 = 29 111. < ,..~ 

Both cantile\'ers may be tapered t . ·d h . . depth si ti O\\a1 t e end to a m1111mum practicable 
'. . nce 1e_ moments decrease from the support to zero at th d 

Horizontal Remforcement for Te , e en · 
, treated on page 499. mperature. femperature reinforcement 

EXAMPLE OF RETAINING WALL WITH COUNTERFORTS 

Example 2. Designa reinforced concrete wall with counterfo t t 
a sand fil!' f 11· r s o support 
ple r' pag~n~;sº t. igh above ground, using same assumptions as in Exam-

Sol11tion. In this type of wall the vertical shb acts as 
the counterfo:ts, the principal steel being hor¡zo~tal.' ~.~~ab :up~orted by 
of the footmg is a cantilever and the footincr below the earth . pi ObJectmg toe 
b th f <> is as a supporte<l 

_Y e counter orts. The counterforts tie the imbedd d f . tical •1· b d • e ootmc, to the ver-
s c1 an act as canttlevers fixed to the f t· D · · "' . . _ 

6 
°0 mg. es1gn 1s shown 111 Fw 

21 ¡, p. 72. ,,. 

The l~labs may be considered as partly continuous, using the moment 
w­

M =~ . If carefully designed for negative moment iif wl2 

permissible. (See p. 428.) 

= - might be 
12 

Instead of forming a projectin()' toe a · .1 . . . 
economical when the pro ·ecf '." l 's a cant1 ever, it is somettmes more 
co•1struct this part of thel fo i;n is 1 arie to introduce small buttresses and 

'fh fi . 0 mg ª so as a partly continuous slab 
e rst step m the operation f d · · · d . 0 esign 1s to determine the !ength of b 

an the relat1on between the projecting toe and th . ase 
able pressure on the soil and th . . e base by tnal, the allow-

e mm1mum angle of inclinat'o f th 1 
ant earth pressure being the det . . f 

1 
n o e resu t-

as for a T-type wall, as outlined e:;1;~;! 6~~-ors. The method is the same 
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Spacing of Counterforts. The spacing of counterforts or ribs may be 
found on the basis of mínimum material*, from which 8 feet may be adopted. 

Vertical Wall. The vertical wall must be considered in narrow horizon­
tal strips as slabs supported by the counterforts, partly continuous, and 
loaded uniformly. The earth pressure changes with the height, so that the 
pressure upon the different strips decreases from the bottom up. The pressure 
against the bottom strip as given on page 672 is 1480 lb. per sq. ft., or 123 

. wl2 j\J 12 3 X 64 X 1 2 
UsmgM= - , 

10 JO 
lb. per ft. of width for r-inch of height. 

9500 inch pounds per inch of width. Hence (p. 418) d = .118 V9500 ; 11.5 

in.; thickness of wall is thus 1 3 in. , and area of steel, A,= 0.005 X r r.:, X 12 

= 0.69 sq. in. per ft. of height. Round bars ¾ in. diameter spaced si inchcs 
on centers may be used. 

For convenience in construction the thickness of the wall may be 
made uniform, and the spacing of rods increased with the decreasing earth 
pressure, asshown on the drawing. The negative bending moment may be 
provided for by introducing short rods in front of buttresses, or by bend­
ing the rods. (p. 428.) 

* For full discussion, see "The Design of Retaining Walls, '' by H. A. Pe~erwn, tngineering 
Record, Vol. LVII, 1908, p. 777; lor practica! purposes the following demonstration illustrates 
the necessary steps. Use notation page 529, also let x = spacing of buttresses in leet; !Q. = the 
maximum horizontal unit pressure on vertical wall, which occurs at the bottom of thc wall. !Q., írom 
formula(3),page 664,is 1480 lb. per sq. ft. Taking a strip of the vertical slab one ít. iu height, whose 

1480 X x' X 12 
span is the spacing of the counterforts, lhc bending moment is then ,\1 = - 10 = 178ox'; 

the depth to steel, (p. 421),d = .29 X.118 \ 178ox = 1.43x. and the Yolumc per íoot oí 

1 h f 11 · 1·+3x 6 f ~1 . . . h . h . 1 í . engt o wa 1s ---¡; X I X 22 = 2. x cu. t. • ax1mum umt we1g t acung on onzonta oot1ng 

. 5 325 X 12 X x 2 -- -
slab 1s 5 325 pounds per sq. ft. Hence .\1 = · · · ,;- ·, d = .29 X .118 \ 1 5325 X 1.

2x' 

2.72X 
= 2.72x, and volume per foot of length oí wall is - 12- X I X 8.25 = 1.9x 

The thickness below steel is a constant for any spacing and thercfore need not be considered in 
fixing the volume. 
' . . 22 X 8.25 X 16 

Assume the th1ckness of counterfort as 16 in., anti volume w,11 be 2 X 1 2 --= IZI 

cu. ft., and for one loot of length of wall, 
121 

. Bccause oí tite greater cost, per unit oí volume, 
X 

of the counterforts over that of tbe slab work_ in a wall of tbis type, the quantity representrng 
the counterfort volume may be increased by, say, 100' ó- Tite expression íor this quantity then 

becomes ~ X 2. Hence total volume, !Q. = 2.6x + 1.9x + 
121 

X 2 
X X 

242 dfl_ 242 (f . . fi d · · ¡ ) or fl.. = 4.5x + -x- and d; = 4.5 - 7= o or m1mmum, rst envat1ve equa s zero . 

!
-;;-

X='-= 7.3 ft, 
4-5 

For practica! purposes, say 8 ít. 
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Horizontal FootingSlab. 
Tbis sial> rnay be con­
sidered as composed of 
narrow strips uniformly 
loaded and supported by 
the counterforts. The 
loading is the difference 
between theweightof the 
earth above it plus the 
vertical component of 
the earth pressure, ·and 
the upward pressure of 
the soil. As indicated 
in the drawing, this dif­
ference is a maximum 
at a and decreases to­
ward b. In this case 
the maximum unit load­
ing is 5566 - 2 4 r = 5325 
lb. per sq .ft. The max­
imum bendingmoment in 
this slab, considering itas 
partly continuous is 

M = 5 3 2 5 X 64 X I 2 

ro 

= 40 800 in. lb. Depth 
of steel, d = 0 _29 x 
0.1 r8 V 40800 =21. 75 in., 
hence thickness may be 
taken as 23.25 in. The 
area of concrete is then 
2 6 L sq. in., hence area of 
steelrequiredis A8=r.31 
sq. in., which is satisfied 
~y t-in. bars spaced s½ 
rn. on centers. T he 
thickness of this founda-

o 
o 
,t ... o 

o ... 
C') 

FIG. 217.-Design of Retaining Wall with Coun­
terforts. (See p. 6¡1.) 

tion slab may be made u: ·t d 
th I d

. d 111 orm, an the sµacing of the rods increased as 
e oa mg ecreases. 

th The negative bending moment must be ~rovided for bv introducing at 
. e top of the slab, under the counterforts, short rods of eq~al size and spac­
rng to the bottom ones or e!se these bottom rods must be bent down at each 
counterfort. (See p. 4 23.) 

o~eunterforts. ~ counterfort is really an upright cantilever beam sup­
~ b ~ b~ the honzontal foundation slab and carrying as its load the vertical 
:h: 0 t e w~ll, which, in turn, tak~s the earth pressure. The thickness of 

counterfo'.t, wh,ch must be suffic1ent to insure rigidity and resist unequal 
pressures dunng construction, may be selected by judgment. 
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. h t·ty of stcel requircd in thc countctiort, we find the To determtne t e quan I f f 
. t f the earth pressure per foot of wall to be ( rom or-

honzontal componen ° X 
O 

X 819 = ,6 200 lb.· hence, the total 
( ) 66 ) .p X 2 2 X 2 2 lo . ' . 

mula 2 ' p. . 4 . ihe counterfort since they are spaced 8 ft., is 8 X r6 200 
force transm1tted 'ftoh b ct· morr:ent since the force acts at one-third the 
= J 29 600 lb. e en mg ' 

22 = 11 400 ooo in. lb. The thickness height, is then JI = I 29 600 X- X J 2 
3 

ht t 1 d 11oin. Fromfor-of thc counterfort is taken at r6 in., the dept osee' = 

_ / bd2 = / ~r~ = 1 30_ By interpolation in the 
mula (1 ), p. 4I8, e - ~ JI ~ II 400 ººº 

- between items 3 and 4, the ratio of steel, P = o.00416 
T·tble 11 on page J

20 · s· J. • ound 
< -l - X 6 X .00416 = 7.36 sq. m. ix li- lll- r and area of stecl • s - 110 1 

bars will satisfy this. . • ¡ · J' d 
The portion of the counterfort receiving the greatesl tenswn IS t 1e !11C me 

b laced near to this surface. Bes1des these bars, 
edge so these ars are P . 

1 
d h · t ¡ 

1 ri;ontal and v'ertical bars are necessary to tie the ve~t1ca an. on,zon a 
s~:bs to the counterfort, to transfer the forces and prov_1de for d1;go~al ~e:~ 
.· These bars should be bent into the slabs to obtam as goo a on , 

1 s1011._bl The principal tension bars in the counterforts also must be we'. 
?º~1

d;~d in the horizontal foundation slab. and bent so as to attam the1r 
im e h . t • The value of hookino- is discussed on page 466. full strengt rn e11s10n. o 

COPINGS 

A . l e formcd on a concrete retaining wall, which will shed coprng may J ' 

water and look nearly as well as cut stone, b~ sloping lhe top back from ;he 
face and treating surfaces by methods descnbed on pages 288 to 293. 

DAMS 

Concrete is a suitable substitute for stone masonry (a) in gra\·ity 
dams, where the masonry is laid in large masses, whenever the cost per 

b. d of concrete rubble is cheaper than stone masonry of equal 
cu 1c yar . • · f d · th 
quality, and (b) in curtain or arch dams of thm sect10n rern orce w1 

steel. n • 

e t f ement sand and crushed stone cannot always compck m oncre e o c , , l h ¡ th 
. 'th rubble masonry laid in cement mortar, because, a t oug 1 e 

pnce w1 . • d b · d 
labor cost of laying concrete is less, more cement is require per cu ic yar ; 
but by introducing large stones into the concrete, th_e percentage of ceme~t 

b. d may be reduced to the same quant1ty or even less than m 
per cu 1c yar bbl · t t b 
water-tight rubble masonry. Therefore, the concrete ru e is a~ o e 

1 h . ce the cost of crushincr the stone for the concrete is small t 1e c eaper, srn º 
* See illustration 0¡ form construction in Engineering News, July 9, 1903, P· 37· 
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compared with the difference in expense of employing skilled masons or 
unskilled labor. 

Methods of laying rubble concrete and the calculation of the quantity · 
of cement per cubic yard are discussed in Chapter XV, pages 300 and 
298.t As is there stated, the concrete must be of soft, mushy consistency 
so that the large stone may be properly imbedded. 

The relatiYe cost of rubble concrete and stone masonry depends upon 
the price of cement at the work and local conditions. The dam at Boonton, 
N. J., a section of which is shown in Fig. 219, p. 676, contains 240,000 
cubic yards of concrete rubble, and was built at a contract price, not 
including the cement, of $1.98 per cubic yard. Only o.6 barreis Portland 
cement w~re used per cubic yard, although the proportions of the concrete 
matrix were I : 2¾: 6¼. This small quantity of cement was due to the 
large proportion of stones which averaged from one yard to 2½ yards 
each and occupied 55% of the total volume. The contract price men­
tioned includes the preparation of the large stones and the crushed 
stone, and their transportation from a quarry three miles away. It is 
believed by the authors that the price and also the quantity of cement 
per cubic yard represent minimum figures in first-class construction, but 
the force account showed that the contractor was making a fair profit, 
and inspection of the work and its water-tightness prove that there was 
no skimping in the use of cement. On this particular job the quotation 
of the highest bidder was nearly double the accepted price. 

With reinforced concrete the engineer is able to branch out into special 
types whose design may be applicable to local conditions. 

Design of Gravity Dams. A foundation must be secured which 
will resist the pressure upon it and prewnt percolation of water under 
the masonry. The end connections with the adjacent soil or rock must 
also be carefully considered. The section of the dam must be of such 
thickness and design as to prevent (1) leakage, (2) overturning, and 
(3) sliding. 

Leakage through a concrete dam of graYity scction nced only be con­
sidered to the extent that no careless work be .allowed. 

To avoid tension in the foundation it is necessary that the resultant uf ali 
the forces of pressure and weight shall pass through the middle third of 
the base. Dangerous sliding need not usually be feared if the dam is dc­
signed to resist overturning. In considering the resistance of friction, ;,Ir. 
Joseph P. Frizcll* states that smooth stonc slides on smooth stone 

* Frizell's "Water Powtr", p. 19. 
tTables oí Quantitics are given on pp. 236, 237. 
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under a horizontal force of twcHhirds its ,,·~ight, :uHI to slidc on gravcl or 
da•· ,;(one requircs a force nearly equal to its we1ght. . 

fh~ pressurc of the water upon any submerged surface _is cqual to the 
arca of the surfacc in square feet times the wcight of a cub1c foot of ,~ater 
times the <lcpth oí thc center of gravity of the surface_ belo~v the "ater 
Ie,·el. This prcssure tends to overturn the dam, and is res1sted by thc 
we1ght of the dam, and in sorne cases, where the up-stream face slopes, by 
the weight of the water upon the dam. . 

. F . ell's \\'· ter Powcr of the location oí the centcr of The treatment 111 nz c1 • 

1 
. t' ¡ 

d thc momcnt produccd by it, is especially clear anc pr.ic ica . prcssure, an 

SPILLWAY 
Ol'ANNEL 

t:L_!VATION 310,25 :,....._17 ,00-fT-.--: 
,r..-.... ~--------R-; •1.eo n. 

.......... ...... ... 

R 

...... ...... ...... ,, 
',, 

...................... 

~~~t~ 
A~O_NARYP \ó oooov0 r;O . ~G~rls¡ 
OO. ºrfl_&~d'-º o o o 

310 

300 

2i0 

' ' ... ' 
'~1r.ELEVAtlON 2SQ 

281,02 

210 

260 

250 

240 

230 

220 

210 

200 

Frn. 2r9. - Section through Overflow of Boonton, ~- J.. Dam. (See p.676.) 

Fig. 219 rcpresents a section through the_o"e~flow of_ the concre:e <lam 
.i.t Boonton, N. J., the construction of wb1ch 1s dcscnbe<l on pa¡.,t 300. 
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The extreme height of the dam at the highest point above the foundations 
is 110 feet. An interesting practica! test of the water tightness of concrete 
occurred when the reserrnir was filled. A vertical well was left in the dam 
in order to provide access to two drainage gates, and although the water in 
the reservoir is roo feet deep, and is separated from the well by only 5 feet 
6 inches of concrete mixed in the proportions r: 2f: 6¼, tht: well remains 
entirely dry. 

Reinforced Dams. The aim in reinforced dams is to reduce the quan­
tity and cost of materials, and at the same time to permit a much broa<ler 
base, and a sloping water-tight deck for the up-stream face. The water 
pressure is thus made to increase instead of oppose stability. 

A section of such a dam at Schuylen-ille, N. Y., 250 feet long and 25 fect 
high, is shown in Fig. 220. The buttresses are on ro-foot centers, and support 
a deck ta peri ni from 8 inches to r 2 in ches thick, whilc the overfall apron is 8 
inches thick. A foot-bridge lightccl by electric lights passes through under 
thecrest, gi\'ing access from the mili to the railway platform on the other bank . 

TO RELEASE:• 00 UNDlRNlAT 
THE DAM. ~ TURH TH( ROO HALf"W 

AOUJ\10, 4NO DROP HOOK I NTO IOCK 
,1.usH WITH CRE&T, THl fLA 
BOARD$ DRIFT AWAV ANO A 
MEOOYEAEO, 

T O SET:-Rtvusr THE OP 

AS IS MOST CONVlNllNT, 

~-
OtJT-OFF WACL 

F1c. 2 20. -Sccúon of Reinforced Concrete Dam at Schuylerville, N. Y. (See p. 67 
7
°.) 

Arched Dams. Curved dams, designed in plan as a single arch, convex 
up-stream, are considered by foremost authoritie:, to be of doubtful economy, ~ 
as the extra length requires more material than is saved by the reduced 
cross-section. 

Recently, a type of dams consisting of a series of arches supported by 
piers or steel lattice work has been suggested, and this idea rnay receive 
further development through the introduction of reinforced concrete . 
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A dam in the form of a buttressed wall with a vertical up-stream surface 
has been suggested by :Mr. George L. Dillman,* the dam in plan consisting 

of parabolic arches. 
The design for a dam at Ogden, Utah,t consists of a number of piers, 

triangular in vertical section, forming buttresses to support an up-stream 
sloping face composed of circular concrete arches from 6 to 8 feet thick. 
The arches are designed to be covered on their upper surface with ¼-inch 
steel facing. The top of the dam, which is also formed by arches between 

the piers, carries a roadway. 

OORE WALLS 
Concrete is largely superseding rubble masonry for core walls in earth 

dams and dikes. The forms can be roughly made without reference to 
the appearance of the faces, while a thin wall of concrete may be built 
water-tight more easily than one of rubble masonry. Unless reinforced, 
core walls are generally of the same thickness as those of rubble masonry. 
The Natural cement concrete core wall of the Sudbury Dam, built by the 
Boston Water Commissioner and his successor upon the work, the Metro­
politan Water Board of Massachusetts, is 2 feet thick at the top, with a batter 
of one in fifteen on both faces, until it reaches a maximum width of 10 feet. 
At Spot Pond Reservoir, several dikes with core walls of Portland cement 
concrete, of 15 to 18 feet average height, are 2½ feet in thickness throughout. 

The dike for the Jersey City Water Supply Company at Boonton, N. J., 
is designed for a total height of 54 feet. The lower 30 feet is 4 feet 8 inches 
thick, and at this height it begins to batter, so as to reach a width of 3 feet 

at the top. 
Although core walls may often be economically built of rubble concrete, 

the stones must be of smaller size, and cannot occupy so large a volume of 
the mass asin gravity dams, since the sections are thinner. In the construc­
tion of the Boonton Dike, mentioned above, one con tractor was placing rub­
ble to the extent of 20% of the total mass, while another was placing 33%. 
In the former case the stones were loaded on to derrick skips and unloaded 
by hancl; in the latter case, they were hooked by the derrick. This 33% 
probably _represents a maximum for a wall S feet thic~ or less. 

Since a thin wall of reinforced concrete may be made equally strong, and 
more elastic than a thick wall of plain concrete,-reinforcement may event­
ually be employed to reduce the section, and therefore the quantity of 

material. 
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CO.\'DUITS A.XD TU.\T.YliLS 

CHAPTER XX:\'II 

CONDUITS AN D T UNNELS •• 

Since the principal stresses in arches are compressive, concrete is pe­
culiarly suitable for ali classes of arched structures. Eccentric loading 
may be provided for by increasing the thickncss of the concrete at th; 
points of greatest stress, by steel reinforcement, or by both. The steel mav 
also prevent failure of thin sections of the arch from excessive stresse~ 
due to suddenly applied loads orto settlement of the foundation. 

Concrete is supplanting cut stone in arch bridges because of its rela­
tive cheapness. Although not entirely acceptable from an architectural 
standpoint because of the difficulty in obtaining a satisfactory surfacing, 
severa! methods of trcating the face have been used with fair success. 
(See p. 288.) This objection may also be met by facing the arch with cut 
stone. Methods of arch design are treated in Chap. XXII. 

Concrete arches ancl conduits are likely to be cheaper than brick even 
at the same price per r:ubic yard, because the greater strength of the con­
crete makes a thinner section possible. 

Tunnels (see p. 689) and subways (see p. 692) are now built alrnost 
exclusively of concrete, or of combinations of concrete and steel. 

OONDUITS 

Sewer ancl water concluits of almost any size or shape may be built of 
concrete. In the larger sizes, and in conduits under pressure, steel rein­
forcement occasionally may be advisable from the standpoint of safety 
and economy. 

Concrete was first used in concluits to forrn in bad grouncl a foundation 
for a brick invert. Later it was adoptecl instead of brick for the entire 
arch, and finally, in many instances, the brick invert lining has also been 
replaced by concrete. 

While concrete may not be preferable to brick in ali localities and undrr 
ali conditions, its aclvantages are sufficient to always warrant a very careful 
in\'estigation of its adaptability to the work in question. 

As far back as 1850 sewers ancl aqueducts of béton or béton-coignet 
(see p. 1) 8 feet in diameter were constructed in France. The material~ 
ronsisted of ¼ part heavy Paris cement, one part hydraulic lime, and 5 


