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SYNOPSIS

Thls paper describes the application of the
Trial Load Method to the analysls of Clark Dam, a
unit of the Tarraleah Development built and opera-
ted by The Hydro Eleetric Commission of Tasmania.
Samples of the actual calculation forms used are
included and the methods of computation are ex-
plained, The final enalysis of the dam as con-
structed is presented with specimen computations,
and tho remainder suitably condensced and tabulated.
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CHAPTER I ~ INTRODUCTION

1. Clark Dam. The Tarralcah Power Devclopment is
a basec load unit in the Hydro Elcctric Commission's
elcoctricity supply network, The scheme uvtiliscs tho
headwatcrs of tho Derwont River, rcgulated by two
resorvoirs in scerics to provide a continuous flow of 900
cusecs to Tarralcah Power Station, The first of thosc is
Lake 3%. Clair (260 square milc-feet), the sccond the
artificial lake (380 square milc-foct) crcated by thc con-
struction of Clark Dam in Butloer'!s Gorgc.

The dam is a variablc thickncess concrcte arch with
gravity abutmcents on both banks, Thc outflow from thc
rcscrvolr is normally passcd through a vortical shaft
Francis turbinc or rocgulator valves in a poworhousc immocd-
jlatcly downstrcam from thc dam, A 20,000 cuscc capacity
Skiejump splllway is locatcd on the lcft bank adjaccent to
the gravity tangont block,

2. Provious Mcthods of Design, Prcvious to tho
development of the trial load mcthod most curved masonry
. dams had bcon designcd by onc of four mcthods:

(1) Thc cylindor formula rcquircd cireular
archcs of uniform thickncss and nogloctcd
the cffects of bonding, rib-shortoning
and shcar doflcction.

(11) Formulac werc dovclopcd for clastic arches,
Cain's being thc best known. Many dams
dosignced on this basis have overhanging
vpstrecam facos to obtain cfficicnt arch
action,

(111) All gravity dams ovon though curved in plan
wero trcated purcly as gravity scctions,

(1v) Thc "Arch and Crown Cantilcover!" mcthod assumcd
that thoe arches carricd portion of thc watcer
load, uniform from crown to abutmonts, and of
such intonsity as to producc ogqual radial
deflcetions of archcs and cantilever, at the
crown only. This is thce forcrunner of the
prcsont trial load method devcloped by the
U.S, Burcau of Reclamation.,

3. Tho Trial Load Mcthod. For tho purposcs of thc
analysis, thc dam is rcplacced by two systcoms of olemeonts;
a systom of vertical cantilovers and a system of horizontal
archocs, Both of thosc substituted structurcs occupy the
cntirc volumc of the dam, Onc structurc carrics the load
supportcd by cantllever action, tho other carrics the load
supportcd by arch action, Fach arch and cach cantllcver
may movc indepcndently of other arches and cantilevers, butb
at thc conclusion of thc analysis gcomctrical continuity
must be restored at all points in the structurc. That is
the arch and cantilover structurcs must have identieal
lincar and angular displaccments throughout, so that tho
continuous structurcs of archcs and cantilcvers occupy the
position of thc loadcd dam, Between tho initial statc of
the unloadcd dam and its final position, clomcnts arc
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frcce to deflcet as thoy may undcr the loads appliocd,
Howevcr, belng componcnt parts of the dam, thcrc arc
certain restrictions on thce naturc of thoeir movomonts.
For cxamplc, tangoential movement of a cantilcover takces
placc by shoaring deformation instcad of bonding.

gé

\we Caanti/ever /

Arch

\\\\i %
‘\\\\\ ’//////

Deves/oped £/evotion . Seckon oF Crown Cortilever

KLlerr

FIGURE [ LOCATION OF ARCHES ANO CANT/LEVERS

Instcad of invcstigating a grcat numbcr of wvertical
and horizontal clcmonts, only a fow samplc archcs and
cantileovers arc analyscd, The analyscd structurc then
bcoecomes a grid of intoersceting samplc arches and canti-
lovers, as shown in figurc 1, Obviously, thc grcatoer
the number of elements considered the more accurate the
results of the analysis, The complexity of resulting
operations, however, holds the practlical limit to a
moderate number of elements, With the simplified struc-
ture it is sufficient to secure coincidence of sample
arches and cantilevers at theilr points of juncture,

The trial load method as now used by the Bureau
assumes that the water load is divided between arch and
cantilever elements; that the division may or may not
be constant from abutment to abutment at each horizontal
element; and that the true division of load is the one

.which causes equal arch and cantilever deflections at all
" points on all arches and cantilevers, Furthermorce, the

trial load method assumes that the distribution of load
must be such as to causo equal arch and cantilever do-
flections in all directions; that is, in tangential and
rotational directions as well as in radial directions,

Since the required agreement of arch and cantilever de-
flections can be obtained only by assuming different dis-
tributions of load and calculating resulting arch and
cantilever movements until the specified criterion is
fulfilled, the procedurec is logically called the "trial
load" method, The method has been gradually amplificd
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until now the formulae consider the effects of radial sides
of cantilever elements, twlst action, tangential shear,
Polsson'!s ratio effects and movements of foundation and
abutment rock, as well as the more commonly considered
effects of thrust, shear and flexure ln concrete elements,

The analysis is carried out in steps, or adjustments
as they are called, At present three adjustments are made;
radial, tangential and twist, As the names imply, these
serve to bring the arch and cantllever movements into agrgs-
mont in radial and tangential directions and in vertical
and tangential rotations, Needlcss to say, with a small
number of clemonts, oxact geometrleal congruence of the two
systems 1s an ideal which can only bc approximatcd, When
the adjustments arc completed, the grid ocouplcs very close-
ly thoe position assumed by th¢ loadod dam, It 1s then a
rolatlively simplc mattor fto computo strosscs in the arch
and cantilcvor clements,

!

_— - [ — JE—— - » - _— =

FIGURE 2 DLEFORMATION GF A 7YPICAL ARCH ANVD CANTILEVES

Pigurc 2 shows a plcturc of tho naturc and usc of
intornal loads and the succcssive steps in a trial load
analysis.,

Mgure 2a shows a plan of a Ltypical arch which is
intersected by o cantllever element at S, as lndicated by
the heavy lines, This is for the unloaded condition.

The section which is a part of both the arch and the cantl-
lever is hereafter referred to as the common section,
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In Figure 2b external loads have been placed on the dam
and the first trial load distribytion made between arch

and -cantlilever elements, Notc¢ that the canbllever has
moved radially to Sg while the arch movement has a tan-
gentlal and a rotational component, bringing the arch
section to S, All displacemonts are shown to a highly
cxaggoerated scaloe, In Figurc 2c¢ the radial adjustment has
bcoen complcted, Although radial deflecetions are oqual,

it 18 covident that tho arch and cantilover are out of
alignment, both tangontially and in rotation. The first
1s corrccted by thc tangential adjustmont in which a tan-
gential load is appliocd to the cantilover, displacing 1t

to the lcft, and an cqual and oppositc load applicd to the
arch, The loads arc proportlioned by trial to bring the
centres of the two common scctions togother as in Pigure 2d.

Next a twisting moment is applied to thoe cantilcver
and an opposing couplc of cqual magnitude applied as a

bending moment on the arch, Tho magnitude of the couples
is adjusted until the two common seetlons arc in rotational
agrcoment as in Figurc 2e This 1s the twist adjustment.

The trial load adjustment is now completc and Figure 2c
rcpresents the loaded condition of the dam with the common
scctions again congrucnt as they worc in Figurc 2a,

In practice, the latter adjustments throw the
structure out of radial adjustment, so that a radial re-
adjustment is necessary, In exceptional cases readjust-
ments of tangential and twist loads are necessary,

Roughly, this ls an outline of the steps necessary in a
trial load analysis, The many details and modifications
required in an actual analysis are discussed later. In
order to simplify the computations as much as possible,
both internal and external loads are representod by systems
of unlt loads.

The use of the trial load method now enablos the
designing engineer to analysc load distributions, deflec-
tlons, and stresscs in eurvod conecrote dams of all sizes
and shapes, whether of the massive arched gravity type ox
the rclatlvely thin, monolithie arch type.

{The matcrial of this scetion has bcen scleceted
directly from rclovant scctions of The Bulletin).

4. The Design of Clark Dam, The gorge profile
and height of Clark Dam were found to compare closely with
those of Gibson Dam, Montana, U.S,A. --- namely a wide
trapezoidal profile of crest length approximately 1000 feet
and total height about 200 feet. The dimensions of Glbson
Dam were therefore uscd as a basis for Study A in which an
arbitrary geometric profile, based on testh borings, was
uscd, When the adjustment was begun on the assumption
that the cantilevers werc uncracked, it was found that the
full water load deflection of the cantilevors was less than
the tempeorature deflection of the arches. Caleculations
showed thot high tensions were developed in the cantilevers,
noccessitating a cracked cantilcever analysis, Thereforc
with a vicw %o gaining proliminary expcricnce in offccting
an adjustment using unit loads throughout, Study A was sct
aslde tcmporarily and an contircly erbitrary sct-up, involv-
ing much morc floxiblc cantilovers and uniform thickness
arches, was analyscd, This provided the necessary ex-
perience 1n studying quickly the effects of various load
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patterns for this type of foundabion profile but, as was
expected, high tensile stresses were developed at the up-
stream faces of the cantilevers. Attention was then re-
directed to Study A and three loading conditions examined
eee full water load and tempcrature drop, full water load
and temperaturc rise, and temperature rise with no water
load,

As a result of this study it was decided to amend
the previous design by stiffening the arches at and above
mid-height, Sufficiont progress had been made on cxcava-
tion to indicate that an increascd crown dcpth and crcst
longth werc rcquircd, An onelysis (Study B) of the
sbresscs duc to full water load and tcmperaturc drop showed
that thc proposcd crown section and downstrcam facc radii
were sultable, The only differences betwcon this and the
final design weore the introduction of sloping faccs on
the gravity obutments and a dcercasc in helght of the crown
cantilever of cbout 25 fest, This latter was because the
rock under the river-bed proved much sounder than had been
expected,

It was intended that in the final study of the dam
as bullt foundotion deformation and the tangential adjust-
ment should be included in the analysis, Unfortunately
however, an acubtc staff shortage prevented the inclusion
of these effcets which would have vastly increcased the
amount of arithmectic in all phases of the analysis.

5., Scope of this Thesis. The thesis dcscribes the’
method as simplificd for usc on Clark Dam, where the analye
sis was limited to the radial adjustment, with symmetrical
archcs on rigid abutments, This forms the basis of the
method in which the succccding refincments moy bce incorpor-
atecds; a dcsigner must mastcor the simplc radial adjustmont
beforce embarking upon morc complcex problcms, An arch
cannot be designed dircetly for a given load -~ a profilc
mist be assumcd and analyscd, Design therceforc is a mattor
of selccting a suitablc arch in the first placc and in-
telligent application of the results of thc analysis to
the modification of the original scction. This papcr is
primarily conccerncd with thc mcthods of analysis,

CHAPTER II - PREPARATORY WORK

PART A - INTRODUCTORY,

Definition: The radial adjustmont is thc proccss
of dividing up watcr and tomporaturc loads boetwocn the
arches and cantilevers so that the radial deflections of
the two systems at corresponding points are equal,

6., Initial Ioads. When a dam is built in
vertical blocks To 1ts full height before the contraction
jolnts arc grouted, thc dead locd is transfoerred to the
foundation by column acction. Tho vertical blocks are
thercforc treatcd as cantilevers fixed at the base by
thoir own woeight, Thon, provided the portion of the
watcer load i1s insufficient to cause cracking, the canti-
lever deflects as an elastic member, unaffected by dead
weight . In an adjustment with uncracked cantilevers the
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dead load is accordingly assigned to the cantilevers as an
initial load which does not influence the division of the
water load, Uplift pressure on the base of uncracked
cantilevers must be included as an initial load which does
affect the radial adjustment.

Atmospheric temperature changes causc temperature
changcs in the interior of a concrete dam. These cause no
radial movements of thc cantlilevers alone, hence they arec
assigned to the arches as an initial load, For a tempera-
turc drop, the arches shrink downstrcam, working with tho
watcer load. For a risc they work against the watoer load.

7., Initial Relative Deflcctions.

() Uncracked cantilovers.

For uncracked cantilcevers the deflcctions of the centrc
lines of thc archces and cantilevers must be expresscd
rclative to thce unloaded position of the dam - that is,

at thce samc temporaturc as existed throughout at the time
the contraction joints were groutced. Although thc contre
lincs of the arches and cantilcvors are not straight lincs
it is convenlent to rcgard them as such for the plotting of
deflcetions. The cantilcevers tilt downstrcam duc to the
uplift on the basc, If +thc archcs arc below grouting
temperature, they move downstrcam, so that thce cantilevers
take a definite portion of the water load before they
overtake the archecs, The rcomainder of the watcr load is
then divided (by unit loads) to securc radial adjustment,
For a tcempceraturc risc the arches must be pushced downstrcam
boforc the cantilevors begin to share the water load,

The uplift and tempceraturc movements may be combincd as onc
initial deflcection of the archos rclative to the canti-
lcvers,
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INITTAL RELATIVE JFFLECTIONS.

FIGURE 3
In Figuro 3 dy = arch tomperaturc doflcetion Yarith-
Aya, = arch water load doflcetion ymetic
dp = cantilover uplift deflcction  )valucs
Aye = cantilever wateor load deflcction)

Then Ay + dye = db+dyg
Aye = (dg =~ dy) +Qyg

where (d; - dy) is the initial relative deflection,

(b) Cracked cantilevers.

If however, the tensile stress in the cantilevers exceeds
& a crack will form,

the ultimate strength of the concret
and the water pressure must then work agalnst the weight
But although the con-

of the concrete above the ecrack,
crote weight affects the radial movements of a cracked
cantllever, it has already been allocated to the cantileveyr

as an initial load, (by virtuc of block construction),
Hencc tho procedure for the radial adjustment consists
of computing deflections duc to concrete weilght and sube-
tracting thom (algebraically) from the total cracked
cantilover movement to find the doflcctions used in the

trial load adjustments,
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If dwc « deflection of cantilever as computed on

Form CY7
dg = dead load deflection of cantilever
dy = temperature deflection of arches

waterload deflection of arches

£

(arithmetic values)

then the cantilever deflects d,,, but as dead load is not
shared, the dead load deflection should be added arith-
metically to dy, to give the total downstream moveme b

of the cracked cantilever,

£ adi s bment
for radial adjustment: dwc*'d

or  dyg

where dt - dd is the initial relative delection of arch to
cantilever,

dt'*@wa
(dt - dg) +dyq

for
H

H

It is unuveval for all the cantilevers in a dam to
be cracked, those near the wings remaining in compression
at the upstrsam face. The deflections of these uncracked
cantilevers for dead lcad are ccmbined with arch tempera-
ture movements to find the initial relative deflections.

If this were not dons there would be a sudden break in the
graph of the relative deflectlions at the end of the central
cracked portion. As the'adjustment proceeds the dead load
deflection is subtracted arithmetically from cach trial
load deflection for these uncracked cantilevers for com-
parison with the arch deflections, When the process is
complete the dead load stresscs are added to the live load
stresses for these uncracked cantilcvers,

If the cantilevers arc cracked on the downstrocam
face (whon maximum tomporature risc occurs on an cmpby
rcescrvolr) thoe initial deflcetion of the archces relative
to tho cantilcvers is (dy + d;), both componcnts positive.
The only othor dcflcctions ar¥e duc to internal sclf-
balancing radial Zoads,

8. Conditions of ioading. It is advisable to
analyse the dam for af leas.: these types of loading:-

(1) Maximum temperature fall cccurring when the reservoir
is full, This condition ilmposes the greatest load
on the cantilever system causing high compression at
the downstream Iface and possibly tension at the
upstream face.

(ii) Maximum temgeratire riss and full water load occurring
simultaneously, This mlight happen 1f the reservoir
were to fiil rapldly afcver a long period of heavy
depletion durling summer, The arches are more heavily
stresscd than in case (i),



{ill) Meximum temperature rise oceurring when the reservoir
is empty, Studies of the Butler!s Gorge storage
indicate that complete depletion is possible, and if
this occurs during the summer, the arches are re-
strained in their upstream movement by the cantilevers
only. Tension may then develop at the downstream
face,

Silt, ice and earthquake loads have not been con-
sidered in the design of Clark Dam.

9., Selection of arches and cantilevers. For a
reasonably symmetrical dam  only Rall The Etructurc nced be
analysed, in which case the loft side (Looking upstream) is
considerecd, For preliminary studies four arches and four
cantilevers arc ample, although six to eight may bec analysed
in the final study, One cantilcver is located at tho
crown and the others on arch abutments or at changes of
slope of the abutment profile.

The amount of dissymmetry permissiblc before tho
analysis of unsymmctrical archos is undertakcn is not
clearly statcd in Trial Load litoraturs, but it would
appcar ovidont that much oxpoericnecc of the method is
neeessary before a docision eould be made on any doubtful
casc,

PART B - CONSTANTS AND STRUCTURAL DATA

10. Structural Gonstants, The following wvalucs
have boon uscd in Study GC:=

1. Woight of watcr = 62,5 1b,/c.fh.

2., Woight of comnercte, w = 160 lb./c,ft, The valuc of 150
was uscd in Studics A and B, boforo tests of the actual
mix wecrc made, The maximum valuc by actual test is
167 lb./c.ft. |

0. Modulus of clasticity of concrctc, B - 4 x 1d6 1b./sq.in,

4, Poisson's ratio for concrcte, M = 0,2, This valuc is
mandatory, as it is incorporatod in tablcs of arch and
load constants in tho Bullctin,

8. Shcar modulus for concrcto, ¢ = B R To account

ST

for non-lincar distribution of shcoar stross the valug
of K, ratio of dotrusion caused by actual shoar dis-
tribution to the detrusion causcd by thc cquivalcnt
Shoar uniformly distributcd, is assumed to be 1,25,
K then equals % o This also is included in the
G .

Bulletin tables,

6. Coefficient of thermal expansion of concrete,
C = 5,5 x 107° per .degree Fahrenheit.

7. Thermal diffusivity of concrete, h = 0,25 sq.ft,/hr,
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11, Dimensions. From the specified crown section and
the radll of the arcs of upstream and downstream faces +the
dimensions of the sample arches and cantilevers may be com~
puted, The upstream face is cylindrical and the down-
stream face 1s specified by circular aves at 25! intervals,
The dam is constructed so that any section normal to the
upstream face cuts the downstream face in a series of
straight lines, All angles and arcs are measured in the
upstream face, irrespective of whether the arches are of
uniform or variable thickness, The position of a canti-
lever ls defined by its angular distance from the Crown ,
The half angle of the arches must be taken to the nearest
whole degree to utilisc the tables in the Bulletin,

Although the parapet is designed to withstand water
right to the top maximum watecr lovel for the trial load
analyses has becn taken at ercst level boeausc of tho
genorous assumption for floods and the inhorcont factor of
safety of an arch, Normal full supply level is 2,5 feot
below the crcst,

Any holcs in the dam - penstocks and gallerics -
erc ignorcd in the analysis and stresscs caleulated as
though they did not oxist, The amount of reinforeing ro-
guircd round thcse openings is bascd on these strossecs,

(Figure 4, "Dimonsions of Clark Dam" has becn cancelled
and incorporatcd in Figure 21, Chapter IV),

12, Temperaturce Range in Anches., For the first
study the rclation betwoen concroto bhickness and mean
tempceraturc variation was taken from figurc 54 in The
Bullctin, This curve was dorived for the arid avoas of
westorn U,S.,4,, and hcnec gives too high a rangc for Pase
manian conditions, FPor Study B a similar curve for
Butlcr'!s Gorge was compilcd from short torm temporature
rocords, cxtonded by corrclation with roadings at Tarralcah,
twelve milcs distant. Rocords now availablc for a longer
period have been utiliscd in the final Study, The mecthod
of doriving thc thickness-tomperaturoc rclationship is sct
out 1n a papor "Flow of Hoat in Dams! by R.E. Glover,
Nov4~Dec,1934 A,C,.I, Journal,

Figure 5 shows the data for Clark Dam.

It is assumed that a temperature change is uniform
throughout an arch and has the value corresponding to the
mean thickness, '

An appreciable quantity of heat is deveclopod in a
mass conercto structure by thc cxothermic actions involved
in the hydration of the coment, Thoe ratec at which this
. internal heat is dissipatod by conduction to the surface
deponds upon a combination of conductivity, specifiec hoat,
and specific gravity, called thermal diffusivity, If this
ls low a long timc (pcrhaps yeoors) will ¢lapsc bofore the
dam has coolod to mean annual temperaturce, when the con-
traction joints may bec grouted and the storing of wator
begun,

As the diffusivity of the concrotc in Clark Dam is
unusvally low, a "modifiod" comont with o hoat of hydration
lcss than that of nprmal Portland comont has boon uscd and o
systom of cooling pipcs has becn embeddod in the conercto,
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cven though the dam is comparatively thin., Watcr from
the Derwent is circulatced through thesc pipos to accclordte
the roduction of the internal tcemporaturce to mcan annual,
In somc dams rofrigeratcd watcr has beon uscd to "sub-
cool" the conerctc below mean annual, theraby rcducing tho
moximum tomperaturce drops in tho arches, The detailed
study of temperaturc control in mass concrctc is a highly
spceialiscd task, involving much advanced mathcmatics,

A rccont articlc of intorost to cngincors is "Gracking and
Tomperaturc Control of Mass Concrctc" by Clarcnco Rawhouger
in the Fob, 1945 Journal of the Amoyiocen Congroto
Institute,



Pagc 12
PART ¢ - ANALYSIS OF CANTILEVERS

13, Description of Cantilever,

A cantlilever is an element of the dam conbained
between the upstream and downstream faces and two vertical
planes which pass through the centre of curvature of the
upstream face (i,6, radial planes), It has a width at the
uwpstream face of one foot, For simpliclty the upstreanm
and downstream edges of a horizontal section are taken as

straight lines normal to the radial centre line, See
Figure 6,
Positrve Verticol
Narer Leve/ Foreé - —,
B =it /

V4 e
Fositive Korsgonta/
Force

0 Positve Momerr
Sk-1-
S
?) V\—Sectans onalysed
NN é—zJ— _
S| @
Shot)
§
S 3
S\l et N
\
§f
_ 1\ | _ Y
1
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== =i
Vertical Raocha/ Sectorn Horizonto/ Cross Sectsorn

FIGURE 6 CANT/LEVER
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Cantilever Notation

All foot~pound units,

radial thickness
crown thilckness
radius of upstream face

distance to any point on D.S, face from the centre
of curvature of the U,S. face,

radius of curvature of D,S, face, at elevation
considered,

distance between centres of curvature of U,3, and
D.S, faces,

angle from crown to cantilever, degrces,

angle downstream edge makes with vertical,

See Fig. 7

distance from U.S, face to centre of gravity (C.G.).
dlstance from D,3, face to C.G.

arca of horizontal cross~section.

moment of inertia of horizontal cross-section,

- about a circumferential line through C.G.

depth below rescrvoir surfacc,
water pressurc
welight of concrete abovc a scction, positive downwards,

bending moment in vertical plane, Positive moment
causcs compression at the U.S, face,

momont of LW about C.G. of scction.
radial shocar, positive direcctcd upstrcanm,

increomont of height between scetions for which the
proporties have beoen cvaluated.

radial doflcction of centrc linc of cantilever,
positive upstreanm,

uplift on a horizontal scction, positive downwards,
momont of U about C.G, of scction

For symbols in cracked cantilevor analysis, soc.p,27.
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14, Cantilever and Arch Thicknesses, Form C/Al

When the cantilevers and arches have been selected
as previously described, their dimensions must be compubed
before any further properties can be evaluated, In a uni-
form thickness circular arch all radisl sections are the
same, but in a variable thickness arch. the radial thicknsss
depends upon the angular distance from the crown, Since
the calculation for arch quarter-points is similar to that
for cantilevers it is included here,

Data:- Ry, T, at the elevation considered, a and g, In
Fig, 7 A 1s the centre of curvature of the upstream face,
F the ¢, of ¢. of the D,S, face,
A 5
]
R
c
4
3
N
N
N
S
NN
Y
S

A-Centre of Curvoture
2] J 5 Face

Centre of Corveory e
US Face

FIGURE 7. AMﬁfﬁﬂﬂCﬂﬂfMEVfP THICANVESSES
FA o X = RU_ - (Tc--:—a)
8

In AEFA, sinf- x sing

x
:.;3 = arsin (5 sinﬁ) and the external angle of = ¢+j?

Again in AEFA, © EA o Ry = a sin (180 -o)

sing

a sig éﬁ+g)

DE 1 T = Ry - Rp

4]

(In U.8.B.R, Fig, 36, p.1l8, Ry is the true D.S, face
radivs, despite their definition of Rp),

Because T is a small fraction of R, one significant
figure 1s lost in the subtraction, and hence sufficient
figures should be used to evalvate T correct to thres
decimal places,

A set of 8-place natural sines, tabulated for every
second, issued by the U,S, Coast and Geodetic Survey, were
used in computing the thicknesses,



Page 15

The valuos of T arc computed on Form ¢/A 1, which has
been drawn up for usc with o calculating machine, As x
a
is the same for all points on an arch itg value 1s noted.
on the shcet angd sin F obtained for esach casc by multiplyin~
= by the requisite value of singd, For a cantilevor sing
is constant, whilec both x and g vary with tho elcvation,

For speoed in computation tho columns arc completed
one at a time, as this entails similap opcrations or cntrics
into tables bcing made in groups, In this way any mistako
or pronounced deviation from g scries is more rcadily do-
toectod, The values of T computed herc arc transferred to
Form C.2 in the casc of cantlilcvers, or A,2 for arches, for
the dotermination of furthon propcrtics,

As in all trial load work cach shcet should be workad
indepondontly by two persons for checking purposcs, A
discrcpancy of onc or two in the final figurc here will causc
increasingly large divergencos as tho work procccds, thus
hamporing tho checking in the lator stagocs, It may bc noted
at the outsct that much time is saved by having all forms

Form C/Al for cantilover B is givoen on the noxt
page, This cantilcvor is used as the cxample in all tho
spoeimen computation forms includcd,
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15. Calculation of Propgoertics, Form C,.2,

In order that dcflcetions due to loads may be calculatcd
the arca, location of centrc of gravity and momont of incrtia
of a number of horizontal scections arc requirecd, Throughout
the work on Clark Dam horlzontal scections at 25! intervals
have becen analysed, A, 1lg and I are uscd in thc computation
of dead woight, uplift forces and strosses in addltion to
deflections,

The propcrties arc cvaluated on Form C,2, which is the
Burcau Form, Fig,24, modified to suit this dam by delction of
all rcferonces to a batterod upstrcam facc,

The column % was soon found to bc of little valuc
(becausc~%lhas to bo computod only once) and in place of it

i
a column 1 was =2ddod, This is froequently uscd in crackcd
cantilover work {(where V yaries with cach trial load),

Expexicnce has shown that the curves for A Tﬁ and _I
B

in the Burcau Fig, 16 arc lnadcquately graduated for T
this work, Honce thesc quantitics worc computcd from formmwlao
51, 52, 53 for the rcquisite values of ED'

Ry

Morc propertles arc requircd if the cantilcvers crack,
but as a proliminary trial is nccessary to dctermine whothor
the cantilgvers do so theose arc not computed unlcss cracking
1s indicatod, They are described in the sootion on cracked
cantilover work,
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16,

Dead Load Weights and Moments,

Page 19

Form C,3,

Forces and moments due to dead loads are computed on

Yorm C3, instead of
Bureau Bulletin,

by the graphical method suggested in the

The cantllever is treated as a series

of blocks, rectangular in side elevation, whose cross-section

is taken as that at
extends AYZ above
=

the properties have
at all sections are
My of £ W about the

the middle of the block, and which
and below the horizontal sections for which

been determined, The guantities required
the total weight above, W and the moment
centroid,

welght of half~block
Wel o AZ

4 2
2

n

884+, at section 3 in Figure 8

S B

-9 _
” - ﬂ_M@:wvﬂ¢%% 2 W w Wl*2W2#W3
€9z, Ag @

FIGURE &  CONCRETE WE/GHT

and MW

W1 (1g5-1g )+2W5 (1gz~1gg )4z (1gz=1gx)

Wllg5+2W2185*W51g5~W11g1 - 2W21g2 - W31g5
(Zw) :sclg:5 -2 (W=xlg ).

The weight W of each half block is recorded twice,
above and below thc line corrcsponding to the clecvation of its
mid-scction, to facilitate the summations forZw and £( W x 1g)

By the sign convention used for cantilevers the dead load
moment is positive,

If any of tho cantilevers *n the dam are cracked,

W and for all cantilevers are transferred to the sheets

for wplift forces, C,5, for combination with U and M7,

If none of the cantilevers are cracked dead load deflections
are not required,; W and My being used for stresses only,
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17, TUnit Radial Loads.

To facilitate finding the effect on deflection of a
change in the loading on a cantilever, a system of unit
1loads has been devised by the U,S5,B.R, This unit load
is triangular on side elevation, varying linearly from
1000 1b,/sq.ft, at the sectlon considered to zZero at the
sections immediately above and below, Fig, © shows how a
typical load pattern is built up of multiples of the unit
loads, Although the Bureau suggests that unit loads be
taken at the elevation of sample arches only, this work has
shown that loads at every horizontal section analysed (whon
there are more of these than sample arches) give a more
flexible load systom for the radial adjustmont.,

T - SL 2345 - ""p“"i
O 74 | gf
L 2320 /// 2:\\

ay:
©) | 2295 , 5

a2 2270 C 4\
1, \\\\
2245
® 76
s 2220 G . i

S N
= \
: 2195 7

7
/ W
188) 2170 oA
—— 2765 N
4 N
\EB 2152 ® \\\Q éD
Typical Load Pottersn Untt Loods, Clork Jorm
Corntilever 5 Stvcly C.
FIGURE & UNIT RALDIAL LOADS

The shear V due to radial load acting on a vortical
face is the arca of the load diagram abovs the scctlon
under consideration, and the moment M of the load gbout this
scetion is the product of V and the disbtance of the controid
of this portion of the load, above the scctlon, A table of
V and M for all unit loads is given (p. 68 ) for rcforcncc
in computing dcflcctions and strcssos,

The sign convention is that a radial load acting
downstroam is positive and causcs a negative shcar and momont

Carc 18 noccessary
whoere a cantilever does not sit on an arch abubtment as tho
height of thc lowest step differs from thosc above it.

2(V x P) andZ (M x P) for cvaluation of strcsscs arc casily
summed on the computing machine without rccording individual
values,



Pagc 22

18, Uplift Porces and Moments, Fopm C,5, The subject
of uplift (pore pressure) in concrete is a conbroversial ome,
In the absence of any more recent authoritative statements
the suggestions advanced in The Bulletin for ineclusion of
uplift in the analysis of arch dams have been adopted,

If the tension in the concrete is below 50 1b,/sq,in, it 1s
assumed that the concrete does not crack and that pore pressure
plays an insignificant part in the load distribution,

Uplift on the base of all cantilevers, cracked or uncracked,

i1s included in the analysis, If the tension is greater than
50 1b,/sq,in, the concrete is assumed to crack to the point

of zero stress and uplift pressure then exerts a wedging
effect on the cantilever,

Schoklitsch (Hydraulic Structures p.512) says in re-
ference to uplift pressure on foundations: "This upward
pressurc constitutes an effective uplift only in thosc
portions of the foundation joint in which 1t excoeds the
pressure due to the weight of the dam, In the remaining
parts of the joint this upward pressure merely takes the
placc, partially or completcly, of the foundation rcaction,
since it is immaterial as far as the stabillity (against
overturning only) of the dam is concerncd, whether the
recaction along parts of tho basc 1s duc to the foundation
itsolf or to watcr under prossurc,” This 1s illustratcd in
Figurc 10,

R

—_— qaﬂ7pmﬁsa?-

_ Fressure aue Fo oemey
£EfFfechve o (Ol | ond water /oods

FIGURE /1O UPL/IFT ON BASE

The accuratc dotormination of uplift by this mecthod
is a mattor of trial and error sincc an assumcd uplift will
shift the resultant downstrcam, thereby incrcasing thoe
effective uplift slightly, This process would have to be
rcpcated untlil agrcoment was roached and obviously would be g .
very tedious proccss for a complote trial load on all -
cantilcvers, For this rcason the accuratc inclusion of
uplift effccts in trial load analysis is not usually feasible,
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For Clark Dam uplift pressure was taken as varying from
full water pressure at the upstream face to zero at the down-
stream face applied to half the area, on the bases of all
cantilevers and other horizontal sectlons cracked by excessive
tension, . ‘

In view of the assumptions involved a simple method of
caleulating uplift forces and moments was employed, thus:-

Referring to Figure 11,

. - - - 77 Uplift U = average pressure x area

4_——fg.__J ’ ) ] = % x %
1 h— ﬂ4+ i = PA, positive downwards
&\ \ 7 ‘ acting at T from the upstream face,
J“_P// The moment of U about the C,G. of the

total section is

FIGURE I/ ASSUMED UPLIFT ‘
Eh— : M, = U (lg =T )
3

M, has the same sign as U,

This method neglects the radial sides of the cantilever.
U and M. are computed on Form C,5 for the basc of all canti-
levers and for other horizontal sections where cracking is
considered probable (found by expericnce or trial), . W and
M¥ are transferred from Form C3 for all horizontal scctlons
of all cantilevcers, Where uplift occurs U and Mu arc combined

with/ W and M, to find the total vertical force and momont
respectively, The tebulation of 7 W, M, and 1 on this shcel
ET

reduces thc number of forms to which rcfercncce must be made
when Forms C,6 and 7 arc being complled,
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19, Defiections of Uncracked Cantilever, Form C.4,

The radial deflection of the centre line of a radial
sided cantilever ig computed by the ordinary mcchanics formayl
- the deflection is the double integral of the curvature
of the centre line dus to bending plus the integral of the
shear deformation from the baso upwards, In this analysis
the integration is replaced by summation, This computafion
for an uncracked cantilever 1s made on Form C,4 for unilte,
dead and uplirft loads,

The moment at cach clevation is taken from the unit
load tables, Form C.3, or C,5 as required, M is the curva-

ture of the centre line at cach section, In Figure 12 the

change of slope of bhe centrc line at section o relative

to that at section I ig (average of end curvaturcs) x A gz,

In the summation < MAZ it is found cxpedient to express
“~E

the change or siope as (lower endg curvature X AL + upper end

Y

curvature xil;“. The summation of deflection Ts treated

. 2 . = . :
Simllarly and in this way all caleculation is p¢ PLormed on
the machine and SYb- “a*tala g4 eash elevation recorded on

the form, ;
T Sectiom / [

|

AZ

\ Section 2

FIGLRE /2 CANT/LEVER DEFLECTION

V is found in the unit load tables and i on Form C,2,

The detrusion of the top of a block relakive %o the bottom

is (bottom shear stregs x KAZ  top+shear stress x K 47),
N &z

and the to%al shear detrusion is +the Summation of this,

For unyielding foundakbions the slope and the bending
and shear deflcetiocons of the base are gbviously zero,
The larger the number of steps the more closely does
the suwmmaticr ~=272ach the true integral, The total move-
ment is the sum of tac bending and shear deflections, and
for positive unit loads the ( downstream) deflcection is
negative, Doad load deflcchion is bositive, It is not
rcally necessary to ~nscrt all the 4 and - ®migns on these
forms as they are a1l of the same nature on one shcet, and
the results are tabulatcd elsewhores for use in the radial
adjustment ,

A sample deflection computation is appended,
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20, Forces and Properties, Cracked Cantilever, Form C6,

If the tension at the face of the cantilever exceeds
50 1b,/sq. in. 1t i1s assumed that the cantilever ls cracked
to the point of zero stress, the position of which is fixed by
the criterion that the resultant of the forces above the section
considered is equal to the total stress on the uncracked area,
Stresses are assumed to vary as a straight line from zero at
the end of the crack to a maximum at the unecracked facc,
(See gcctions 76 and 77 of the Bullctin),

Additional symbols required in this phase of the
analysis are:-

e = cccontricity of the rosultant force, measured from the
c.g. Of the total horizontal scction, positive when
upstream of the c.g.

P = function for dctermining the dopth of the crack, (;%).
RO - distance to ond of crack from thc ccntrc of curvaturc
of thc upstrcam facc,
Ty = radial thickncss of uncrackcd portion of scetion,
Aq = arca of uncrackcd portion of scetion.
I; = moment of incrtia of uneracked portion of scction about
the circumfercntial linc through 1ts C.Ze
My = rcsultant moment about c.g., of uncracked portion.
97D - vortical strcss at uncrackced downstrcam f£acc,
0zy ; vertical stress at uncrackcd upstrcam facc,

Form C,6 is used to compute the forces and properties
for each trial load in the radial adjustment, V and M are
calculated from the unit load tables, with dvue attentlon to
the direction of the loads,

(2) Cracked Upstream Face.

To the water load moment MW or MW-i-Mu ig added to f£ind

the total moment on the section, If it is known that cracking
does not ocecur, M, is added; if cracking does occur, Mg+,
is added; 4if the position is doubtful both calculations are
carried out until it is determined whether the scetion 1s
ceracked or not, The eccentricity of the forcc? W+ U is com-
pubed only for those sections likely to crack, For the othors
S W falls either within the middle third or sufficiently closc
to it to cause less than the permittced tension. Rp is copicd

from Form G .2 U

The function F = Ry~lgrc  is computed next, 1lg is
D
positive, and ¢ i1s negative if downstrcam of the c.g.
Expericnce soon showed that a small differcnce in thce wvaluc
of Rp , as detcrmined by F, causes large discrepancics in
Ro
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subsequent operations, and makes checking more difficult.,
As the graph in the Bulletin is inadequately fraduated a
table of F to six places for values of Rp from 0,80 to 1,00

R
. o)
in steps of 0,01 was prepared, From this Ry may be found
Ro
to the same number of places as Rp/Ry.

Division of Rp/Ry by Rp/R, yields R,/R,. The radial
thickness Ty of the uncracked portion equalsnRo - Bpe
The reduced area Ay = § T1 (Ro/Ry -t Rp/Ry)

i.6, A

1 .
'-fIr-i = 3 (1+RD/R0) XRO/RU

As the order of accuracy of cracked cantilever analysis
is of necessity less than that for uncracked cantilevers it
is sufficient to determine I,/ (Tl)3 from a graph of the

values of this function, The value of ILKTI)S for the

requlsite value of Rp/R, is multiplied by Ry /Ry before being

recorded on Form G,6, There is no need to write I for the
sound sections on this sheet as 1/EI is shown on Form C,5.

The resultant moment My (Formula 71, Bulletin) is
computed in two steps, Multiply the wvalue of M

GW+0)T 1
) by the corresponding
Qolumm M . This
(FW+1T)
i1s then multiplied by X W+U, In the case of the uncracked
sectlons transfer MvM_ across to the column My, Example:
Cantilever B, Trial 11, Study C.l,

(for the requisite value of R /R
Tq and write the product in tge

The shear V is unaltered by the cracking of horizontal
sections,

(b) Cracked Downstream Face, In thc casc of Clark Dam
this happens only whon maximum Gomperaturc risc in the concrcte
occurs at a time of reservoir depletion, The computations arc
moch the same as for the cracked upstrcam facc, but arc
simplor in two recspcets, Firstly as therc is no watcr load
there is no uplift, and socondly the width of tho upstrcam
ond of the uncrackcd zonc romains constant at onc foot,
Examplc: Cantilover B, Trial 8, Study C,.3,

JThe alterations in this form (compared with that in tho
Bullctin) have bcen made to avoid thrce-factor multiplications,
which cannot be porformed in ono sct=-up on thoc particular cal-
culating machincs used on this work, This Form C,6 providcs
an oxccllent cxamplce of the advisabllity of comploting a column
at a timc, since roefeoronce is madc %o so many othor quantitics
in the coursc of its compilation,
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2l, Doflcctions of Cracked Cantilover, Form C,7.

The computation of tho movements of a crackod cantilcver,
made on Form C,7, is similar %o that for an uncracked canti-
lever, The mothod assumecs that the coneretc in the crackoed
zone plays no part in the elastic movement of the cantilever,
Duoc to the reaction of the top arch M; and V frequently

;M
1
change sign ncar the top of the cantilcvers, This must be
noted in tho summations,

The vertical stross U% at tho facc is tho sum of tho
direct and bending stresses. gy (Pormulao 72 and
i (EW+T) /A7

79 in tho -Bulletin) is rcad from a graph, and then multiplicd
by (2W+U)/A1 to obtaln the vertical stress. The computation of

the stress parallel to the downstroam face is treated in tho
next section, Example: Cantileover B, Trial 11, Study C.l,
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22. B8lopc of the Downsbream Facc, It is shown in
The Bulletin that the stress g- ! DPparallel to the face of
ZD

the cantilever is equal to the vertical stress Jp multiplied

by seczﬁg , where ¢5 is the inclination to the vertical of the

line of maximum slope in the cantilever face at the point
under &bnsideration,

For the crown cantilever, and all cantilevers in a
uniform thickness arch dam, ¢b = ¥p, the inclination of the

face in a vertical radial scection throggh the centre 05
curvaturc of thc upstream face, Sec ¢D cquals l+tan ¢b.

Where the cantilover is locatod away from thc crown in
a variable thickness dam +the line of greatcst slope in tho
facoc is in the vertical radial plane through the centre of
curvature of the downstream face at that elevation, In
Flgure 13 OABC 1s a tetrahedron at the D,S. face, ABC 1s the
downsbream face of the dam, AOD is the vertical radial plane
through the ¢, of ¢, of the D,S., face, AOC 1s the vertical
radial plane through the ¢, of ¢, of the U,S, facec, AD is
perpcndicular to BC, K. is the angle between the tangent to
the intrados (BC) and a line (0B) normal %o the radial arch
section 0C, lﬁj)kww bcen evaluated on Form C/A,L,

Vertieors

[}

FIGURE /3  COMPUTATION OF &7,
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1
Then tan ¢ = 0D - 0D , og = cos/B . tang

and seogﬂb’ = 1'+tan2¢b' .
At bresks of slope in the downstream face take the walue of
Qb for the greater slope., Tanf = 4£% .
A

Bxample: Cantlilever B, at 2245, T - 39,341 & at 222Q T=48,634

o tang - 95295 = 371,72, From Form C/Al,

fp at SL2245 1s 2%46130" (to nearest 10M),
80 cos/ED = 998,83

<~ tan QB - *371,29

se02¢g 1.137,9,

PART D - ANALYSIS OF ARCHES

23, Theory of Arch Analysis, The prime requisites are:-

(1) The moment, thrust and shear at the crown, quarter~points
and abutment for water and temperature loads for calcul-
ating deflections and stresses,

(2) Deflections of the arch centre line at the crown and
quarter points (called "arch points") due to these loads
for use in the radial adjustment.

The full trial load method provides for external
radial, and internal tangential and twist loads, all of which
cause radial, tangential and twist movements of the arch,
This discussion is limited to radial loads and deflections,

The method is:~ The arch is treated as two curved
cantilevers, with crown forces applied to each half arch to
replace the effect of the other, When the load is applied
the crown deflections (angular, radial and tangential) for the
two halves of the arch are equated, From the three simultan-
eous equations thus derived the crown forces are determined
and uscd to compute the forces at the other arch points,

From these, in turn, the arch deflections may be calculated,
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L& OF clntres

e
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FIGURE 14 — HALF ARCH

Referring to Figurc 14, the deflection of the arch
centre line at B is composcd of twe parts - (i) %¥the deflection
of the loaded cantilever AB due to load on it, betweon B and
the abutment; (ii) the deflcction of the unloaded cantilever
AB duc to the moment, thrust and shecar at B which are compubtcd
from the crown forces and the effects of any load between B and
the crown, Deflection (i) is called a Load Constant or
D-term; its magnitude depends on the dimensions of tho arch
and the shape of the load pattern, Doflection (ii) is ecqual
to (deflection at B due to unit force at B) x (forcc at B) ,
"peflection at B due to unit force at B" is termed an Arch
Constant, and is depondont only upon tho dimensions of the
arch, Honco the onc set of Arch Constants suffices for all
load patterns,

24, Arch Notation
All foot-pound units,

r = radius to centrc linc of arch,

ry = radius to contre line of wvoussolr,

Ty = average radial thickness of wvoussolr (assumed equal to
mean of ond thicknesscs),

p = %o, 1,2,3,A = radius to centrg line of variable thiclmcss

arch at crown, =-point, Z-point,Z-point

abutment respectively.

6 = ecocconbricity of arch centre linc at quarter points to
centre line of voussoirs,

area of vertical cross-section of arch,

moment of incrtia of vertical gross-section of arch,
magnitude of radial load at abutment, normally 1000
1b,/sqe.ft., for the unit loads,

o

cl
3

temperature rise or fall asbove that at which the con-
traction joints wero grouted, dcgrecs Fahronhelt.
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M, = moment at crown, Posltive M, causcs comprcssion at

the upstrecam face,

Hy = thrust at crown. Positive Hy causcs compression,

Vo = shear at crown. Positive V, causcs positive moments in

the arch to the lelt,

My,, Hy, Vi - Momcnt, thrust and shear duc to applicd load on
the 1loft part of the arch, considcrcd as a ourved
cantilocver, A positive unit load causocs positive
M-, Hy,, V1.

M,H,V ~ momont, thrust and shecar at arch points duc to
crown forccs and applicd load, Samc sign con-
vention as crown forcos, Subscript A refcrs to
abutmont forcos,

AP ~ radial dcficction of contre linc of arch, positive
upstraoam,

X, ¥y - coordinates, Sce pP.LO,ul,

arch anglo, Ths Bullotin uscs ¢ for overy arch anglac,
changing thc meaning of the subscripts cvery fow pagcs,
espcelally in the derivation of arch equations. In the
radial adjustmont § has the following mcanings:-

Form C/A,1, # is tho angle from thc crown to the point
considcrcd, drgrcos,

Forme /.,2, A.4, A6, #1,00, ¥z, Po - anglos from the ‘crown
to the g-poini;g~point,&=point,and abutment respectively.

Form A3, (-, ¢, ¥, @y - magnitude of angles from crown
to g-point| $-pdint,$~-point, and abutmont respcctively,

Lelt Por#

FIGURLE [5  UNIFORM THICANESS CHRCULAR ARCH
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FIGURE /6 - VARIABLE THICANESS ARCH

Arch Constants

: s - - : tat the
Constant: Movoment :at point duc to:Unit force :point
Aq : Angular s : Moment
By . Angular . . Thrust i
s or Tangontial: : Moment
Cq : Angular @ : Shcar ¢
: or Radial : Moment :
S H 4 ¢
By : Radial : Thrust 3
¢ or Tangential? : Shear
* 9 ? - 8 -4
Co : Radial 3 : Shecar §
Bs : Tangential: : Thrust §
Load Constants
Dy is the angular movoment ) at_a point

. . . Jdue to loads between the
D2 is the radial deflection )point and the abutmont .
Dz is tho tangential dcflection )

1

Aq etc, = "prime" values of Ay etc, - 1.0, the tabular valuos
of the constants, ~

.@Ai ctc, the difference betwcen tabular valucs of Ay cke, for
the anglces to the cnds of the voussolr from the
point considered,

25, Arch Thicknesscs, Form C/Al, The radial thick-
ness of a_variable thickncss arch is requirced at the crown,
z=point, Z~point, Z-point, and abutment., The method
employed 1s set out in Scetion 14,

The figurcs for Arch V,, the sample arch for this
deseription, are given on the noxt page,

1
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UNIFORM THICKNESS CIRCULAR ARCHES

26, Arch Constants and Trigonometric FMunctions,Form A4,

The arch constants are composed of two factors = a

"multiplier" dependent on the thickness, centre line radius
and modulus of elasticlty of the arch, and a "trigonometric
part" dependent only on the arch angle, The multipliers
(e8¢ 12 » ) are computed and recorded for ready reference,

=7 .
The list of multipliers required, the same as Ffor the variable
thickness arch, Form A,2, is shown in FPigure 40 of The Bulletin,
It 1s expedient to calculate also at this stage the multipliers
required for the load constants, The trigonometric parts
(Al etec,) for the angle from the sbutment to.the arch point
considered (@q for the Zmpoint, Jo for the Z-point, ete,) are
tabulated in Table 10 of The Bulletin, Some of these consist
of two parts, the first dues to bending, and the second to shear
deflcetion,

0.8, For Arch No,I, # - 60°

!
By (at crown) = _J_._g_rf 3’51 + T Bgg
Bp 9 BT

(2+218,3335x10"%) x +055,251,87
+ (5+819,444 x 1078) x 1+661,382

= 1°232,016 x 105
In this simplified analysis C2 at the crown is not required be-
cause the shear at the crown of a symmetrical arch is zero., The
crown values only of A7, By and Bz are required for solution of
crown forces, as these aro% constants are for angular and tan-
gential movements, The arch constants are now Ltabulated on
Form A4, and the remainder of the sheet filled in,

For the "@-Points" x and y are the coordinates.of the
point with respect to the crown and are used in the computation
of the moment, thrust and shear st the arch points, 3ee Fig,l7a,

Crowrr
o

Crowsr hd

~ —

A

FIGURE 17a - @ POINT CO-ORINATES | FIGURE 175 - (B, B)-PONT COORDINATES

— I L. o -
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For a uniform thickness arch, Yo z Ty = r, and hence
X zrsing, y = r versd,

For the " (@, ~g)-Points" Xy and)yA are the coordinates of the

arch points with respect to the sbutment, See Figure 1%b,
These are used in determining the temperature D-terms,

In a uniform thickness arch these two setg of coordinates
are complementary so that the one calculation serves both,

R27. Load Constants, Similarly the load constants
equal "multipIier™ x "trigonometric part", the latter
depondent upon three factors - the load pattern, the arch
angle @ and the position of the point considered, These
"prime" D-torms have becn evaluated by the U.S,B.,R, for
fivo baslc unit loads and are tabulated in The Bulletin,
Tables 17-21, The unit radial loads are:=

Noel - a uniform load of 1000 1b./sq.ft.

Nos. 2-5 tapored loads,varying linearly from 1000 1b,/sq.ft,
at the abutment to zcro at the Zwpoint (No,2), %-point
(No,3), #=point (No.4) and crown (No.,5), all applied to the
upstream face, See Fig, 18, Any load pattern which
varios lincarly between the quarter points may bo built up
with positive and negative mltiplcs of these unit loads,

Dy and Dz for cach load arc roquired at the crown only (for

solution of the crown forces), Do, tho radial deflection,

is computed for all quartcr points, Notc that the crown
values of Di and Dé, and tho values of D3 at all arch points

are listed in tho onc line for ¢, in Table 17, For a
tomperature load Dy = 0, D2 ;—ctyA and D5 = ctzA.

FIGURE /8 UN/IT RAD/AL LOADS
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Tabulate Dy and Dz for all loads on tho one arch
on one page for rofcrence in computing crown foreces, and
trangfer D2 to Form A,6 for cach load,

All arch and load constants arc assumcd positive as
calculated,

Ge8s For Arch No,I, ¢4 = 600, Radial Load No,4,

2 1
Dy at crown = l2r %E x Dy
LR

24268, 750 x 10™% x 10.775,85

4+486,646 x 100

1]

1

3 i t
12r Ru x p rRu D
E@5 21 T 22

(8:984,250 x 10™%) x 4+592,150

1t

+(19546,875 x 10"°) x 212+458,1

*415,856,7,

The procedurc from this stage onwards in arch
analysis is theo samc for both uniform and variabloc
thickness arches,

VARIABLE THICKNESS ARCHES

28, Eccontricities and Multiplicrs, Form A.2.

Both sidos of the arch arec divided into four
voussoirs, cach subtending %ﬁA at the contro of curvaturc
of the upstrcam facc; then each voussolr is troated as a
section of a uniform thicknoss circular arch whose width
1s oqual to the average thickncss of the voussolir, Therc~
forc cach voussoir has its own sot of miltiplicrs and its
centre linc is ccceentric with rospect to the truc centre
line at tho arch points, - These quantities are computed
on Form A,2, which is self~cxplanatory, Example, pago uy2,
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Form AZ THE HYDRO ELECTRIC COMMISSION TASMANIA Steel
' Corriputed AL
CLARS DAN
Do e e T
DY o
S7 . e L Checked A
ECCENTRICITIES AND MULTIPLIERS FOR ARCH No_ Lo _ .
A7 EaA FOR VOLISSOIR VOUISSOIR TO POINT
POINT VOU/SSOIR , 2 :
¢ Vi /‘D Ty /‘y 90 6/ €2 83 = 576)(/@ /A/S?Zf
E/ 4 /.73(’ 111 k"!C’”7
s (C/ 0 QU: 409—'05‘0 'Zf'
Bl 0 37-000 | 3%€: 3000 ia 7 3
| / | Py Z 5y -ApF LT
0o | 37-632 | 386184,0 | 0-3/6,0
! (#) e 38245 353,5:3(715 .. 2, -, -R, e for
Ps s P 2849370\ )563,0 0 930,5 trorster of coristorits
206 zz2° 41487 | 384-006,s .
23 ; 4%-9719 |382:5105| 39895 | 33570 | /4960 4
3@ 330 47970 |3¢roms | : 3
. E Sr940 |379-2300| 74700 | 6-831,5 | 49765 | /984§
4/45&/17 44° BT 708 377 e4é,0 .
1 r L s a o Iy Ry v 2Ry v Ry
Vol /SSO/4 ETV f—:—71;/1/ ETV E[I/ "E_];, E-[V = 7 Lty & ]V
/ 2 . 5 g . - =
/ 10°° w" 107% 167 ¢ 167 o /0
ey [t nadiéhy 15096, 67 5-230,092 22-514, 88 7:2/5, $49 23-61/,87 7118, $27
/-2 1665, 487 IR 402,83 4:778, 158 /8-392,90 8745222 /19-35/, $4 /[ %49, 124
= /- 476, 424 & 757,351 2:349,779 12-813,26 £979.517 13: 566,60 $/89,368
J - /266,920 $ 635423 2135 994 ¢.09é6,058 | 531,026 2.650,776 | 3:278,903
4 45T 4 ! i £
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29, Arch Constants and Trigonometric Functions,
Forms A.3 & A,4

The deflection of the arch centre line at any
point ‘ls the sum of the contributions of the roussoirs
4=3,3=2— outwards from the sbutment, The application
of arch constants for a uniform thickness arch to the
analysis of a variable thickness arch requires the deter-
mination of the effects of movements of an assumed uniform
thickness voussoir on all arch points between its oubter end
and the crown, The contribution of a voussoir to a constant
at an arch point is the product of the multiplier for that
voussolr and the increment of the uniform thickness valucs
for the anglcs from the point comsidercd to the limits of
the voussoir,

FIGURE 19 ARCH CONSTANTS FoR Z-POINT

For cxample *™ angular deflection of tho quarter
polnt duc to unit momept there = (1) contribution of
voussolr 4~3 (ii) conbtribution of voussoir 3Z-2 (111)
contribution of voussoir 2«1, ITtem (1) = (deflection at
the crown of a uniform thickness arch of length gé and of

thickness Ty for voussoir 4-3) -~ (deflcction at the crown
of a uniform arch of the samc thicknoss, of length ;)

2 multiplier for voussoir 4-3 x (A7 for @z - A] for 5. The
other items are found in a similar manner, See¢ Figure 19,

The abrupt changes in r and T at the quarter points
cause the appearance of constants of integration in the
cxprossions for the arch constants, The physical inter-
pretation of those is that a unit thrust applied at the true
centre line of the arch at a quarter point is ececcentric %o
the contrce line of the voussoirs, thereby causing a moment,
The cxtra terms involving the cccontricities appcar thcn

ag% %ﬁrgggs%TCh Constants By, By and Bz -movements duc to
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A full list is given in paragraph 104 of The Bulletin,
Tho methods of setting out and computing thc Arch
Constants arc shown in thc samplc set of Form A,3
ineluded. Whon computing terms involving cccentricitics,
usc the valucs under "e", for thc crown, "Ol" for
+-point, ote,, for the corresponding wvoussolrs,

HForm A,4 may now bc complcted, The arch
constants arc transforrcd from Form A,3 and the trigo-
nometric functions copicd from Tablec 22. The coordinatcs
of "the arch points with respect to the crown arec
X =Ty sing, vy = vy - Ty cosy, where ¢ is the angle from

the crown to the point, Thc coordinates Xp, yp with
respect to tho abutment arc xp = r, sin(@a-¢),

A z Tp ~ vy cos(@a-F).
Note that in The Bullectin the two scts of formulac '~
for x,, ¥p arc apparontly inconsistent, because ¢A

rcefers to a differont anglc in tho two casos, The line
of hoadings "(g, -~ ¢) Point" is no%t used for the
variable thicknéss arch, Example: Form A.4 for Arch V.,
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Form A.3. THE HYDRO-ELECTRIC COMMISSION, TASMANIA, Sheet
@ 1A R K D A M, . Computed
Study & Date
e ) Che cked
Arch No. Y, Py 44’ Functions A, B Date
OF 2 A8 L:[‘j A4, g’} al'e Z;—"} ape &) L ahe? o z5a4 [4,]
0 0 7, 10°" 10" ) 10 107"
____________ ‘191,466, 2 2-898,75Z | 4-158 792 /943,003 9-324,32/3 EOky 658
Ll n’ 19 9888 |
/
> (4}, 986,2 | R-383,092 | 37-247, 73
X | 2|22 | 383,972 4
}E‘ °/9/, 7’%/3 /681,291 67075, 10
el 3330 | acifast o
./7/, 75’5,2 /081, GR23 | £0-819,65
A\ 44° | 767 944,
/
=
Ny B AW (5 aB 5548’ “| gk T (8] | 25528 ®
| v’ 2 10" 10”7 /077 10”7 o€
2 09/, | J7,R22 | 6863, 3/3 2:09/ 71/ (94,30 2-266,002 | 205, 66%
~ | 4| W \vot,177222
o - 008,188,620 | 39-/126, 52
Q | 2 | 22° |-009,365,842
\/ | 01,453, 78 | /3 540,3/
Nod | 3| 239 030,319, 62
. 'zﬂtbyo/é, 88| 89 bkt po
4 | W |-073,28650
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Form A.3. THE HYDRO-ELECTRIC COMMISSION, TASMANIA, | Sheet.
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Form A,3,

THE HYDRO-ELECTRIC COMMISSION, TASMANIA.
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80, Load Constants, Form A,3, ILoad constants aro
procurcd in much thc samc manncr as arch constants,
Paragraph 106 of The Bulletin gives the cxpressions for
Dij, Do and D5 for radial loads, In the caso of the uniform

load the computation is similar to that for thc arch cone
stants oxcept that the prime .=r"+wcs arc soleccted from the
onc line of the Tablg for @, Primc valucs Dg arc drawn
from Table 17, and Dl and D3 from Tablo 18, As for the

uniform thicknoss arch Dy and Dz are roquired at tho crown
only,

The case of the triangular loads is morc complox,
because for points under the load, the load botweon tho
point and the abutmont is trapozoidal, and honec prime
values cannot be selccted dircctly from the tables, The
essential point to romember is that the D~terms arc dee
flections at a point duc to loads bctween that point and
the abutment, The method cmployed to determine the prime
values to usc is best oxplaincd by an sxample,

Consider tho derivation of the D-terms at the
crown for Load No,5.

FIGURE 20  [0-TERMS A7 CROWN FOR N° 5 £ 040

From Figure 20~ it mev he ceen that +he sontribution
of wvoussolir 4.7 tu D at the crown is:

multiplier x (D' for Load No.5, crown, for ¢,)
~ multiplier x (D' at crown for load botweon S.point & crown)

Now by shifting the arch round to the right under
the load (Figure 20b), until the ncw arch abutment is
under the Zmpolnt of the load, it is scon that D' at the
crown of the original arch (for the unshaded portion of
the load) equals D' at the f~point of the new arch of anglo
gA for a No.,4 load of intensity £P, Hence the contribution
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of voussoir 4.3 to D at the crown is:
multiplior x (D' at crown for No,5 - £ D' at Zept, for Wo,.4),
Similarly, for voussoinr 3«23

¢

multiplier x (2D a% Z.pt., No,4 - D' at Zapt.,N0,3);
and so on, All D' torms arc taken from the line for ¢A'

Likewisc for a point under the load, for Load No,5,
D at i-pt, = multiplicr for voussoir 4~-3 x (D' at 3~pt.,
No,5 - D7 at Zept., Noo4) + multiplier for voussoir 3=2
(2D at Z-pt., Wo.4),
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