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l. INTRODUCTION

Design of structures including dams is a process of studies for ensuring
their functional performance and for selecting the most cconomical way of
completing their construction, In case of dams, these studies should be
made to assure that thé storage function as well as the functional and
structural requirements for releasing flood waters in a necessary time can
be satisfied most safely and economically under the given conditions in
perfect balance with the surrounding environment. In general, the safety and
economic efficiency mentioned here tend to come into conflict with each other,
but the safety rather than the economic efficiency of dam construction is of
great impoutance to society., The"designer should therefoie give precedence
to safety over all other elements when he encounters any uncertain situation
of condition in the said process of studies, although it is theoretically possi-
ble for him to work out an optimum design satisfying both requirements
harmoniously,

For the safe design of a dam, it is necessary to estimate the working
load to be imposed on the dam body accurately. The working load comprises
those working constantly such as water pressure and dam's own weight and
those expected to be imposed in the future such as seismic load. The de-
“signer is required to estimate the load to be imposed in the future accurate-
ly on the basis of the dam site conditions.

Another important thing to be done in the process of design is to make
clear the resistant characteristics of the structure on which the said load is
to be imposed. In the design of a concrdte -dam, it is necessary to know the
resistant characteristics of concrete (or design the mix proportion of concrete
to give the required resistant characteristics to it) and to know the resistant
characteristics of the bedrock upon which the dam is to be built because the
ground is the final supporting point of all structures including dams. In the
design of a fill dam, it is necessary to know the strength and deformation
characteristics of the dam body materials and the foundation as well as their
resistance to seepage flow., Thus, the design of a dam safe from the danger
of rupture becomes possible only when all necessary data on the loads and
the resistance characteristics of dam body materialy and foundation are made
available. The design is worked out employing the concept of safety factor
which will be explained later in detail,

We now proceed to the economic aspect of design, Under a given condition,
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there can be an infinite number of designs in which the required degree of
safety is ensured, and the most economical one of them is called ''optimum
design. " Designers often consider that the dam volume including the appurte- ;
nant structures such as stilling basin is the most important for determining ]
the optimum design, but this is not necessarily correct., I.et us assume that
there are a plural number of alternative dam sites. Since the greater part
of the dam construction cost consists of the quantity of the dam body materi-
als, the approximate total cost can be obtained by multiplying the unit cost
per m by the dam volume. If the unit cost per m is the same at all sites,
then it is correct to select the optimum design on the basis of the volume of
the .dam body materials, However, the unit cost required for piling upl m
of the dam body materials consists of a diversity of expenses. In the case
of concrete dams, for instance,, it comprises the expenses for aggregate
gathering, crushing and transportation, the expenses for concrete manufactur-
ing, transportation and placing, and even the expense for constructing the
aggregate material transportation road, so that all these component expenses.
must be carefully examined and estimated in order to complete the optimum

design.

In actuality, however, there have been few cases where the dam site was

selected on the bases of such detailed cost estimation and in most cases, it
is selected mainly on the bases of the total dam volume and the possibility
of spillway construction and foundation treatment without making an economic
compa‘rison.‘ Nevertheless, the designer should make every effort to make
his design‘economically optimum in the selection of dam type, dam site and

abutment locations .even if the. information available on. hand is limited.

SoaroL
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2. " DAM TYPE AND FACTORS IN TYPE SELECTION

a. general

Dams can be classified 'in different ways according to the purpose of
classification. In general, they are classified by the purpose of use and ‘the’
kind of material.  When based on the purpose of use, they are classified as’
follows.

a, Storage dam’

b. Intake dam

c. -'Sabo darnh

The storage dam is further classified into '*single-putpose dams'' con-
structed for a single purpose such as irrigation and -power genération and-
""multipurpose dams ' constructed for two or more:purposes.

When classified by the kind of material, dams are broadly divided into a
concrete dam and a fill dam. ‘The concrete dam is further classified into the
following -four types according to the structure.

a. Gravity dam

b. Hollow gravity dam

c. ‘Arch dam

d. Buttress dam -

The fill 'dam is also classified. as follows by the structure,

e. Zoned type dam

‘f. + Homogeneous type dam

g. Facing type dam
When people speak of the type of a dam, they usually rnean one of the  type
classified above (a. g.), so that any reference to dam type in the following
pages will be based on the above classification.

Both the safety and the economic efficiency are largely influenced by
which' of the above-listed types is selected for construction ‘at the given site.
A brief explanation is given below on the structural characteristics of each
type of dam because the selection of the optimum darn type calls for a clear
understanding of such characteristics,

Both gravity dam and hollow dam have a simple structure in which the
external load is resisted with the own weight of dam body and the water
pressure and other loads are transmitted to the bedrock; - and they are use-
ally designed by two-dimensional analysis, The hollow gravity dam has a

hollow inside the ‘dam body to alleviate the relatively large uplift working on
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the dam basce and to make the dam volume smaller than that of the gravity
dam. The buttress dam has a plate structure that resists the water pres-
sure, and its buttress transmits the working load to the bedrock.

The arch dam has a structure in which the working load is transmitted
to the bedrock on cither bank by its arch action, but a part of the load is
transmitted to the base by the cantilever action. Since the direct stress is
the main stress component generated by the arch action, this structure is
advantagéous to concrete which has a large compressive strength and can
make the dam volume far smaller than that required for the gravity dam
which generates mainly bending stress. Concrete dams including those with
a large height have been constructed in many places in Japan so long as the
dam site topography and geology are satisfactory because of their stable
structure.

The zoned type dam has a structure in which the impervious zone formed
with earth material is covered by filter material on both sides to prevent the
piping of the earth material, with permeable rock material filled on the
outside of the filter material to make the dam body stand erect,

The homegeneous type dam is constructed with fine-grained earth mate-
rial in the greater part of its dam body. The fine-grained earth material
means the material having a 50 grain diameter of less than 5 mm or a
permeability coefficient of less than 5 x 107 cm/sec.

The facing type dam has an impervious wall of asphalt concrete or
reinforced concrete or other material on the upstream side of the permeable
zone,

One of the characteristics of fill dams is that almost all kind of bedrock
is available because it has.a large area of contact with the dam body and
consequently the stress working on it is made small. The homogeneous type
dam has a low strength of dam body material, and its deformation after
completion is large, while the facing type dam has its small thickness of the
impervious walls, These two types have not been selected so often in Japan
for ‘high dams, the largest height being about 30 m for the former type and
about 70 m for the latter.

Selection of the optimum dam type should essentially be based on the
study of economic aspects... However, considering the fact that the survey
method varies according to the dam type, it is extremely difficult to collect
and consolidate, at the initial stage of survey, all accurate data necessary

for making a comparative study of alternative types. In addition, attention
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must be paid to factors like environmental preservation that cannot be readily
cope with or included in the construction cost. Furthermore, to ensure the |
smooth progress of the dam construction work, the dam type should be de-
termined at least tentatively at the initial stage of the feasibility study, In
many cases, therefore, the dam type selection is based not on a rigid eco-
nomic comparison but on the qualitative judgement. For this rcecason, a brief
explanation is given below on the factors to be considered in sclecting the
dam type from the qualitative aspect,
The direct factors bearing upon the dam type selection include the dam
site natural conditions such as topography, gecology, natural cnvironment,
climate and hydrology and the local conditions such as the availability of
embankment materials and transport means. The indirect factors to be

considered include the purpose and size of the dam, construction period, and

manpower availability. Some of these factors carrying a relatively heavy

weight are vexplained below in relation to different dam types.

b. Topography and geology

The dam site topography has a direct bearing upon the dam volume, so
that it is the most important factor as the economic efficiency in the dam
type selection. Special attention must be paid to the valley width, valley
slope, and chain of mountains stretching in the river flow direction (ex-
pressed by contour lines). The greater the valley width, the more advan-
tageous becomes the fill dam construction. This is because the cost of
embankment materials required for the fill dam construction is 1/5 ~ 1/8 of
that needed for the concrete dam construction, and this gap widens with the
increase in the total dam volume.

Even if the valley width is large, the gravity dam is often selected so
long as .the geological condition permits. This is because the fill dam is
economi,céil‘y- less advantageous than the gravity dam in certain cases for the
purpose of flood control as will be described later, If the valley is steep
and has a small width, it is disadvantageous to the fill dam construction.
This is because such a topogi‘aphy places a limit on the operation of large
construction machinery and reduces the stability of the impervious core. If
the valley is steep, the arch dam construction is sometimes advantageous so
long as the geological condition is favorable.

The chain of mountains stretching in the river flow direction is im-

portant to the selection of abutment locations. In general, contour lines
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I'ig. 2 Types of dams and topography

running straight in parallel with éaéh vother are desirable, but a protruding
topography suited for spillway installation is sometimes found advantageous to
the fill dam construction, For the arch dam construction, a topography be-
coming narrower toward lower reaches is desirable rather than a straight
valley configuration,

We now proceed to the geological condition.. The hard and sound bedrock
is a favorable condition for all types, but thenecessary conditions of foun-
dation rock differ from type to type. ' The arch dam calls for a hard and
sound bedrock at all elevations in addition to the avqbe—ndentioned topographic
conditions by reason of its structural characteristics. The gravity dam
varies the required conditions of bedrock according to the dam height. As
the required bedrock characteristics lessens accérding to the decrease in the
dam height, the gravity dam can be the second most adaptable type to the
geological condition after the fill type.

The fill dam is adapted to all geo“logical conditions. In certain cases,
the fill dam can be built on a sandy gravel foundation or even an earth foun-
dation. However, the zoned type dam should preferably be built on a firm
bedrock if it is large in‘vheight, and its imp.érvidus core zone should be built

on such sound bedrock enough to support a. gravity dam,

c. Hydrology and flood discharge

In the case of fill dams, the outlet structures cannot be installed inside
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or on the dam body, so that they must be built adjacent to or apart from the
dam. The construction cost of the outlet structure varies largely according
to the dam site topography and geology, but it is more directly influenced by
the flood discharge and consequently by the required size of the spillway.
Table 1 shows "t'h'élldgsign' flood discharge aq"d catchment area for fill dams
and concrete ‘dams.  As seen in the table, the fill type is not selected so
many on the mainstream of rivers with a large flood dlschalge.

Overflow duri ing the fill dam construction causes the same degree of
influence and damage to the downstream areas as one after ctompletion,
Accordingly, the diversion channel needed throughout the fill (‘:la_m construction
period is built for a probable flood discharge with a return peri.od of about
20 years which is relatively larlge (a return period of one year is usually
adopted for concrete danﬂs). Thus, it is necessary to note that the con-

struction of the diversion. _i:hanné’l incurs a considerably high cost;

d. Construction materials and natural environment‘

Selection of the fill type presupposes that the voluminous embaﬁkement
materials are available and :can be obtained with ease in the vicinity of the
dam site. Accordmgly, it is necessary to confirm the volume and qual1ty of
such materials at an early stage of survey, It is also necessaly to carry
out suitable countermeasures.to assure that bOI’lOWplt‘S and quarries wxll
maintain the or 1gmal harmony w1th the surroundmg envuonment after the
material collection. In certain cascs, it is required to select borrow-pits
and quarries in caleful consideration of the surrounding natural scenery,
Thus, environmental presexvatlonxnust_; always be bc_ufne in mind in planning
the fill type dum construction as it involves a volunr:linous earthwork and

requires a construction road with large width,
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Table 1 Types of Dams and Design Flood Discharge

Name of dam | Name of rivér system | Catchment area ( Km?) Design fLofd discharge Floo‘d~ Type of dam
d e ) ; g (m’/sec) probability -
Daisetsu The Ishikari 291, 6 1,000 1/100 Fill-type dam
Teokachi The Tokachi - 592,0 1, 800 1/100" Fill-type dam
Isarigawa. The Ishikari 113,3 600 1/100 Fill-type dam
Pirika The Goshiribetsu 115,0 1, 000 17100 " Fill-type dam
Shichigashuku The Abukuma 236,6 1,750 1/150 Fill-type dam
Minase The Omono 172,0 1, 300 1/100 Fill-type dam
Shirakawa The Mogami 205,90 1,400 1/100 Fill-type dam
Sagae The Mogami 231,0 2,000 1/100 Fill-type dam
Sagurigawa The Shinano 76,2 1,100 . 1/100 . Fill-type dam
Tedorigawa The Tedori 247,9 2,400 1/100 Fill-type dam
Kuzuryu The Kuzuryu Direct 184, 5 1,500 1/80 Fill-type dam
: Indirect 17,0 ’ .

RyGmon The Kikuchi Dam 26,5 540 1/100 Fill-type dam

The Kikuchi 91, 6 ‘

The Chikugo 154, 0 |
Fukuchi The Fukuchi 32,0 1, 000 1/50 g Fili-type dam
Naramata The Tone Direct 60,1 370 1/100 { Fill-type dam

Indirect 35,3 :
Urayama The Arakawa 51,6 1,000 1/100 Fill-type dam
Misogawa The Kiso 55,1 650 1/100 Fill-type dam
Agigawa The Kiso 81,8 850 1/100 Fill-type dam
Tokuyama The Kiso 254,5 1,920 1/100° Fill-type dam
Terauchi The Chikugo 51, 0 300 1/150 Fill-type dam
Yuda The Kitakarni 583,0 2,200 1/57 Concrete dam
Sonchara The Tone Direct 493,9 2,350 1/100 Concrete dam

Indirect 113,7
Ookawa The Agano 825,6 2,600 1/100 Concrete dam
Nagashima The Qoi 534,3 6,600 1/100 Concrete dam
Yahagi The Yahagi 504, 5 2,300 1/80 Concrete dam
Maruyama The Kiso 2,049,0 4, 600 1/100 Concrete dam
Yokoyama The Kiso 471,0 2,800 1/80 Concrete dam
Chno The Yura 354,0 2,400 1/60 Concrete dam
Qodo The Niyodo 688,9 6,000 1/60 Concrete dam
Matsubara The Chikugo 491,90 2,770 1/100 Concrete dam
Kawabegawa The Kuma 470,0 3,520 1/80 Concrete dam
Tsuruta The Sendai 805,0 4, 600 1/100 Concrete dam
Takayama The Yodo . 615,0 3,400 1/80 Concrete dam
Ikeda The Yoshino 1,904,0 L, 300 1/80 Concrete dam
Sameura The Yoshino Direct 417,0 4,700 1/80° Concrete dam

Indirect 45,0

Source : '"Multi-purpose Dams in Japan'
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3, LOADS

All loads expected to work on the dam’ while it is function‘ing must be
taken into consideration as design external forces. according to the need.
Tables 2 and 3 show the loads requir.ed to be estimated and inéorporated in
the design under the "Ordinance Concerning the Structures of River Facilities.
The necessary loads aré différent fr‘om each others accord&ng to resevoir
conditions and dam type. A brief explanation is given below on someé of the

listed loads which need to be given special attention.

Table 2 Loads Stipulated by the Dam Structure Regulations

( Loads acting on dam body)
Regulation Article 6 Listed below are the loads which will act on dam
body and foundation ground, and they are ¢lassified on the bases of

the types of dams and the water levels of reservoirs,

Types of dams

, Gravity -type -Arch-type Fill-type
Water level concrete dam | concrete dam dam’
of reservoir
Wh'en the water ' level
in" the direct upstream’
of non-overflow sec- Co I .
Il tion of a dam is below W, P, Pe, I, W, P, Pe, I, W, P, L

the normal water level Pd, U A Pd, U, T Pp

or the surcharge water
level

When the water level -
in the direct upstream
of non-overflow sec-
tion of a dam is equal
to the design flood
water level

Wl :lj)' Pe: Up

S: pp pe; U W, 13, Pp

~

Remarks :

The 'syhﬁbols, W, P, Pe, I, bd, U, Pp, and"I","jiisted above represent‘

the respective loads which are defined below.
W 4 the dead weight of dam body

P ; the force exerted by the hydrostatic pressure of stored water
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Pe ; the force caused by the silt in the reservoir

I ; the force of inertia of the dam body at the time of an
earthquake

P4 the force exerted by the dynamic water pressure of stored
water at the time of an earthquake

U ; the uplift pressure caused by stored water

Pp i porosity (water pressure caused by the seeping water inside a
dam body and foundation ground)

T ; the force exerted by temperature change inside a dam body

Table 3

Combination of Loads

Types of dams

State of
reservoir

Gravity-type
concrete dam

Arch-type
concrete dam

Fill-type dam

Normal water
level

and
surcharge water
level

Dead weight

Hydrostatic
pressure

Dynamic water
pressure at the
time of an
earthquake

Ice pressure
Silt pressure

Force of inertia
at the time of
an earthquake

Uplift pressure

Dead weight

Hydrostatic
pressure

Dynamic water
pressure at the
time of an
earthquake

Ice pressure
Silt pressure

Force of inertia
at the time of
an earthquake

Uplift pressure

Temperature load

Dead weight

Hydrostatic
pressure

Force of inertia
at the time of
an earthquake

Porosity

Design flood
water level

Dead weight

Hydrostatic
pressure

Silt pressure

Uplift pressure .

Dead weight
Hydrostatic

.pressure

Silt pressure
Uplift pressure

Temperature load

Dead weight

Hydrostatic

pressure

Porosity .

12
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Types of dams

Gravity-type

Arch-type

Fill-type dam

State of ™~ concrete dam concrete dam
reservoir

Lowest water Dead weight Dead weight
level

FForce of inertia
at the time of
an earthquake

Flydrostatic
pressure
Dynamic water
pressure at the
time of an
earthquake

Uplift pressure

FForce of inertia
at the time of
an carthquake

Hydrostatic
pressure
Dynamic water
pressure at the
time of an
carthquake
Uplift pressure

Temperature load

Sudden lowering
of water level

Dead weight

Hydrostatic' -
pressure

Force of inertia
at the time of
an earthquake

Porosity

Intermediate
water level

Dead weight

Hydrostatic
pressure

Force of inertia
at the time of: =
an earthquake
Porosity B

When emptied

Dead weight
Force of ‘inertia
at the time of
an earthquake

Dead weight

Force of inertia
at the time of
an- earthquake

Immediately after
completion

Dead weigili

Force of inertia
at the time :of
an earthquake

Porosity

% Listed below are the states of a reservoir,

coefficient to be used for seismic force can be

13
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half (1/2) :
1 surcharge water level,

2 at the time of a sudden lowering of water level in a dam whose
water level is not lowered as usual,

3 when the dam is emptied, and
4 immediately after completion of the dam,

% Intermediate water level means a level between the lowest and the
Normal water level which is got by trial and error,

In the case of concrete dams, consideration must be given to the own
weight of dam body, hydrostatic pressure, silt pressure, uplift, inertia
force during earthquake, hydrodynamic pressure during earthquake, and tem-
perature load (for arch dams only),

The silt pressure in the vertical direction is the gravity of mud in water,

and the horizontal silt pressure is expressed by the following equation.

Pe = CeWid e e e e (1)
where, Pe: Horizontal silt pressure (t/m?)
Ce : Coefficient of silt pressure

Wi Unit weight of silt in water (t/m3)

d ; Thickness of silt (m)

It is difficult to obtain the accurate values of Ce and W at the stage of
design, so that Ce=0.6 and W =1.0 t/m are generally adopted in the design
of concrete dams,

The uplift works on the entire area of the section for reviewing the
stability of concrete dams, and is considered to be a force imposed per-
pendicularly on that section. = Observation of its distribution has been made
quite freq'uTently, the representative existing data is shown in Fig. 3.

In the actual design, however, the uplift having the linear distribution
shown in Table 4 is considered according to the presence or absence of the
drain hole. As for the uplift inside the dam body, the distribution in the
case where no drain hole is provided is applied. The short-time influences
of waves or chahges in the reservoir level need not be considered for uplift,
The uplift statistics shows no differences whether the drain hole is provided
or not. This may seem somewhat strange, but it is to be noted that only
small dams built on hard bedrocks have no drain system and all dams con-
structed by the Ministry of Construction are usually provided with a drain

system.
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Table 4

concrete dam

Measurement example of uplift pressure

Values of uplift pressure acting upon gravity-type

Presence or
absence of
drain holes

Uplift pressurec

U[')sti"(;érrl" end

Position of
drain hole

Downstream end

When drain holes
are provided

Water pressure on
the side of up-
stream

The value obtained
by adding more
than one-fifth of
the difference be-
tween upstream
water pressure and
downstream water
pressure to the
water pressure on
the side of the
downstream

Water .
on the side of
downstream

pressure

,When drain holes
are not ptro-
vided

The value obtained
by adding more
than ohe-third of
the difference be-
tween upstréam
and downstream
water pressures
to the water p
pressure on the
side of downstream

Water pressure
on the side of
‘downstream
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The incertia force during earthquake, which works horizontally on the dam

body, is expressed by the following equation.
I[= WKq (2)

where, I Inertia force of dam body during earthquake
W : Own weight of dam body
Kqg : Design seismic coefficient
The most important seismic coefficient is determined with the values
shown in Table 5 according to the foundation condition and dam type, as

criteria for cach zone shown in Fig. 4 according to the past seismic action,
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A % High intensity region
B: ES Middle intensity region

c: [] Low intensity region

Fig. 4 Regional distribution on the bases of seismic action
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Table 5

Design seismic intensity for dams

Gravity-type
concrete dam

Conditions <.>f dam and hollow Arch-type Rock fill Homogeneocus
foundation concrete dam dam type earth dam
gravity -type
concrete dam
Ordinary rock foundation 0,12~0,15 0,24~0,30 0,15 0,15~0,18
Heavily weathered or creviced rock
foundation, or geology after the. new ‘ .
Region A | tertiary period and unconsolidated 0,15 ) 0.15~0,18 0,20~0,22
rock foundation :
Sandy gravel foundation
Soil foundation B h 0.20 0,25
Ordinary rock foundation 0,12 0,24 0,12~0,15 C,15
Heavily weathered or creviced rock
foundation, or geology after the new 0.15 _ 015 0.18
Region B | tertiary period and unconsolidated ’ ’ ’
rock foundation
Sandy graveli foundation
Soil foundation h B 0,18 0.22
Ordinary rock foundation 0,10~0,12 0,20~0,24 | 0,10~0,12 0,12
Heavily weathered or creviced .rock
- _ four{datlon, <_>r geology after ..,he new 0,12 _ 0,12 0,15
Region C | tertiary period and unconsolidated
rock foundation
Sandy gravel foundation
Soil foundation 0,13 0,18
Source : ' Technological Standards for River and Erosicn

Control Works (draft)"

(incomplete )




Theé hydrodynamic pressure during earxthquake is obtained by the appli-
cation of Westergaard's formula or Zanger's empirical formula, Wester-
gaard's formula is used when the upstream face is nearly vertical, whereas
Zanger's formula is used when it has a mild gradient. Westergaard's for-

mula, shown below, is also used whén the upper half or more of the upstream

face is nearly vertical,
I)d=0-875woKdJ}lh R R R R R R T I I I S I S IR TN I LI N I ) (3)

where, P : Hydrodynamic pressure (t/m?)
W Unit weight of water (t/m?3)
k Design seismic coefficient
H : Water depth from the reservoir water surface to the
foundation (m)

h Water depth from the reservoir water surface to the op-

tional working point of hydrodynamic pressure
Zanger's formula is as shown below.
Pym CW K H  cverertninteiiiii st (4)

_Ca[h ([, _h_ L PN
where C—Z[H(Z H)+ 7 2 T

Cm indicates the value of C when Pd reaches its peak. As for the
total hydrodynamic pressure (EPd) and the height from the foundation of its
working point (hd), ZPd=0.583 WokH? and hd = 0.4 H according to
Westergaard's formula and EPd=a91- Wo K H® secf and hd:fh according

2
to Zanger's formula. a and § are obtained from Fig.5.1 and Cm from Fig.

5.2.
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Fig, 5 Dynamic water pressure
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The temperature load need not be considered in the design of gravity
dams but it must be taken into account for arch :dams. It is obtained by
estimating the change in the internal temperature expected to take place
after grouting the contraction joints, This is because the temperautre drop
leads concrete to the tensile stress side. . In general, the temperature rise
is conservative because it is on the compression side, but it tends to in-

crease the thrust and this needs to be examined whenever necessatry,
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4. DESIGN OF GRAVITY DAMS

4.1 Introduction

The design of gravity dams can be classified into the most suitable site
sellection work, the basic design for determining the dam body gradient on
the upstream and downstream sides, the detailed design of miscellaneours
appartenant structures and the design of outlet structures and stilling basin.
This chapter deals mainly with the basic design of a dam body with some
complemental explanation of other necessary items.

The site sellection is very important to the optimum design of gravity
dams. The optimum design means, as explained in Chapter 1, a design that
makes the gravity dam construction most economical, so that the site sellec-
tion must be worked out not only to minimize the concrete volume but also
on the basis of a comprehensive judgement of the layout of temporary facili-
ties, arrangement of stilling basin, foundation treatment and other factors.
However, the process of studies for sellecting a damsite is difficult to ex-
plain in a systematic and plain manner because the damsite conditions vary
from place to place. The following are the general cautions to be paid dur-
ing determining location of a dam.

It is advisable to divide all elements affecting the work into two groups
for a comparative study, that is, those which are difficult to solve or incur
a large amount of cost for solution and those which can beée solved with some
endeavors and expenditure. Table 6 shows the elements to be considered in
selecting a damsite. The designer should determine which of the two groups
each element belongs to, and work out a rational design after careful con-
sideration of the advantages and disadvantages resulting from the solution or

exclusion of each element.

Table 6 Considerations when determining a damsite

Topography Vatley width, raised ridge top, landslide
topography, long slope caused by excavation

Geology Fault, pervious zone, shape and form of hard

rock line {plane shape and form, downstream
I p

down, downstream up, etc.)

Spillway, Scour protection | Positioning, alignment of scour protection
stilling basin { pool) stilling ‘basin

Construction equipment Positioning of concrete placing ecquipment
(for cable crane, valley width and the
foundation of the fixed and moving parts)
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4,2 Study of Bedrock

Before proceeding to the dam design, we need to study the bedrock that
supports the dam. In the design of dams, the bedrock should be considered
in terms of its strength, deformation and cutoff performance. When viewed
from the hardness of rock that bears upon its strength, we find that the
bedrock presents varying phases ranging from the compact Palaezoic sandstone
to the unsolidified Neogene sedimentary rock.

If a f[ragment is sampled from this mass.of bedrock and subjected to the
same strength and deformation tests as conducted on concrete, it will be
found to be superior to concrete in almost all cases... The bedrock .can bec
considered as a mass of uninterrupted chain .of rock fragments, but this is
not a thorough understanding because it has the following two characteristics.

not found in concrete.
. . . A o PR
1l It contains discontinuous planes such as cracks and joints.

27 It is not homogeneous llke concr eLe, and often mvolves faull.b,
fractur ed zones and altexatxon zones whlch are extl emelv weak in

strength and deformation,

For this reason, the bedrock is far inferior to rock fragments in. . .
strength, deformation and cutoff performance.. As a supporting base of the -
dam, the bedrock should be considered as a discontinuous body.

Although the bedrock has discontinuous planes and. heterogeneous por -
tions, it is sometimes found to be superior to concrete in strength and
deformation. If a dam is to be built on such a hard bedrock, its design
is- very easy as it needs to be worked out .only for the dam body,

In general, however, .the bedrock is inferior to concrete in strength,
deformation and cutoff performance, and this is. particularly so in Japan
where all well-conditioned damsites have already developed and it is now
found inevitable’ to built dams in geologically poor-conditioned places. In
cases like this, it is necessary to examine, in addition Lo working out the
design of the dam body, whether or not the bechock 1Lself will break due to
the forces transmitted from the dam body and 1f it will undergo an extreme
deformation and break the dam body For this reason, it is often required
to de31gn the dam body not only to resist the water pr essure but also to fill
the conditions for assuring the safety of the bedrock I‘hus, the design of
dams is largely influenced by the characte_ristics of the bedrock on which

they are to be built.
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The bedrock strength and deformation bear closely upon the safety of
dams as explained above. How, then, are these two Characteristics esti-
mated ? Generally, thebedrock strength is expressed by its shearing shecar-
ing strength and its deformation by its elastic modulus (or deformation modu-
lus). The bedrock strength is expressed by its shearing strength because
the forces transmitted from the dam body is resisted mainly by the shearing
resistance and its rupture is a shearing rupture,

The first problem in determining the bedrock strength and deformation
“in a systematic manner, the bedrock characteristics that

is how to evaluate,

vary from place to place. The bedrock has an area of thousands of square
meters only in the base to contact directly with the dam, and a volume: of
several million cubic meters only within the reach of stress. Direct evalu-
ation of whole bedrock characteristics is thus impossible, and this has given
rise to the concept of bedrock classification. The method of bedrock evalu-
ation and classification generally employed in Japan is explained below.

At the stage when the geological structure has been grasped and a
geological map has been prepéred with reasonable accuracy, the bedrock is
broadly grouped into 4 ~6 classes according to the elements considered to
govern the bedrock strength and deformation. It is difficult to select such
governing elements adequately so that-in actuality, the rock hardness, frequen-
cy of cracks, and condition of cracks are usually used as such elements.
Table 7 shows the bedrock classification standard prepared at the construc-
tion site of Kawaji Dam (arch dam) under the supervision of Okamoto.

The bedrock evaluation work starts with the preparation of this classifi-
cation standard at the damsite. Then; the bedrock is classified at intervals
of 1 m on the basis of this standard by geological observation of exploring
tunnels and boring cores. Upon completion of this work, the bedrock is
classified along a line (tunnels and bore holes constitute a line in the ex-
tensive area of dam site). On the basis of this line, the geologists estimate
the invisible inside characteristics of bedrock making. use of their expert
knowledge and experience as well as available geological maps. Needless to
say, the distribution and continuity of faults and the direction of bedding
serve as important data for estimating the bedrock class at this time. The
bedrock in the entire dam site area is thus classified and the bedrock classi-
fication-map is prepared,

At the next stage, the in-situ test is conducted to determine the strength -

and deformation for each bedrock class. The test is conducted for 3 - 5
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Table 7 Classification criteria for bedrock (Kawaji Dam)
Character of rock | Symbols Foundation Remarks )
o ;\ Ne\x;h;;d h-z:rd —————— -S[;alk_soccul when
struck with a hammer.
B ‘Partly -soft because Clac;s are caused
Hardness of rock | of partial weathering | when struck a heavy
' ‘ blow with a hammer.
C Completely Aw—c;ltherccl Hamme 1'-31);c1‘<c—;:vw
and softened dig.
I 30 cm or more
Gap of crack IX 10 to 30 cm
111 10 ¢cm or less
a Adhered closedly
State of crack b Opening
c Filled with clay
Overall judgement Reclassified combinations
A Ala
B Alb Alc Alla Bla
H - Allb  Allla Blb  Blla
c M Allc Blc BIb Bllla Cla
L Alllb Alllc Blle CIb Clc Clla
D BIIlb Blllc CIllb Cllc Cllla CIlIb Clllc

samples for both strength and deformation, and the average

each bedroclk class.

class show a large dispersion,
lected for bedrock classification are inadequate,

the governing elements becomes necessary.

is adopted for

If the strength and deformation of the same bedrock

it indicates that the governing elements se-

It is known,

so that re-examination of

however, that the

bedrock classification has been conducted successfully in most cases using

the aforementioned elements.

We now proceed to the method of in-situ shearing test and deformation

test.
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Fig. 6 shows the loading plate used in the shearing test in which the
vertical stress working on the bedrock is varied by changing the vertical

load to obtain the corresponding breaking strength =.

1. Mortal

2. Circular loading plate

3. Steel support

4. Concrete block (for supporting)
5. Jack

6. Jack x 2

7. Dial gauge

8. Concrete block

9. Rock

A LAARALLARY

Iy

TPV T I IO

Fig. 6 Shearing testivr‘ig_,.apparatus

The shearing strength at this time; . e is expressed as follows by

Coulomb.,

where, 7, ; Cohesion (or initial shearing strengtﬁ‘)"

[ i Coefficient of internal friction®

Fig.7 shows the results of the she'ar.'ihg‘ﬂté’st.'c_onducted for each

bedrock class at the Ohishi Dam site. The l'éS.lé.].tSv shown were successful.
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Fig. 7 Results of shearing test at Ohishi Dam
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I'ig. 8 shows the deformation test equipment. In this test, the load is
imposed on the bedrock using a rigid loading plate such as the uniform dis -
placement occurs and the elastic modulus E is obtained from the following

equation using the relationship between the load and the displacement as so-

lution of Boussinesq's semi-infinite body.

No.
1 ' | Bearing section
2 Bearing plate

Spherical seat
Bearing column

Joint

3

4

5

6 Hydraulic jack
7 Loa(‘1 pedestal

8 Test foundation
9 Dial gauge

10 Base rock ..’ -

il Standard beam

12 |Standard beam
regulating
abutment

13 | Pressure-tight J:_i:

rubber hose TT:

3]

14 | Pressure gauge i i
|

1!

15 | Oil pump L

prmt i

1

1l

i

~®
®
i

1
o
)
I
]
i
7
(=]

=]
.;::1

i

Fig. 8 Deformation testing apparatus
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L (L-7%) AR o o
B a3 . , , (6)

where, v Poisson's ratio of bedrock
Diameter of rigid plate (cm)
AF : Load increment in the zone for which the modulus is to be
obtained (kg) ' ,
A : Disblacement increment in the zone fél‘ which the moduius
is to be obtained (cm) o . ;
In the deformation test, ‘the test load -is applied repetitively’ and the re-
lationship between the load and the displacement generally indicates a curve
shown in Fig.9, showing the occurrence of plastic deformation due . to the

discontinupus' planes of bedrock. -

Up  : diaphragm
Down : rigid plate-

300
50
~ 200 =
c “28 49
o] .
+ —
o f3o0f
~
'g o}
o 1002, 4L
114 o
(7]
o -
s Lo .
kel
)
ot 00
Ax1l0 cm)
@®O—® Modulus of @-0® }Modulus of
deformation ®—® Jelasticity T

Fig. 9 Example of load displacement curve

The modulus obrained from the gradient of the envelope of the hysteresis
curve depicted here is called modulus of deformation and distinguished from
elastic modulus.

The shearing strength and the elastic modulus (deformation modulus)

27



obtained by the abobe process are indispensable for the analysis of bedrock
stability and internal stress. In the design of dams of great importance
or those to be built in geologically unfavorable places, tests should be

conducted to obtain these design values.

4.3 Requirements for stability of Gravity Dams

In the ''Design Criteria for Dams ' established by the Japanes Committee
of Large Dams, the following requirements are stipulated for ensuring the
stability of gravity dams.

(1) On the upstream -side, no tensile stress should be generated within the
~ vertical zone perpendicular to the dam upstream >slope.

(2) Safety from shearing or sliding.

(3) Compressive stress and tensile stress should be smaller than -the
maximum allowable value. '

The first requirement listed above (no vertical tensile stress on the
upstream face) is enforced to design the dam shape so that the resultant of
all working load will be imposed on the core of the estimated section. It is
known well as the Theory of Middle Third, and is a little more severe than
the stability condition for preventing fall down by assuring that the resultant
will come ‘within the estimated section. ° This condition  is imposed because
if tensile stress is generated on: the upstream face, the bedrock is liable
to become loose, causing the reservoir water to infiltrate into it and raise
the uplift. This causes changes 'in the ‘initial conditions considered at the
stage of design and is thereforée ‘dangerous.

The second requitemé'nt is expressed by Henny's formula which indicates
that the -safety factor for shear s"liding‘ shéuld be 4 or larger.

Henny's formula is as follows,

fv+ 7, L esesaseans (7)

N o it rseas R N N N e T R R T tor e

H

where, n ; Svafét)rr"‘factfor for shear sliding
f ; Coefficient of intéi‘na.l friction
V ;  Vertical force ( incl’ﬁ.d'i.hg “uplift ) worvk’ingA on unit width of
of shearing surface (t/m) '
% Shéarin’g st'rehgth boi‘ ljedroék, éoncl"eté; or their éodtéét
surface, whichever is the smallest (t/m) ‘
! ; Length considered for shearing resistance (m)

i
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H : Shearing force per unit width (including that during
earthquake) (t/m)

The third requirement (compressive and tensile stress should not exceed
the limiting value) is out of the question in the design of dam section unless
the dam height exceeds 150 m,

Thus, in the design of gravity dams, it is required to fill only the first
two conditions which are

a. No tensile stress is generated on the upstream face

b. Required safety factor for shear sliding is pro{rided
Recent years have seen increasing difficulty in constructing gravity dams in
geologically unfavorable places, and this means thatvit has become more and

more difficult to fill the latter condition,

4.4 Standard Design Method of A Gravity Dam
a. general

In the standard design of gravity dams, it is common to employ the
method of fundamental triangle having a unit width (m) in the direction of
dam axis. This is a two-dimensional method, and the threé—dimensional
method is very rare in Japan.

To design this triangular section means to determine the combination of
its upstream slope (m) and downstream slope (n) to make them most eco-
nomical (smallest) according to the desjign requirements mentioned in the

preceding section.

Fundamental Triangle

On the basis of this triangle, corrections are effected to the additional
weight to be imposed by roads, handrail, gates, etc. and to the hollow
portions such as conduit pipes, galleries, etc. and the safety of the final
dam section is checked to complete the design,

In the following explanation, therefore, the process of studies to de-

termine the . upstream and downstream -slopes of the fundamental triangle is
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dealt with at first. with an example of construction design shown to help
understand the actual process of design, The design discussed in this
section is called " standard design' because the explanation is given on the
case where the upper structure is designed with the bedrock condition ex-
pressed simply by the average shearing strength. The design of the upper
structure to be built on a unfavourable bedrock will be explained in Section
4.6,

Loads working on the gravity dam arec the own weight of dam body, hy-
drostatic pressure, uplift pressure, silt pressure, seismic force and ice
pressure, of which the ice pressure is disregarded here as it need not be
considered in most cases, The dam should be designed so as to be able to
fill the most exacting condition shown in Table 3. The condition considered
here is the case where seismic force and hydrodynamic pressure work fully
and simultaneously, but as described earlier, other cases of load combination
must be checked in the actual design.. It is to be noted that if the normal
water level is very low, the severest load condition is not necessarily this
case, but the surchage water level plus 50% of seismic force occasionally
becorﬁe the severest load condition to be considered in the design of the fun-
damental triangle. FEach external force imposed as load and its moment is

shown below.

.|<:

o K ¥

W knt

——————1

)
A, 1
Ty
i ) W,Ceh,

% U, Wk (mt n)

External Force and its Moment

Explanation of symbols

h ; - Dam height, reservoir water level
hs ; Silt level
'm, n; Upstream and downstream slopes -

- We 3 Unit weight of concrete
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Unit’ weight of water

5,

Ws ; Unit weight of silt in water
k ; - Dam body seismic coefficiént
Up ; Coefficient of uplift pressure

Ce ; Coefficient' of silt pressure

Hydrodynamic pressure is.expressed by the following equation.

Po = —g— Wy k yYHh (Westergraad's formula of approximation)

Table 8 External Force and Moment Caused by External Force

. Distance from Moment cause by
Inertia Load Symbol External force :lpstca:;(\mf;c:oml external force
nerti:a {orce o wo . N
during carth-
uake due toy ater e | He %w., h? -%h ' éw,./ﬂ.
own wci'ght e
silt uo| 1w coa Ly Ly, com
pressure * 27 e 3™ 6 "
P :
§ Ho| Lmendw, w2 Ly Limemw, ka2
2 A 5 (mtn)W, 3 g (mtnlW.
4 - -
2 Hydrodynamic 7 2., -7
S | pressure | Hie | {aWe kh? £h oW kb
N I 1 1 7
‘Z,H, =3 W. h"f"z' W, C.h?+ E(m"'n)W, kh?+ i—ZW" kh?
oM =won dw, conrr i W L, ano
Weight of water 1 ; 1 1
imposed on up- —————}—= V. 2 W. h? ' = mh —m:W, h*
strem face | b3 6 .
. |
Sile
S v, | Lmw, sz Lo, Loaw, ap
eight 2 3 6
o fe) ight 1 ' 2m ’ 1
Lo ‘ ) . mAn
5 Lof dam toay Ve | g(mtoWoh? =I5 h 5 (mtn)(2mt ) Weh?
g o |, 1 1 1
.t ph1 — = 1. 2 . —_ = 4
E pressure V. Z(min)Uqu h? ‘ 3(m4n)h ’ 6(m0 a2 Up W, h?
>
1 TV, = S mW bt LW ke W R G Gt ) Up W b7
N0 SRPT T 1 | ERYY ; 1 2yt R
IM=2mW, b3t zmtW, b= (mbn)C2mta)W, b~ (m+n)2 U, W, h
6 6 ] 6 6

. The process ‘of determining ‘the upstream and downstream slopes: of the

fundamental: triangle is explained according to each design condition;
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Requirement for focussing resultant of external forces in middle third
of horizontal section

The requirement must be filled in order not to generate vertical tensile

stress on the upstream side, but the dam is also required to be résistant

to seismic force working in the upstream direction when the reservoir is

empty., It is to be noted that concrete dams are generally not very resistant

to external forces working in the reverse (upstream) direction.

1)

2)

In case the dam is subjected to a seismic force working in the upstream

direction during its construction or immediately after its completion.

oS Z(mtn)
Moment working on downstream side when reservoir is empty
v

Xo =

Since the external forces to be considered here are the inertia force
during earthquake and the own weight of dam body, we may rewrite the

above equation as

)W, KBS+t n) (m-20) W, b2

Xo

”“é(m*ﬁn)wc h?
=Lkt m+20)h
3 m+2n

Therefore, it follows that"

20m+n)—(k+m+20)20
Mk eovnvrnsonasnns Cerrereieeaeas s (8)

As seen above, the upstream slépe, m, can be taken at a value
equivalent to the seismic coefficieht,’"k. In the ﬁesign Standard, the
seismic coefficient is. requied to be, 50% of the normal value foi the case
when the reservoir is empty. ,

In actuality, generation of vertical stress or a minor degree of
bedrock loosening on the downstream side is permissible because it does
incur an:increase of uplift as it would on the upstream side. Under the
latter condition,. the most economical section can be obtained by making
the upstream -face perpendicular or. slightly inclined (about.0,05.), For
this reason and for. the ease of construction work, the upstream. face is
often designed to be perpendicular, .

Requirement for not causing tensile stress on the upstream -side when
hydrodynamic pressure and seismic force work at the firm.power water

level,
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The stability condition in this case is also expressed by the following

equation.

Xo S%(m"'n)h

_ Sum total of moments due to horizontal and vertical forces
- \'

Xo

Substitution of the external forces and
moments shown in Table 8 into the above
equation and multiplicatioﬁ ‘of both

members by }§; leads to the equation,
1

(met ) (W = W Uy )= Cmetemd ({We —2Wim2w, (B ot w k)

~({w, @)+ we e v w, C,(—",—f—>"—i-—5’]-lvwk];'0 e e v (9)
By rewriting the above equation as

Alm+n)?~-B(lm+a)—C=20

we obtain

where, A=W, -W,Uy

i

B={w, ~2w, —2W.(B) Jm+ W k

(o

Il

{w, () w.; Ymz W, & 'w, c. (B " Two

Removing the silt pressure and the hydrodynamic pressure for simplicity

produces the following equation.

m n2 377, ,—IW., gy ((We —2w. om W,k (W vz~ 40, W3 m
¥
LW, (W, —2W, D kmt AWy (W, = Up W )t W2RT} Joiiiinninns (11 )

To obtain the most economical section means to seek the least possi-
ble value of m+n. In equation (10), the values of all factors excluding
m are known for the dam to be designed. This' means that m+n can be
obtained by determining its only variable, m.

‘Accordingly, it is necessary to obtain the value of m which makes

‘the value of m'+n (Eqg. 'l0 shown above’) the smallesty
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Since. 2A is a constant, it follows that

f(m)=DB+[BV4AC
=aymrart{ (o mitaz)? 44w m*+ a, )

where, a, =W, —2W,—2W, (%)’
a =W,k
ay =W, (~l!,;~)’ W,
ay= Wt W, Cc(B) +Lw.

A=W —-W. U

df alambta )v4Aa,m [T
dm O f J(laymta,)? +4A(a,m’-l'a.) : . (13)

a, a, a« and A are self-explanatory plus from their respective ex-

pressions,
‘ df . .
When a,20, Im assumes a plus value in the region where mz0,
so that f makes a monotonous. increase. ~This means that if m is to be

taken at a plus value (m<0-is not adopted in consideration of an
earthquake in the upstream direction when the reservoir is empty), the

most economical section is the one having a perpendicular. upstream face

(m=0).

. df . :
when «,<0 and for example in the case where m=0, oy becomes

@ &,

+ - <
a, + m , so that dm 0.

If m is taken at a sufficiently la}rge value, %,;>0 , so that { as-

sumes the minimum value in the region where m =z 0. This m, ex-
pressed by the following e'quation, is the upstream slope that gives the

- -most economical section.

LT +fla, @, a, ) v laga, YdAa2)ata;, ,
ala, 4Aa?

(14

vi

In certain cases, the most economical section is given by m which
is not zero (does not maké the upstream face perpendicular). By some

further consideration of- this- fact, it can be seen .that

whevn <0 , i';;- ‘>,0-,15 and .’lﬁ>0.387 » provided that

Wo-2W. - 2W, (ﬁhL’<o ,W. =2.30Um, We=1.0Um, W, =1.00/m
In other words,; the. situation mentioned above could occur in case
the silt depth is relatively large in comparison with the reservoir water
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depth, -

"When hs/h=0,50 for example, the upstream slope that produces the
-most economical section is'm=0,07, Even in such cases, however, it
is .quite possible that the section is designed with m=0 for the ease of
construction work because the difference between the two values is very

small, Fig,10 shows the upstream slope that produces the most cco-

nomical section and the sum total of m and n,

0.20{- Aot Ao D
A 3 // ~h 2 .
Design conditions
y W, =2.31rm?
W =010tm?
3 : W, =1.0t/m?
U, =1/3
0.10}- // I ' ’ ' " C =06
J =0.10
007 —— —————— . :/——--—- 0.8446 ( Minimum value)
0 i i\ 1
0.800 0.850 0.900

mtn

Fig, 10 Upstream slope (m) producing. most economical .section and
sum total upstream and downstream slopes (m+n)

The above study was made for the base which is the largest section,
and we now proceed to upper sections. . Of all load terms in-Eq,9; only
the silt pressure and the hydrodynamic pressure.change on other sections
than the largest section, The silt pressure becomes zero above the silt
surface, and the hydrodynarhic pressiﬁ;e al-‘soi'éhange-s as’ its loadv intensi-

ty is .expressed as
Po=Lw TR
[ B g M 3 Th

Eq, (11} producéd by removing the.silt pressure .and the: hydro- ... -
dynamic pressiure from Eq, (9) includes no h:term. This means that
when these two loads are removed, the .fundamental triangular section
filling the condition of Middle Third is determined not by .the dam. lijfeight
but by the upstream and downstream slopes. .Strictly speaking, .the:two .
loads cannot be disregarded as explained earlier, so that at the lateral
-cantilevers this design becomes somewhat conservative: - But sinée the
difference is relatively.small, it is often done .to- employ the upstream’

and downstream slopes:of the largest section for - all cantilevers. ..
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¢, Requirement for providing sufficient safety factor for sliding ( F, 24 )
The section of gravity dams recently been determined by this condition
in many cases due to the increasing dam height and weak bedrocks. In this

case, Henny's formula shown below is applied as explained in Section 4.3,
" :I‘)l"._y
F, ~—1H =4

where, 7,,f; Initial shearing strength and coefficient of internal friction
of dam body material or bedrock

! ; Length of shearing surface
H, V; Total horizontal and vertical forcev working on sliding

surface

The above equation can be rewritten as follows,
dHS o1+ [V

Substitution of H and V shown in Table 8 for consolidation of (m+n) leads

to the equation

Ot ) (BT W, [~ W Up [~ 40, B+ mf{ Wt w, (Be) )
~faw.aw, ¢ (Be) +Hwoilz o

caw o (hY 14 h
mmg;ww- aw, ¢, () Bwopemwew ey (16 )
ER LW, [~ W Up[— AW,

Removing the silt- pressure and the hydrodynamic pressure for simplicity

produces the following equation

mtn2 AW, = miW, et eteer ettt (17)
SR W, [~ WU [~ AW k

Eq, (16) produced for consolidation of (m+n) is a simple equation of m,
so that (m+n) can be obtained by determining m as seen in the equation of
Middle Third, The coefficient working on m is —/{ W, W, (-’;;‘—)2} which
assumes a minus value. This means that it is advantageous to determine m
at a large value, because the milder the upstream slope, the greater and
more conservative become the upstream side water volume and silt weight.

(-’;,i ) -included in the numerator is not determined by the dam height

because it is only the ratio’of silt depth to dam height, On the other hand,

h occupies a large portion of the denominator and decreases with the in-
crease of dam height (h). In other words, if 7 is constant, (m+n) must
be increased according to increasing dam height because-of this condition.

(m+n) determined by the condition of Middle Third is-hardly influenced by
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dam height, which means that this condition becomes more and more influ-
enced by dam height, which means that this condition becomes more and
more influential with the increase of dam height, Conversely speaking, if
an economical section is to be obtained even if the dam height to increased,
the bedrock strength must be correspondingly large. Fig.ll shows the shear-
ing strength required according to the dam height to provide a safety factor
of 4 for sliding for the dam section determined by the condition of Middle
Third. As seen in the figure, the bedrock is required to have a shearing
strength of more than 250 t/m® for construction of a dam having a height of
100 m. However, it is very rare to expect such a great strength from the
bedrock, so that the actual design section is so determined as will fill the
conditions of Middle Third and of sliding at the same time, it will be most
economical, These relationships are shown in Fig,12(a) in which —% is
taken as parameter. For example, if dam height=100 m, bedrock shearing
strength=200 t/m?, and £:1,0, 7 /h=2, so that the most economical section
satisfying both conditions is the one having m=0,4 and m+n=0,9 which can
be obtained from the intersection of the two conditions and consequently, n=
0.5,

But in case of bad and weak bedrock, it is not proper to base the design
only on the fundamental triangular section, As explained later, various re-
search activities are conducted for design in such cases,

It is to be noted that the fundamental triangular section can be designed
to determine the upstream and downstream slopes filling the both conditions
only when it shows little difference from the section determined by the con-
dition of Middle Third, It is also to be noted that Fig.,12 (b) shows that if
7o = 250 t/m?, the two conditions do not meet within the region where m>0
and therefore, the section determined by the condition of Middle Third auto-

matically fills the requirement for safety factor for shear sliding.
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Dam heitht (m)

Fig,

Upstream slope (m)

Silt depth 1

Water depth ~ 3.

100
Silt depth 1
Water depth 772 Conditions
/=10
Upstream slope Perpendicular
501 Downstream slope 1:0.8
C,=0.6
W, =23t/m’
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/=10
k==0.42
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0 100 200 300 400
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11  Dam height and required shearing strength of bedrock
( Design dam section determined by the' condition of Middle Third)
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shear sliding 2z 4 1_.__..._ /=10
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Fig, 12 (a)

Upstream slope + Downstream slope (min)

Upstream & downstream slopes satisfying design conditions (1)
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Conditions
Upstream side 0 -
tensile stress
" 20 - Safety factor for { —————— [=0.75
<] ) 1 .
= shear sliding =4 ———— 10
o
o,
K1
@ h/h=1/3
£ .
3 Other conditions are the
] same as in Fig,12 (a)
3.
o]
10{- \
\
\
\
\
\
\
\
\
\
_ . A
\ \ \
1 A B L \ L ) ! 1 i L 2 L )
0 . 2.0 3.0

Upstream slope + Downstream slope (m+n)

Fig, 12(b) Upstream & downstream slopes satisf{ying design conditions (II)

d, Requirement for holding stress below allowable limit

Stress generated in gravity dams is very small and does not present any
problems except when constructing large dams exceeéding 150 m in height. In
the design of such high dams, the internal stress must be obtained not by
the simple method of extreme fiber stress but by the analysis based on the
theory or elasticity. Levy, Mononobe and Brahts worked out a theoretical
solution effective for relatively simple boundary conditions, but the calcu-
lation methods they employed are all complicated or time-consuming, On
the other hand, the finite element method has come to be applied very
frequently with the recent development of electronic computers. And this
method produces a solution accurate enough for the practical purpose with
relative ease, Fig.6 shows a sample of calculations using F.E.M.

The simple method of obtaining extreme fibre stress is explained below,
which is considered as the standerd caluculation method to discuss the stress

problem,
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Fig. 13 Stress analysis of dam body and foundation by
finite element method

The vertical stress and the bending stress of the surface considered are

expressed by the followingcequation.

Intensity of vertical stress = —Al
Intensity of bending stress = —I;A—y :~—\;£— y
where, A : Cross-sectional area of base (A=B

M : when unit width .is considered)

M : Moment working on the base neutral

axis

-1 : Moment of inertia of area relative
to the base neutral axis (I:%)

e : Distance from the base center to the working point of
resultant (e = xo—%)

B : Base length

y ¢ Distance from the base center to the point of bending

moment to be obtaincd
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The downstream face stress intensity ( od) and the upstream face stress

intensity (on) are expressed by the following equations,

/
V. Ve ¥V Ve ,__~_ 6o
od= b py n"{z’ 13(1'

o=t feu= i (- B)= (0 -5

The above equations can be rewritten as follows.

0’(1—"‘(1 ’%" :

w15 1
The maximum vertical compressive stress is not the vlar‘gest stress
generated in structures. The largest stress is generated at the downstream
dam edge, and it is expressed by the following -equation.
1 =cd(1 +n2) sevess T a...‘.........,.....'.( 19 )
To ensure stability against compressive‘ load, therefore, it is necessary -
to hold the above-mentioned stress below the allowable maximum compressive

stress of dam body of foundation,

4.5 Point Safety Factor and Adoption of Fillet
a. general

As mentioned in the section 4.3, when the height of the dam exceads
100 meters, when the shearing strength of the bedrock ‘is relatively small,
or when there exist weak layers with small shearing strength near the base
on which a gravity dam is built, the condition that the shearing friction
safety factor Fg =z 4, which is the second designing condition, becomes domi-
nant in designing a gravity dam,

This requirement must also be fulfilled in: the horizontal section of a
gravity dam, but generally the shearing strength of concrete is big and it is
easy to place concrete having required shearing strength depénding on the -
height of the dam. In this ‘re'spect, the ¢oncrete dam body ‘itself "is not a
matter of big concern.

Therefore, the regulation of the shearing friction safety factor bears im-
portance in the contact face between the rock bed and concrete or within the
bedrock., As for the contact face betwéen the bedrock: and ¢onhcrete, the

satisfying conditions can be the forms (A) or (B). 'In other words,
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so if | is allowed to be sufficiently large, it is possible to satisfy n =z 4.
The designing method like this seems to be handled too conveniently,
therefore, it seems necessary to re-examine the matter based on the orig-

inal meaning of Henny's formula,

Henny proposed the formula previously mentioned based on Coulomb's
internal friction theory and the results of the shearing rupture caused by
compression of a concrete cylindrical test piece. According to this formula,
the shearing friction safety factor of a structure is.determined only by the
external force applied to it and the strength of the material used, and the
partial breaking on the shearing face is not significant.

This idea has been applied to the ultimate design, and the reason for
the ignorance of partial value derives from the hypothesis that if the value
has partially reached the allowable critical stress of the material, the plastic
deformation of the material takes place developing the redistribution of stress,
and breaking does not occur until the whole shearing face reaches the ulti-
mate state of equal stress,

This hypothesis can be applied to a substance with complete plasticity
which does not receive a repetitive load. However, despite the fact that the
rock bed which provﬁles the base for a dam possesses plastic deformation
features to a certain degree, the plastic deformation as large as to allow
complete unification of stress does not occur. This is apparent in the In
-situ shearing tests on rock beds currently conducted. In other words:

.l) In the shearing test of rock bed, the deformation curve of stress which
occurs in the block possesses two bending points before reaching the
breaking point, and deformation begins at 30% of breaking load, develop-
ing into a eminent deformation at 60% of breaking load. This indicates
that breaking is taking place partially within the rock bed,

2) When displacement becomes extreme, strain energy stored within the

rock bed reduces and displacement is caused mainly by slidings between
rock beds.
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3) According to the experiments conducted at the Kurobe No. 4 Dam, when
a repetitive load was applied which was larger than the second bending
point of displacement curve of stress (60% of bx‘eixking load), defor-
mation gradually developed and reached rupture in the end,

In the dam, a repetitive load is always applied due to the variations or
reservoir water level or the reasons earlier mentioned, so it is difficult to
apply the hypothesis of the ultimate design to the rock bed. Instead, it is
necessary to investigate whether partial breaking causes total breaking or
not. In other words, between the case in which a portion of small breaking
safety factor exists partially and that the whole section possesses an almost
uniform safety factor, the former has greater possibility of breaking by a
small load than the latter despite the fact that the :safety factors obtained
from Henny's formula are the same between them. In fact, the real safety
factor is smaller in the former. Regarding how to get the partial breaking
safety factor, Mr. Ishii and others have proposed the following.

b. Definition of spot (point) safety factor :

The breaking condition formula of the rock bed is practically expressed

by Coulomb's formula.

w=7otfc F - T (20)

Provided ;
T ! Initial shearing strength
f Internal friction coefficient
¢ Internal frictional angle
T Shearing strength

g ; Direct stress applied to the breaking surface

So the following value is defined to-be the partial shearing friction safety

factor n' (this is called point safety factor),

n'= Tov"{'l On
Tn
Provided,

o, : Vertical stress applied on the assumption that a ‘slide takes
place at a certain point
r. ¢ Shearing stress which works in the direction in which a slide

is supposed to take place at a certain point,

With the application of this formula, we can calculate the distribution of
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point safety factor along the presumed sliding face with the help of stress
value and strength of the material,

Next, let's condider the meaning of point safety factor. Intuitively it is
possible to think that breaking of the point begins when the point safety factor
becomes 1. There are two possible cases for such a state. One is when
the material strength reduces and other is when the load increases. Let's
look at the former case. = The strength of the rock bed is expressed by 7
and f as indicated in the formula (20). So the following three cases can be
considered possible causes for the reduction of strength leading into break-
ing,

@O = alone lowers to l/n

@ Both w and f lower to l/n

@ 7o lowers to 1l/n and f to m/n

To .
In the case of Q) 1=j—:‘_/b

So it becomes 7o tfno

The safety factor in this case is equal to that obtained when both ¢ and
7 are multiplied by n, and it coincides with the safety factor at the time of
breaking when the load is multiplied by n. So the safety factor in this case

is designated as load safety factor (N[,).

7
N: 0—_.
LT =To

In the case of @,

1= To/ll'*"f_qill_
T

so it becomes

1 —To +fo
nr

The safety factor in this case coincides with the safety factor at the time of
breaking when r alone is multiplied by n. The safety factor in this case is
designated as strength safety factor (Ng).

Ng is expressed as

N,:To':fd

In the case of (),

| =To/ntm/nfo
T
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so we can obtain

nt

The safety factor in this case coincides with the safety factor at the time of
breaking when r is multiplied by n and ¢ by m. The combined safety factor

in this case (Nm ) is as follows :

N =T tnfa
m

T

Next, we consider the safety factor from the viewpoint of engineering signifi-
cance. If we compare these safety factors numerically, they stand commonly
as n>1, m>1, n>m, So from the formula, the .following relations apparent-
ly exist :

NL>NL >N,
and here the load safety factor shows the largest ‘value and the strength
safety one the smallest. The degree or load uncertainty is small as stated
earlier and it is hardly possible that the total load becomes n times. This
writer believes that, considering the ambiguity of strength estimation of the
rock bed or the deterioration of the rock bed over long periods of time; we
should provide some allowance to the strength. = In this respect, strength
safety factor should be adopted as the safety factor.

The assumption taht that = and f lower to l/n seems to be a little too
severe viewed from the results of the shearing tests conducted at each site,
and in principle, the combined safety factor (Nm) best represents the reali-
ty. However, as it requires a complicated process to find out the difference
between n and m at each site and moreover the formula itself will ‘lose its
generality, the difference between Ng and Nm had better be considered al-
lowance. In Henny's formula, the word safety factor has been used vaguely,
but it is apparent that it has meant strength safety factor.

In investigating the point safety factor of the contact face between . the
rock bed dnd concrete or within the rock bed, we need to know the stress
condition of ‘the point in question. In the past,. the method . to obtain the
stress value relied on photoelasticity experiment a model testing, but today,
it is easily obtained by the finite element method. Therefore, although the
idea to examine the partial safety' factor was proposed a long time ago, there
have been few cases in which examinations were carried out from the
viewpoint of the point safety factor because the process to get stress was

complicated and required much labor and cost. ‘However, during the past
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ten yecars, it has become the common method of examination.

Generally, the stress at a certain point is expressed by the principal
stress. Supposc the first principal stress is ¢, , the third stress is ¢ ,
and line clement liecs urthen the arca containing ¢, forming angle ¢ from o,

as indicated in the Figure 13.

We now try to obtain the direct stress and shearing stress which work
on this line element. Suppose AB is Al in the infinitesimal triangle shown
in the right, we get the following :

BC=Al cos§ AC=Al sing
The balance of power in the horizontal direction is :
oAl sing=0,Al'sin 0+ rAl-cosg (a)
The balance of power in the vertical direction is as

follows :

o3 Al *cos@=g,Al cosf— rAl sing {b)

From (a) X sind + (b) X cosg we get:
— oy sin? 04 03 c0* 0=+ (01 + 03 )= & (01— 3 )eos20
On — 01 SIn 0, COS 9 ] 03 2 1 3 .....................( 25 )
From (a) X cos§ -~ (b) x sing we get ¢

e (26)

r=o‘.sin0‘cos()—a,sino'cos0=—%(a. ~03)8IN20 teriiiiiiiiiii e

In addition, from the formulas (25) and (26), we get :

‘{o,. - %—( o o )}2 + 1= [%‘(0‘. — 03 )cos? 0}2 + {%(m — 03 )sin? 0}2‘

:{’é‘(‘ﬂ_%)}? st ( 27)

So ¢, and r make a circular locus around a co-ordinate (0, —%(o. +05)). This
is what is called Mohr's circle. It is convenient to memorize the coordinate
transformation of stress by means of the shape of Mohr's circle,

In other words, the stress, ¢, and = of the surface inclined by § from

o1 is expressed by the coordinate value of a certain point within the circle

which has an angle of 2 ¢ from o of Mohr's circle.
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When principal stress is given to a certain point, the sliding point safety
factor of that point differs depending on the direction of slide but there must
be a certain direction which provides the smallest value, Let's examine the
matter,

The strength safety factor has been shown in the expression (23), That is ;

v‘.
N, :E__}[E

If you substitute the above expression with those of (25) and (26), you get
the following
N :‘l’o ‘*‘f[%—( o tao )—‘%“(o', —a, Jeos 20]

3

% (0 —av)sin 20
If you sofve ¢ with the smallest value of N, by the condition —aaA—,oL =0, Yle

get ;

o b ()

_d o tfo ) wtfas)
Ha—a)
2 o T £

N, *min

In this way, when a state of stress is given to a certain point, it is
possible to discover the direction which has the greatest potentiality for
sliding as well as obtain the sliding point safety factor of that direction.

The smallest value of safety factor is designated as minimum point safety
factor.

When a weak strength layer like a fault exists within the bedrock, you
first obtain vertical stress ¢ and shearing stress r which work on that plane,
and then you can get the point safety factor along the weak plane by the

following expression :
N =Tto
T
Provided |
7 ; Shearing stréngth of the weak layer
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ff ;  Internal frictional angle of the weak layer

However, if the inside of the weak layer is relatively large, the direction
with the greatest potentiality for sliding exists within the weak layer,
therefore, it is not sufficient enough just to take the direction along the weak
layer for the direction of sliding. We should cheék the direction with the
minimum point safety factor we have mentioned earlier and its value,

Let us now introduce a case of investigation we conducted at a model
dam on the .distribution of the point safety factor we have previously defined,

According to the design standards, it is regulated, as we have already:.
mentioned, that the safety factor expressed by Henny's formula must satisfy
4, and the result obtained from it can be considered the safety factor of the
whole sliding plane, We now describe I;he'v'act‘uél distribution of the point
safety factor of the dam designéd under this condition, The stress along
the contact face and distribdtion of the point safety factor of the dam design-
ed under the following conditions (Fig,14(a)) will 'be like that shown in the

Figure 14 (b),

Height of dam : 100 m Earthquéke coefficient : 0.05

Downstream slope : 1:0.8  Concrete unit weight v 2.3 t/m?

Upstreém slope : 1 0. 05 Uplift‘ fn‘es‘sure_u | ; : 0.4
coefficient

Hydrostatic pressure : 100 m Silt ¢ None

action depth

Here, we adopted 7 =220 t/m? and f=0.65 within the .rock bed, -

H=100m
We=2,20t/m’
W.'= 1.0t/m
K=0.05
U,=04

/=065

Fig. 14 (a) Esxternal load condition
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Fig. 14 (b) - Stress ‘distributions of a dain base

~We obtained the results as described in the Figure '15 regarding the

distribution of point safety ‘factor along the ‘dam base.

Locatioh of dam bass measured
from dam axis

0 10m 20 30 40 50 60 70 ' 80
T T Li T T T T R

Safety factor

Fig. 15 Distribution of shéaring friction safety factor Fg
and that of point safety factor Ng along the base
of a grav1ty darmn’

Here, Henny's formula is Safety factors Fg=4 and it is indicated’ by a
dotted line. The minimum point safety factor is 2.4, clearly mdlcatmg at
most part of the downstream of the dam point safety factor is lower than
Henny's 4,

In the above examination, we assumed that slide breaking plane deve-
loped along the dam base, but at an actual. dam it doesn't always develop
there.

A similar examination should also be cond‘ucted on slides which take
place within the rock bed.

Mr. Ishii and others obtained the stress Qithin the rock bed and in-
vestigated the sliding point safety factor within the rock bed through a model
experiment. The Figure 16 shows the principajl stress within the rock bed

which occurs when 100 mete1 hydrostatlc pressure is applied. The minimum

point safety factor and slldmg du‘ectlon of each point are indicated in the

Figure 17,
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Fig. 17 Distribution chart of sliding plane and ‘point safety
factors inside the rock bed of a gravity dam

Y

The thick solid line shows the shape of the sliding line when the:safety

factor becomes minimum.: The table 9 describes the comparison between

the point. safety factor along this sliding line and that of the base.
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Table 9

Safety factor along the dam basc obtained 5.7
by Henny's formula

Average point safety factor along the dam 6.1
base

Point safety factor along the sliding plane 2.9~9.0
Average safety factor ‘along the sliding 5.3
plane

From these results, we can get the following conclusion.

1) The sliding plane locates in the lower rock bed at the downstream part
of a dam base and it extends a little farther downstream from the

" downstream end of the dam. Also, the average point safety factor is a
little lower in the sliding plane than in the dam base. The shape of this
sliding plane resembles that of the breaking plane we commonly observe
in in-situ shearing tests of rock bed.

However, from macroscopic point of view, we can say that the sliding
plane is located very close to the dam base and that there isn't much’
difference in safety factor between the dam base and the sliding plane.
So we can safety say that the conventional method to apply Henny's formu-
la to dam beae is appropriate.

2) The base of a gravity dam at an upstream section shows a considerably -
high safety factor but it goes down at downstream sections. In fact, it
is about half of the value obtained from Henny's forimula neat the
downstream end.

As we have observed, the shearing friction safety factor of a gravity
dam secures more than 4.0 as a whole but it shows around 2.5 as the mini>
mum point safety factor at thé downstream end of a dam. Also, it is quite
possible that the point safety factor further drops at the downstream section

when the breaking plane locates through the base rock,

c. Engineering judgement of point safety factor :

We have observed that even if the shearing friction safety factor has at-
tained 4 according to Henny's formula, the point saféty factor stays at- 2.0
-2.5 near the downstream end of the contact face. Furthermd‘re, it even be-

comes: lower than 1 in extreme cases when a portion with low shearing-
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strength like a fault exists in a layer relatively close to the surface within

the rock hed. Then, how can we judge dam's safety using the point safety

factor from the engineering point of view? If we ofter our conclusion first,
we consider 2 as the yardstick,
This derives from the following reasons.

L) Shearing strength is commonly described by ultimate strength. In this
case, rock bed posseses yield point (singular point or inflection point)
as seen in an experimental case of the Kurobe No.4 Dam, and it broke
when applied stronger repetitive load than the yield point. This singular
point appears at about 60% level of the ultimate load. In that case, the
point safety factor reaches the singular point when it is 1/0,6=1,7,

2) Due to ambiguity of strength estimation and stress analysis, some al-
lowance should be given.

At the Nagawado arch dam of Tokyo Electric Power Company, they use

a similar strength point safety factor defined as ''loose coefficient' when

they check stability of the bed rock. At this dam, the loose coefficient has

to be larger than 1, and they bring out affirmative judgement to the check if
the loose coefficient is not smaller than 2 as a whole. Their investigation
is based on two dimentional plane slice. In the case of an arch dam, quite
different from a gravity dam, there exists initial stress within the actual
base rock bed (Bady Force), and three dimentional dispersion of stress is
conspicuous. Therefore, they seem to have taken such a judgement, thinking

that it is too safe to use two dimensional dam thrust for a calculation.

d. Adoption of fillet :

When base rock bed is solid enough and can be settled by the Middle
Third conditions, the point safety factor retains about 2.5 at the minimum
and such local safety alone is good enough to guarantee sufficient safety of
the dam, Now, when the section can be determined by the shearing friction
safety factor, such designs as (A) and (B) of page 42 can be possible if
we stick only to the average safety .factor based on Henny's formula which
we have mentioned earlier. We call the added part’ of the upstream section
such as the design (A) "fillet". - Mr. Kobayashi and .others have examined
these designs paying attention to the distribution .of the :point safety factor.
Let's talk about the results of their ‘examination.

First they investigated how the distribution. of this point safety. factor

varied when downstream slope was changed..while bottom length  was kept
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constant, using a model gravity dam with 7 =150 t/m?, £=1.0, h=100m,
Generally the vertical stress o¢ and shearing stress 1« at the

downstream end of a dam becomes as follows when no external force works
on downstrcam face :

_g.:'i= l~ n;onc--u--au---c-l-l'li--ns-tl----cnllolll---nu-io--»---o-.--s(31 )

T4 m
If we substitute strength point safety factor with the above, we get the
following : .

=Xt o Tt O To . Oad s
Ni=== i v (32)

So, point safety factor at downstream becomes larger as downstream
slope is steeper. In other words, when downstream slope is steep, the
direction. of principal stress at downstream end becomes almost verfical
against the dam base making it difficult to cause sliding.

The Figure 18 shows the results of investigation. When upstream slope
is gentle and downstream slope is steep, the distribution of point safety
factors at the dam base becomes uniform. So varying dam slope provides
an effective means for unification of point safety factors.

We have already mentioned that, when upstream slope is gentle anci
downstream slope is steep while the dam base is kept constant, shearing
friction safety factors of Henny's formula become advantageous because we
gain water weight on upstream surface. We also understand that it is more
advantageous when upstream slope is almost vertical observed from the con-
ditions of Middle Third. From this fact, we had an idea to keep the
downstream slope at the value determined by the Middle Third conditions
and fix a fillet at upstream to compensate the shortage of shearing friction
safety factor, We thought of extreme designs like (A) and (B) when we

ignored the distribution of stress and point safety factors.
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SN A S

1 2 3 4
Upstream slope 0,0 0,2 0,4 0,5
Downstream slope | 0,9 0,7 0,5 0,4
. t/m?z | t/m? | t/m? | t/m?
° 150 | 150 |150 | 150
! 1,00 {1,000 (1,00 | 1,00
k 0,05 10,05/ 0,05] 0,05
U 0,3 {0,3 |0,3 [0,3
We 2,3 12,3 [2,3 |2,3
Ww 1,0 1,0 1,0 1,0
Dynamic water Ww
pressure and 15% .| 15% 15% 15%
Silt pressure
Oxd t/ma
Upstream end’ 41 | 35 18 5
Oxd t/rr)2
Downstream end 155 186 229 254
try t/m?
Upstream end 0 9 25 38
Txy t/m?
Downstream end 139 130 114 102
n' .
o0
Upstream end 20,816,721 4,13
n' :
Downstream end 2,37 2” 58 3,31 13,98
n
3,56 1 3,75 3,93 | 4,02
Average

height 100 m,

Dam's height 100 m

18 Stress and point safety factor
(gravity dam)

two dimentional photo-elasticity theory in three cases

slope of 1: 2.0 against the vertical part,
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at dam bottom

Then, they carried out a model experiment regarding slope of fillet,

: a gravity dam,

in the Figure 19 ; the same dam, fixing a fillet which has the slope of 1:

The experiments were conducted to obtain stress distribution based on the
downstream slope 1: 0.8, upstream slope L : 0.4 as indicated

1. 0 against the vertical part at upstream ; and fixing a fillet- which has the




0] 80
120

Fig. 19 Gravity dams' sections

They put into consideration only dead weight and water pressure load as
the load for experiments. For dead weight, they loaded by mercury based
on Biot theory into a model made of epoxy resin mixed with plastic material
with high photo-elastic sensitivity, and for water pressure load, they loaded
it with a lever onto the model made of epoxy board.

The distribution chart of vertical stress and shea‘il‘ing stress obtained

through the experiments are shown in the Figure 20.

(a) 1 Type
(a)1Type
m
00
1015 ) aTo
2011 0kg/cm ‘OIS
L 20%10kg/cm?
— - ——
"/" T—
) th)2 Type . i b)) 2Type
. ™ 07
A 010 . ) 10 g
e 2 !sokg/n..‘ 20%10kk/ cm?
=
C ] —
T
{c) 3Type ¢ 3Type
8‘0 m
P N 10l o0
N 20[|ong/c...’ 5‘3]?0&.;/«-".'
[ —1
— —— — =

Fig, 20 (a) Distribution chart Fig. 20 (b) Distribution of
' “of vertical stress o ' ‘shdaring stréss

We show in the Figure 2l the distribution of ‘point safety factors at dam

base obtained:through calculation based on these figures under the condition

of 7 =100t/m®;, f=1.0, and uplift pressure coefficient= 0, 3.:
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Upstream r0::10.0 f=1.0 Downstream

end
end kg/em?

L * .
/ N > >‘3’}l
xe—m—x Typel
svm—=n Type2
o—e—0 Type3d

G res Fig.. 21 Distribution chart of point safety factors
i From these figures, we can conclude as follows.

L)' When there is no fillet, shearing stress which occurs at upstream part
is small and point safety factor is large, but when a fillet is fixed, the
point. safety factor at that point lowers.

2) In case of a fillet with the slope of 1: 2.0, point safety factor becomes
large at upstream end, and it is feaved that the effect is not sufficient

enough in the thin part of the fillet with gentle slope.

3) Point safety factor at downstream end is almost constant in any case
being about half of the safey factor obtained by Henny's formula. It
seems that point safety factor at downstream end is controled mainly by
downstream slope.

4) Stress concentration occurs in the place where a fillet is installed and

its influence is relatively limited when its slope is 1 : 1.0 but it extends

to a wide area when its slope is made into 1: 2.0.

These experiments were conducted on the assumption that the module of
elasticity of the dam body and rock bed were equal. So it's still too early
to talk about its generality from these results alone. However, we can at
least say that, when a large fillet is installed as in the experiment, there
won't occur éexcessive stress concentration at the place of its installment if
its slope is lnglde a-s gentle as ‘l : 1.0, and the distribution of point safety
factors become uniform at the dam base. It is advantageous in these re-
spects.

The point safety factor at downstream end is not influenced by the fillet,
So it's better to apply a method to make downstream slope steeper.

.:We felt intuitively that the (A) and (B) plans were extremely conveniet,
and;now we understand that they are inappropriate from.the theoretical point

of view as well, It is generally desirable to make the slope of fillet about
0.8 -1,0.
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4.6 Example Design of A Gravity Dam when the Base is in Unfavourable

Condition '

We explained in the previbus chapter about tl;e general approach to the
case when the design of gravity dam is determine‘d»by the condition of
shearing friction safety factor of the base Fgz4. In short, it is necessary,
in such a case, to examine the matter paying attention to point safety factor
in addition to average shearing friction safety fa‘ctor. When safety factor
obtained by Henny's formula and point safety factor do not satisfy the
standards, we can generally raise such safety factors by enlarging the
section so thaf the contact face with the base rock bed becomes large.
However, it will increase construction cost depriving the advantages of
gravity dams. So fill-type dam may substitute it. A gravity dam is con-
structed when it is impossible to make a fill-type dam or when it is more
economical to build a gravity dam. In this case, to enlarge the gfavity
section is not the only way to secure safety. TFor example, it is often taken
to replace the weak part of base rock with concrete. There are various
engineering methods for improving rock bed, but this subject belongs to the
category of ' Foundation treatment''. So we explain, based on actual cases,
about what we investigated and  what methods we took when we encountered
with a case in which the base rock bed contained defects.

Oodo dam is a.gravity dam with a height of 100 m. Speaking of its geo-
graphical features, clay slate and sandstone are distributed in the upstream
part of the dam, and schalstein and chart surrounded by schalstein in layer
form or in lenticular form are distributed at the dam base or further
downstream. The clay slate and sandstone were in good quality but the
schalstein were softened by the effect of ser‘pentining.

The strength and deformation properties corresponding to the grades of
rock quality to be induced from in-situ ‘rock tests. Incidentally, as serpen-
tining is considered highly inluential upon strength, we put’it in‘to ééns_ider-

ation when we made rock classifications.
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Fig. 22 Geographical plan of Oodo dam

Table 10 Shearing strength of rock bed

Rock grade | Shearing strength | Static modulus of elasticity

CH 200t /m? ' 50, 000kg /cm?
CM ~ CH 150t /m? 20,000 30,000kg/cm?
‘oM | sot/me: |7 12, 000kg/cm?

ti

Table 11 Contrast between rock grades and the
degree of serpentining

——___ Rock grades
CL CM | CM~CH | Over CH

'Degree of serpentining

Serpexlatmmg }s progressing | g.4 | gg, 409 12%
conspicuously : :
Serpentining is progressing o ' o | 0
to a certain degree 3% | 19% - 60%

. - 88%
Almost no signs of 0 0 0
serpentining : .
Extensmn(gf)explormg pi 18 167 33.5 L5
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If these values are design shearing strength, the dam section of H=100m
dam is apparently determined by the conditions of sliding, and the dam
section is shown in the Figure 23, The strength of rock bed is not uniform
against the section and we .examined. the shearing friction safety factor in

the following way.

" Dam axis
EL.m Non-overflow section 5,000
(220 ’ £.1..216,000 I~
210 Normal wa—l;_r—ﬂlling
level © E.L.204,000
-200 Limited water !evs:l
during flood scasdn
E.L.188,500
190 e /7N
Subsidiary water dis- p.
-180 charge level 51,177,500 : |
E.L.174,000
170 Minimum water level

(Silt level) .

160 - g
. . l B
E.L..152,000 Emergeency discharge ¢=1,500
150 EL. 149,000
-140 S -
N/ /
'\.' //
180 T 0 E.L.124,500
. . LT -I7' // .
120 0.600 - 35200 | 76,800 |- 2000
[ |

112,000

Fig. 23 Standard section of non-overflow section of A dam

1) Obtain the average strength of the base rock bed for = and f and apply
Henny's formula: to- it
2) Divide sliding plane into various zones with different strength and calcu-

late by the next expression.

N;"{':J(rm "'/i ' 0, )11 .

Provided :
m Number of divide'd zones

Toi ¢ Shearing strength of rock bed at each zone

[ i Friction coefficient of rock bed at each zone
o, : Average normal stress of rock bed at each zone
l; ¢+ Resistant length at each zone

The dam section was determined by these methods, but it was quite

doubtful whether the application of the average safety factor (Henny's safety
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factor) is sufficient enough in dealing with the rock bed made of combi-

nations of parts different in strength and deformation. So we examined the

actual situation of force transmission and the distribution of point safety
factors,

We made comparison, for the sake of judging safety, of the case when
weak layers with weak strength and large deformation existed in the up-
stream and downstream sides. We will show the results of only the cases
where the weak layer occupies 1/2 of the whole base rock bed. The follow-
ing is how we conducted our examinations,

Regarding the dam body and rock bed as elastic bodies, we conducted
stress analysis by means of finite element method. We checked the follow
ing facts for this stress value.

1)  Whetehr a large tensile stress has developed in both dam body and rock
bed,

2) Whether compressive stress has developed more than allowable stress.

3) The distribution of point safety factors.

The results of stress analysis can be described in principal stress as
in the Figure 24. Also, the distribution of point safety factors along the
dam base is indicated in the Figure 24, The actual analysis was carried
out based on estimated geographical features, and alsc we examined various
cases other than that. The main points of our conclusion are as follows.

l) When a part of the rock bed is soft, the force of the dam body is trans-
mifted to the hard and rigid rock bed in concentrated form and the
stress of soft part of the rock tends to be small,

2) The downstream end is the spot where the maximum force is trans-
mitted, and if a border exists between weak layer and hard rock in this
spot, point safety factor partially lowers due to stress concentration.

3) There is almost no problem with regard to the weak layer which is lo-
cated in the middle of the dam base or in the upstream section,

4) If a weak layer exists in the downstream section of the dam and the
upstream section of the dam is composed of hard rocks, tensile stress

develops in the horizontal ditection near the upstream end of the dam,
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At the Oodo dam, conclusions will be drawn whether special treatmen

needs to be taken as soon as geographical features are clarified by exca-

vating.

covered at the bottom end of the dam.
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In any case, a problem will arise only when a weak layer is dis

In that case, a part of the weak



layer at the bottom end of the dam can be replaced by concrete to

sufficient engineering stability,

Pointsafety factor
(at the dam bottom) —emc.— Bafety factor line of 2
chn 12 s {r.,'-:ZOku.cm?tCll
o= 10kg em?LCM -
ro= 15kg - em? CH
ro=: 8kgsem‘1CM -
—ermmeie e Gk emfICM -

10 20m Length on a
raduced scale

Fig. 25 (a) Destribution of point safety factor

Point safety factor
(at the dam bottom) ——~— GSafety factor line of 2

cu 172 . i ,°=20kg/cm2(ClH
IR . ' ro= 10kg/em*(CM)

________ \ to== 15kg/cm2(CM)
ro= 8 kg/em?(CM)

32—,
! 0 10 20m penght on a

reduced scate

——

Fig. 25 (b) Destribution of point safety factor
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4.7 Detailed Design of Concrete Dams
4.7.1 Design of joints
a. general

The concrete placed dissipates heat of hydration as it cures. Unless
the heat of hydration is removed in a positive way, the concrete tempera-
ture may rise as high as 50°C, Although the dam concrete settles at an
final and stable temperature in a long time, large transient temperature
differences in it can exist after the concrete has attained sufficient rigidity,
causing tensile stress in the concrete to crack., In order to absorb the con-
traction of concrete for the purpose of preventing the random cracking in
the concrete, the concrete placing work is carried out in blocks into which
the dam is divided. The contact surfaces between the blocks along the dam
axis are called the transverse joints, Where the dam structure has some
thickness along the river running direction, joints should also be provided in
the planes normal to the river running direction, and are called the longi-
tudinal joints.

Designed to prevent the cracking in the concrete, these joints must be
treated to ensure a sufficient watertightness when they are cured open at an

ultimate temperature.

b. Joint spacing

The factors that determine the spacing of transverse joints include the

following.

l) Foundation conditions

2) Dam appurtenances (spillway, overflow gate, etc. )
3) Contracting characteristics of concrete

4) Capacity of conveying concrete

As regards the foundation conditions, it should be borne in mind that,
if a joint falls on a weak zone or an irregular part of the foundation, its
opening can propagate into the bedrock. Thus, full engineering consider -
ations should be done to remove irregular foundations and not to arrange the
joints directly at weak layers,

The dam appurtenances can govern the location of joints, It should be
borne in mind that no joints be provided in the piers or near the outlet
conduits,

The most important factor is the contracting characteristics of comcrete;

if the joint spacing is too wide, cracks will develop in the blocks, and if it
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is too narrow, it will hamper grouting. Empirical data show that the
optimum joint spacing is about 15 m and that a joint opening of about Zmm

will be sufficient for grouting.
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Fig. 26 Layout of joints (example)

Where the block size does not correspond to the batcher plant, the
concrete placing period will be prolonged to disadvantage, as intermittent
concrete placing leads to the development of cold joints (non-artificial
joints ).

If a given dam is high or the bedrock is poor in quality, the thickness
of the dam must naturally be increased, which in turn requires longitudinal
joints.  The factors that determine the spacing of longitudinal joints are

essentially the same as with the transverse joints, While in almost all
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cases, the spacing of the transverse joints is around 15 m, the longitudinal

joints are spaced 15 m to 50 m, This difference is due to the following

reasons,

1) As the gravity dam follows a two-dimensional désign, the separation in
the dam body due to transverse joints is no matter theoretically, But
the longitudinal joints develop discrete parts in the cross section of‘the
dam body, and it should be avoided as far as we can.

2) Cracks parallel to the dam axis are far less significant from the
viewpoint of watertightness than thdse normal to the dam asix, and are
safer as they tend to close automatically under water pressure,

3) Well-designed cooling practice can increase the spacing of longitudinal
joints,

4) Prior construction cases show that the opening of the longitudinal joint
is smaller compared with that of the transverse joint, and it is neces-
sary to widen the spacing of longitudinal joints for successfully grouting,

5) Intersection between longitudinal joints and outlet pipes, etc, is hot
desirable, and the number of longitudinal joints should be minimized,
There is an actual case where a dam with a maximum width of 70 m

was constructed by placing concrete in layers without provding longitudinal

joints, but it has not been reported for random cracks to generate, So at
present, it is generally practised to provide longitudinal joints at an inter -

val bf about 40 m,

¢, Precautions on arrangement of joints

The transverse joint is provided to rise from the bedrock perpendicu-
larly up to the crest to have a single plane parallel to the river flow di-
rection, On the other hand, the arrangement of longitudinal joints need
some consideration,

Usually, the longitudinal joints are arranged to stagger with the
transverse joints, (See Fig, 27)

Where the upstream face of the dam is provided with a slope or is
filleted, no longitudinal joint usually is provided in the upstream face. This
is because water seepage is likely to make a discrete section in the dam at
the longitudinal joint, Even if it is required to provide a longitudinal joint
at such a place, it should be terminated at a position about 5 m below the
upstream face. Where the longitudinal joint is exposed to the downstream

face, it is usually turned up just short of the downstream face so that it
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Table 12 Maximum block sizes for the existing dams

Name of dam Type I—I(e:rlg?t Dam( r\;:a);ume B(»l:qc)k h(&l ilé;t Acl:):;)fl’ticnléa :
i (m) method
Okutadami Gravity | 157.0 1,670,000 18x37.5 2.0 Pipe
Sakuma Gravity | 155.5 | 1,222,000 |15x45 1.5 | Pipe, Pre
Ogochi Gravity | 149 1, 676, 000 15x30 1.5 Pipe, Pre
Tagokura Gravity | 145.0 1,960,000 18x37.5 1.5 Pipe, Pre
Kusaki Gravity | 140.0 1, 300, 000 15x35 2.0 Pipe
Shimokubo | Gravity | 129 | 1,193,000 |15x25 1.5 | Pipe
Ikari Gravity | 112 480, 000 15x25 1.5 Pipe
Kazaya Gravity | 100.0 566, 000 17x51 2.0 Pipe, Pre
Ruromatagave | Gravity | 9L 0 289,000 | 15x72 1.5 | Pipe, Pre
Ishidegawa Gravity 87 423,000 15x30 1.5 Pipe
Sonohara Gravity | 76.5 207,000 15x70 1.5 Pipe
Nukabira Gravity 76.0 470, 000 15x70 1.5 Pipe
Kurobe No.4 | Arch 186. 0 1,590,000 | 18x55 3.0 | Pipe
Nagawado Arch 155.0 700, 000 16x35 2.0 Pipe
Yahagi Arch 100 256,000 15%28 2.0 Pipe
Shorenji Arch 82 120, 000 15x24 2.0 Pipe
Takayama 2:;31;), 67.0 185,000 | 15x36 1.5 | Pipe
% Pipe : Pipe cooling
Pre Precooling
reinforcing bar arrangement detail

2.50':)(: 2500 \
gt I‘ 8G500 4,500

A

prefabri-
cated bar
"'_J . « B/

Sl e wrerws w 25 w1 —
= =3~ Lift plane A PN © M
2l Le D$16x800 T S
i Steel pipe & plane \ 6.8stcel pipe ™
G4

- Longitudinal \\

: \ joint N\

Fig. 27

Termination treatment of a longitudinal

joint (example)
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Fig., 28 Detailed view of reinforced termination treatment
for longitudinal joint (S=1:30) :

will be normal to the downstream face and to eliminate corners.

It is a general bractice to provide keys for the transmission of shearing
force.

The following are the concepts for the joint grouting.

According to the current two-dimensional design of gravity dam, it is
not always necessary to integrate the transverse joints in the direction of
dam axis by grouting., However, the longitudinal joint needs to be integrated
by grouting for the purpose of communicating the stress in the downstream
direction.

There are many existing dams which used ‘grouting for transverse joints,
Currently, this practice was omitted. Theoretically, there is no need of
providing keys for the transverse joints. In Japan, hc;wever, there are no
cases which omitted the keys for transverse joints. The joint grouting and
keys for the transverse joints may well be understood as a safety allowance.
As already discussed, the joint grouting lets the dam behave three - di-
mensionally, and something of three-dimensional checkups will be necessary.
If the keys alone are -provided, the author thinks that there will be neces-
sary., If the keys alone are provided, the author thinks that there will be

no necessity to check up the dam three-dimensionally.

d. Design of keys

Usually, the-jdints -are provided with keys for the purpose of ensuring
reliable transmission of forces, For the transverse joints, perpendicular
keys are provided as illustrated in Fig., 29. From the viewpoint of two

-dimensional design, these keys are allowances. But, these keys are ex-
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pected to keep each block stably in position and, if one block is endangered,
to make the adjacent blocks detain and prevent it from falling down. For a
dam designed in a two-dimensional way, it is not always desirable to carry

out joint grouting for the transverse joints,

| il 2 REANRD
Groul NOPPC" KER orsolsno

0375 0.375,.

:,,°“ososb\s (L]
Kcy for longitudinal
Section A-A @ joint

(U ...

-"; Grout s |Key for longitudinalg} Longitudinal joint
3

i oo | el ,
o r > A blocks [ W \5 Downstream

i A ” ' &““
[ L \\“| A

plane
'I (‘-rout stop per
; s . @A
['r'!' T ’\w’t‘;‘ 3 ey PR E TR 3 ’-‘n -\.-;-;-:.—x\\
" i FA NN
T TODTe) TN DrAbaAbAbADAzE dANARANA

L5 Lift pls
Ar— " £ [ZANTVAN] r/’:lne
Dctailed view of transverse joint @)

. )
" between adjacent 1) \\

o —

—

o —

L
Upstream ,l‘.““'

face

o015

P

e
e Sy

4

?

I"ig. 29 Perpendicular keys

Keys and joint grouting offer a sense of security,

As shown in the following, the longitudinal joints usually are provided

with horizontal keys.
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Fig, 30 Horizontal key

It is necessary to transmit the perpendicular shearing force by way of

this key. As the grouted material of joints shows a less resistance of

shearing force, the horizontal key surface should be arranged normal to the
primary principal stress for the purpose of protecting the joint from the E

shearing stress, In this case, the direction of the primary principal stress
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varies from place to place in the dam ; if we strictly satisfy this, we have
to make the horizontal key, different in shape and size at each blace. But
this is troublesome work for forming, it is generally practised to use the

shape near the toe where the perpen'dicular shearing force is maximized as

representative of all the sections.

4,7.2 Design of a gallery

a. general

Galleries are installed inside the dam body for various purposed. They
are installed in the dam axis direction and the direction normal to it. Any
hollow parts, like galleries, in the dam body are unfavourable to the dam,
and the galleries should be installed with all possible care. The reasons
why the gallery is necessary in the dam body are as follows.

1) Working space for installing the drains necessary for reducing the uplift,
2) Working space for grouting the foundation,

3) Working space for cooling and joint grouting,

4) Space for monitoring the development of cracks after c‘onstruction.

5) Space for operating the outlet works.

Every gallery is used for multi-purposes. The following gives a briefing
on the engineering considerations for the gallery with respect to these
purposes.

The gallery designed for foundation grouting is installed parallel to the
dam axis and near the dam surface, and is used also for draining work.
Needless to say, the gallery is as spacious as capable of accommodating a
drilling machine. According to the design standards, this gallery is re-
quired to be located twice its height or more apart from the upstream face
of the dam. According to U.S.B.R., it is ruled that the gallery floor should
be set 1.5 m or more apart from the bedrock and that the gallery should be
separated from the upstream face of the dam by moré than 6 m or at least
10% of the water depth at the level of gallery. The grouting to be carried
out from this gallery is curtain grouting.

The gallery explained above is also used for draining work. - Where the
reduction of uplift is particularly important or where it is required to check
the actual distribution of uplift with the design uplift, a crossing gallery to
the dam axis (that is, parallel to the riverstream) is sometimes installed
for draining purposes. In this case, also, there should be a space enough

to accommodate a drilling machine.
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The gate control room and its access gallery are determined by the size
of related facilities, and usually need a considerably large space,. Careful
reinforcement is also required to protect the space from stress concen-

tration. Where it is impossible to .expose the pipings for cooling and joint

grouting to the dam surfaces, these pipings are often run through this gallery.

It should be borne in mind that the pipings for joint grouting are required to
be set at a grouting lift of about 15 m. The gallery for monitoring the dam
body (inspection gallery) is used to check for cracks and for the safety con-
trol and maintenance of the entire dam. The galleries already explained

serve as an insepction gallery,

b. Reinforcement of a gallery

The surroundings of the gallery are subject to stress concentration, and
require iron reinforcement, accordingly., In order fo minimize the stress
concentration, the gallery should pteferably have a circular cross section.
Not only for the sake of working space economy, but for the simplicity of
construction work, the gallery cross section usually is made rectangular,

There are various methods for determining stress concentration. They

include model test, photoelastic test, finite element method, and a theory
concerning the stress concentration around a hole in a two-dimensional plane,
etc. No theoretical solution has yet been obtained about the rectangular
cross section., Jor a large hollow space, like gate control room, the two
-dimensional assumptions are no longer practical. To handle this kind of
problems, the photoelastic test and finite element method are generally ac-
cepted-as an effective one., Compared with the photoelastic test, the finite
element method is handier in calculating the stress. But the finite element
method has a drawback in that, It is not so good to calculate concentrated
stress by its nature, For the purpose of improving the accuracy of stress
concentration analysis, it is required to fine down the meshes for analysis,
For the arch dam, the gallery should be reinforced as required by the
analysis of stress concentration around it,

In the case of gravity dams, and particularly when an intended gallery
is not so large, the arrangement of reinforcement bars may be determined
by following the examples of the existing dams of comparable sizes, There
is a widely accepted theoretical method in determining the stress concentra-
tion around a circular cross section such as a pipe's. It assumes a case

where stress is acting uniformly on an infinite plane having a hole,
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Let us assume an infinite plane and a compressive stress ¢ acting
uniformly on its two opposed sides., A theoretical solution for the stress
around a circular hole in the plane is given by the following formula,

Referring to Fig, 31,  assume the stresses oy and o, on the x- and y-
axis which act in the directions normal, to the x- and y- axis respectively.

Then, these stresses are given as follows.

veeees P & 1- 3

o, = a(;},—35—.
(x=r, y=0),
(x=0, y=r) yHHHHHHHHHHHHHH&
3 {l!-:
2 2¢ , ““
Lidr A il
. s o H"(;'
0 4 0 BT 2r 3r 4r Sr *
)

Preteeeetetetetttettttitttttns

Fig. 31 Stress concentration around a hole

At the crown of the hole (x=1v, y=1r), the stresses ¢, and o, are
calculated as follows.
oy =30
0, =—0
The minus sign in o denotes a tensile stress ; At the crown of the hole
tensile stress works. The stress concentration diminishes quickly as it goes
far away from the circular hole. As illustrated in Fig. 31, the excess
stresses can practically be approximated by the triangles CHI and EFG.
Taking Ft and F¢ as the sums of excessive stresses in the y- and x-axis

direction respectively, the following are determined,

F,=—0.2rc¢

LR N N N R NN N N N W I Y I S A S AP L N N NN (37 )

F, =rg.
Where stresses act in both x- and y-axis directions the solution can be

obtained by superimposing the solution for the x-axis and that for the y-axis
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upon each other,

In practice, it is very difficult to apply the above theoretical method to
the solution of stress concentration in the dam. DBut if a geometry is so
simple as-a circular conduit pipe in an arch dam, the stress concentration
around the pipe can be determined by taking the principal stresses in the
upstream and downstream faces determined in the dam design as axial
stresses in the plane illustrated in Fig. 31,

In actuality, however, cases are few which permit approximation by two
-dimensional plate stresses, and if it is desired to provide an unpre-

cedentedly large hollow, necessary analysis has to bed one,

4.7.3 Design of Seals

As already discussed, some opening developes between the blocks. In
order to prevent leakage from the reservoir through this clearance, it is
necessary to provide watertightness at a joint near the upstream face of the
dam. We usually use a device consisting of various materials, and is called
a seal.

Usually, the seal is buried while placing concrete. The seal must satis-
factorily follow the opening of the joint without breakdown when the dam
concrete has attained an ultimate steady-state temperature and it must also
have sufficient dural;iﬁty.

The materials for seals consist of copper, stainless steel, synthetic
materials like polyvinyl chloride and rubber. The widely used metal seals
are 7 type and M type illustrated in Fig. 32, Each of these types is de-
signed to be able to follow the opening of the joint. Among those two types,

M type is more capable of following opening.

Joint Joint

- hlony

3
el k=315
‘i‘lm
42038 3 200 _ET'I
I T—
. [ng
Z type M type’,

Metal Polyvinyl
plate S chloride

Fig. 32 Shapes of seals,

Where polyvinyl chloride is employed, it is usdélly designed as il-
lustrated in F'ig, 32,

When the transyerse joint is to be grouted, another seals, grout stoppers
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are necessary. In this case, polyvinyl chloride has been used increasingly
Polyvinyl chloride is less c'ostly and easier to handle com-

in recent years,
and the

It can be rolled up for ease of transportation,

pared with metals,
But polyvinyl chloride is a little harder

number of tieing can be minimized,

to tie than metals.

In case grouting is not applied to the transverse joints, small holes of -

seals directly lead to the seepage of water toward the downstream side,

Therefore, seals of the transverse joints must be made with utmost care.

The mistake often made is that the welding operator makes small holes and
ignores them., In case grouting is not carried out for the transverse joints,
the horizontal construction joints may become a weak point when the concrete

at the upstream corner is defective in quality because of insufficiency of
vibrating work and green cut, it may cause water leakage. The concrete

placing and green cut'at the upstream’ corner should be conducted with

circumspection.
In some cases, joint drains are accommodated for the purpose of pro-

tecting leakage through weak horizontal construction joints. The gathered

leakage water is usually guided into the gallery,
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N\ Split concrete pipe
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4. 7.4 Design of drain holes

The water passing through the grout curtain or leaking around the grout
curtain works to lift the dam body (uplift). For the purpose of reducing
the uplift and blocking up the leaks in the dam foundation, drain holes are
provided right behind the grout curtain. The provision of drain holes 'is
imperative as the uplift has a direct bearing on the stability of dam body,.
As for the arch dam, the influence of uplift is less than on the gravity dam.
But there are many arch dams having drains. This is because the drains
can not only reduce the uplift but also offer valuable information, such as
water leakage rate and water color, necessary for the safety control and

maintenance of the dam body.

Generally speaking, stable dams will have the water leakage reduced or-

stabilized at a constant level in a few years after start of water storage.
If the leakage water gets coloured, it is suspected that something is wrong
with the foundation (e.g., piping inside the foundation).

Apother problem is how many drain holes be installed and what way
they should be arranged for the purpose of fulfilling the design requirements
for the gravity dam,

There is no established theory for handling this problem. But it is
easily understood that ,essentially the quality of bedrock and the effect of
grout curtain will be a paramount factor governing the design of drain holes.
But it is almost impossible to discuss quantitatively how to reflect these
conditions peculiar to each site in the layout of drain holes. For this
reason, there is no way at present but to take recourse to the experience
and knowledge of expert engineers who can design the drain hole system
based on the layout and size of drain holes in the existing dams and the
measured uplift and by taking into account the foundation conditions at a
given site. Not that there is no standard layout of a kind at all. Here we
will discuss the drain hole layout.

Usually, the number of drain hole rows to be installed is one. Where
the foundation is poor, two rows or more may be installed. As regards the
size of drain hole, it should be noted that if the di_ameter of the drain hole
is too small, it will be encrusted wiﬂi metallic salfs freed from water and
blocked up draining action inefféctive. In this sense, the drain hole size
should be large enough., Usually, the drain hole is sized to 46 mm to 76
mm and 66 mm in average diameter.

Another problem is how deep-to dig drain holes into the foundation.
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This is also concerned basically with the foundation conditions. According
to the design criteria of U.S.B.R.5), the depth of the drain hole is so as
to be 20% to 40% in terms of water pressure (water depth). In Japan,
nowadays the depth of a drain hole is about 5m, it is shallower than the
end of consolidation grouting holes. The prime concern is what spacing
should be provided between drain holes. It is reported that the draining
effect is improved none the better for the reduction of the spacing to as
small a value as less than 1.5 m. Usually, therefore, the spacing is set at
5 to 7.5 m.

The drilling of the drain holes is usually carried out from the grouting
gallery.

The time when to drill the drain holes is just after consolidation and
curtain grouting, The concrete is blaced with guide pipes beforehand, and
the drain holes are drilled with a drilling machine from inside the gallery,
The drilled holes are each provided with a pipe and tipped with a cock and
a pressure gauge for the purpose of checking the quantity éf the leakage per
drain hole and total leakage volume from all the drain holes, An example

of layout is shown in detail in Fig, 34.

4.8 Design of Hollow Gravity Dams

4.8.1 Advantages of hollow gravity dams
The hollow gravity dam is provided with an upstream. cutoff wall called

the diamond he‘ad, and its inside is hollow, This structure has the follow-

ing advantages,

1) Since the upstream slope of the dam is moderate (1 : 0,5 or so), the
stability of dam body against slide and breakdown can be increased
because of adding the weight of water and silt deposit on the upstream
face.

2) Since the bedrock is exposed in the bottom of the cavity, the uplift on
the dam body can be reduced,

3) By virtue of the advantages (1) and (2) above, the concrete volume for
the dam body can be cut down without sacrificing the stability of the
dam, (about 70% of the concrete consumption compared with a gravity
dam )

This advantage is particularly significant where a high dam constructed
in a wide valley,

4) The hollow gravity dam has a large area for dissipation of hydration
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Fig. 35 An example of a hollow gravity dam

heat from the concrete. In addition, the concrete ‘thinkness is no more
than several meters, and the concrete temperature is loWel‘ecl to an
ultimate steady-state value during the winter of the year of concrete
placement without special cooling facilities which are indispensable for
the solid gavity dam. If it is possible to avoid excessive temperature
rise or steep temperature gradient during the period of construction,

the costs for artificial cooling work can be saved, and at the same time
the lift can be increased.

In the hollow gravity dam, each block is prbvided with a cavity. Even
at a such site where muc‘h time and labor is necessary for the im-
provement of poor foundation, the dril'ling‘ work and gromiting work can
be carried out from the cavity, not disturbing concrete placing work.
The cavity is useful in laying out penstock, outlet pipe and other various
facilities, and also serves the inspection and maintenance after com-
pletion of the dam.

The placing volume of concrete can be almost equalized as the castable
area changes little with level of construction lifts;: and the scale and
capacity of temporary facilities can be reduced, accordingly.

Since the distribution of point safety factors can be equalized, the safety

factor for shear sliding can be increased substantially,
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The drawbacks the hollow gravity dam has are as follows,
1) The engincering work is complicated, and the cost for forms becomes
high,
2) The hollow gravity dam needs wide foundation, so excavation work is
considerably large,
3) The flood control 'dui'ing construction work is difficult compared with the
solid gravity dam.
4) Much time and labor is required for the internal cleaning of dam and
removal of forms.
5) The hollow gravity dam lacks regidity against 'seiém'ic'forces in the dam
axis direction,
The merits and demerits of the hollow gravity dam have been explained.
Of the disadvantages, items (l),i (2) and (4) are too significant to overlook
in these days when labor cost sometimes exceeds materials cost. Even with
a substantial reduction on concrete volume, the total construction cost re-
mains almost on a level with the solid gravity dam's. For this reason, few

hollow gravity dams have been constructed in recent years.

Table 13 Major hollow gravity dams in Japn

Name of dam Dam height Dam 3vohtme Year o.f
(m) (10° m”) completion
lkawa 103 460 1957
Ohmorigawa 72 135 1959
Hatanagi No. 1 125 587 1962
Yoko;rama 81 ‘ 292 1964
Takane No. 2 85 159 1969
Uchinokura 69 168 1973

The latest hollow gravity dam constructed in Japan is Uchinokura Dam -

which was completed in 1973,
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Pig. 36  An example of a hollow gravity dam

4.8.2 Horizontal section of hollow gravity dam

The hollow gravity dam is classified into the following four types ac-

cording to the horizontal cross section of unit blocks used.

type I Type I

— .
type IV —

)
A

Types I and II have one web, while types Illand IV have two. Types II

and IV form a continuous wall on the downstream side, while types I and III

make the downstream wall discontinuous.
The features of these types are enumerated below,

1) Comparison between closed downstream end types (II, IV) open down-

stream end types (I, III)
‘Unlike the open end types, the closed end types do not respond so

quickly to the temperature change in the cavity., The upstream face of

the diamond head is always submerged into water, and is little subjected

to temperature change throughout the year. On the other hand, the
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diamond head of the open end type experiences a temperature change of
around 20°C cyclically between winter and summer. This repetitive
temperature stress could sometimes result in generating fracture of
concrete,.

2) Comparison between.two-web types (III, IV) and one-web types (I, II)
When a seismic force is given in the direction normal to the web, types.
Il and 1V are considered higher in stability than types I and II so far
as. a unit block is concerned. DBut there is no noticeable difference

between them when the stability of the dam as a .whole is evaluated.

4.8.3 Design of a hollow gravity dam

The design conditions and loading of the hollow gravity dam are just the
same as those of the solid gravity dam. The downstream slope is also
designed based on the basic triangular cross section according to the same
procedure as used in the designing of the gravity dam. What makes differ -
ence, however, is that the cavity must be taken into account as discussed
below.

First, it is necessary to determine which of the horizontal cross
sections should be employed.

When a horizontal cross section is selected, it is substituted by a
gravity dam having an equivalent cross-sectional area as illustrated as
follows ;

%: s :  width of the cross section of

an equivalent gravity dam

By adjusting the loads and others with factor''s', it is possible to carry
out two-dimensional design for unity width quite the same manner as with the
gravity dam. Adjustment must be done like below.

Unit weight of concrete We! = We x s (39)

In the paragraphs relating to the gravity dam, we have already studied
that the cross section of the dam is governed by the conditions relating to
shear sliding rather than by the middle third conditions when the dam height
becomes large.

In those cases, a study should be made to place concrete over the entire
bottom area of the foundation in order to increase shearing resistance. It
is often effective in spite that uplift becomes larger.

As regards the web, care should be taken not to change its thickness
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abiuptly within the horizontal cross section. This is bécause to prevent

stress concentration at the connection between the diamond head and web.

The thickness of the web has much to do with aseismic stability in the dam

axis direction, and should not be made so small. As F.E.M. has made

marked progress in recent years, the bar arrangement, etc, should be

designed according to the analysis of stress distribution in the diamond head.
In the hollow gravity dam, the transverse joints are provided between

the adjoining heads, and the keys are usually omitted. The longitudinal

joints are shaped circular as shown Fig. 35.
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5. DESIGN OF ARCH DAMS

5. 1 Introduction

The arch dam takes up water pressure and communicates it to the bed-
rock on both banks by its arching function. It is am excellent structure
that can use concrete strength to allowable limit. In an arch dam the stress
developed in the concrete is large and the force the bedrock on either bank
must take up is extremely large. Thus, the arch dam is required to be
designed to fulfil the following requirements.

1) The stress developed in the arch dam body must not exceed the allow-
able stress intensity of concrete.
2) The foundation must be safe against shear breakdown.

The magnitude of stress in the arch dam will be well understood if
compared with the stress intensity of a gravity dam of a comparable size.
The gravity dam takes a maximum stress at the foot ; when the dam height
is abeut 100 m, it will be about 30 kg/ecm?. On the other hand, the arch
dam usually shows a design stress of about 80 kg/cmz2. Besides, this high
stress acts over a wide range of the dam body, and is not confined locally.

9, = unprecedented flood attacked Riviera, France, claiming the

«

in 195
lives of 500 people all of a sudden. The cause of the disaster was the
breakdown of Malpasset Dam, an arch dam in the upper reach of Riviera.

The stability and safety of the arch dam is solely dependent on its
foundations ; every arch dam engineer has dedicated his efforts to evaluate
the strength and deformation of the foundation bedrock as accurate as possi-
ble, corroborate its stability and to ensure the stability of an arch dam to
be built on it,

Here we shall learn the design theory of arch dam, design procedures
and stress analysis method briefly, and then safety engineering consider-

ations for the foundation bedrock and a foundation stability analysis method.

5.2 Theory of Arch

As will be explained later, the arch dam is considered a combination
of an arch element and a cantilever element. Basically, however, it exists
for its arching function. Here we shall see fundamental formula for de-
termining the arch elements.

Let us assume that the thrust, bending moment and shearing force at

the crown of an arch are Ho, Mo and Vo, respectively, that the
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corresponding forces at a given cross section are H, M and V, respectively,
and then that the Rotation, radial displacement and tangential displacement
at the crown are (46 )o, (Ay), and (AS),, respectively. Then, the dis-
placement of the crown due to deformation of part ds is given by the follow-

ing formula. (Secc Fig. 37)

d(A0), -=Alds

k1
dAy), = “!‘-‘:ﬂ;? - iuﬁsmtlnls + th‘coslﬁdc ------ ceaaes (40)

d(AS), == ';7‘:{';(’5 i ’!‘comﬁd: ll(\ —sinPds

Let us now assume the following,
a coefficient of rotation of bedrock due to the bending moment at

the abutment

@ ; coefficient of radial displacement of bedrock due to bending
rmoment at the abutment
Y coefficient of radial displacement of bedrock due to the shearing

force at the abutment
B coefficient of tangential displacement of bedrock due to thrust at
the abutment
Then, the displacement of the crown due to the deformation on the
lefthand bank is given by the following formula,

(Aa)o:j;"‘ﬁl{d.; +iMaat  Vaa,

(AY)= /‘M[My ——~51n¢ -+ G, lcos¢]tls
+ (L Maat  Vads ) 1ya
4 (L Maty L Var)cosdpa— tHaBsinda

(AS)(,:f: [—i“—’f—L—HI 0s ——-g—l;sin¢]ds

~( Maat 1 Vaay )1 xa

(1 Maco - 1 Va¥)sinps—1Haflcos da

Where,

M=M, - Hy + Vo~ M
H=Hocos¢*-Vosin¢+lh. R N (42)
V = Hysind+ V,cos d--V,
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in which M1,, HI, and VI, are the bending moment,

thrust and shearing force

due to the external load acting on the section from the crown and a given

point,

By substituting Eq,

(43),

Where,

Sa
Dy = _/;L M-fds*—,‘M[ rat Vi a,

(42) into Eq,

(A0)0=I,A| Mo "'I.Bl ,’o "'LC| Vo_I.DI
(A T)ozl.cl Mo+
(As)o':LB] Mo"‘

By Ho— 1B, Vo + L'Dg

Ay =‘/;Ls‘[f-is]+a'

S
LBy -—fol A‘;f'sft QA xa* dy * Sin L Pa
~ [
L= S S b a gt ay cos L

— [+Saxyds
L
+axatLya— B singPpaccos Pat-¥Ysing Parcos, Pa
ta; ryarsingPat @ xatcos Pa

— [tSay?ds Sasin? ¢+ 34 (1+ v, )eos?
ch_fol yE¢;+fol sin? o+ . v )cos ¢u’$

Lis. 1S4sing: cos
5(3+5u) [ A ds

tac yutfrsin? L Paty-cos?ipat2a, 1 yarcosPa

LB; flSAx"'ds *_'/‘lSAcos"'¢+g(Al+V)Sln ¢d

Fa 2244+ cos?ppatYesin? L pat2az Lxarsingda

Sa
LDz—_/;' M. X

Sa i +%(1+y) Vi -cosg
BT i—f L'sing L ds

E A
FaMicac cyataHy BesingPataVi Y cosrda
taMe accostpataViayiya

LDa_j;LSAAI'l:Lde 'fLSA Hy: cos¢+b{t(/}+u)V1 sind

'{‘AML'a'LIA"‘AI’l,‘/j'COSL¢A+A V,_')"sinulu

LBy Hod 1CoHo— 1Dy fevvrevvvnnninnennnnn

(41), we obtain the following formula

Ceraieeraaen (43)

FaMicaycsingpataVicag fuxa

In the same way, the displacement due to the deformation on the

righthand bank side is given as follows,

M=M,+ Ho, + Voy — Me
H=H,cos ¢~ Vosingd+Hz | veeees
V=—H,sin¢— Vycosp—Vy
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Hence,

(Ag),=—
(Ay)o:'"kcl ‘M,
(AS)y="tsB Mot By Hot By Vo rDs

1 "lo_RCI ’ Vo + RD!
-‘IRCQ'Vo"'sz rerre

RA| * A!o - RB
— 2By Ho

Where,
o =f Ads 4o
! kSt I,‘
#B ‘~f° s o pxa—a, singd
VEUSVET RXA™ Q2 rPa
#C, =f~;7'/:% + @ gya— @ COSpPa
_ [ xyds °sing:cos ¢ cos¢
”IJZ—L‘;,. o 1 F )-[9 E A
@ gxatrya—FrsingParcospdat- ¥ singdacospPa
— @yt gy SINRPA— Ay * gxat COSpPa
f L@'l—[ds + [° sm’¢ +5(1 4y )coszlﬁ.lls'i'd'kyz,;
E A
+ B sin? ppat Vecos? ppa—2a;* ryacosrPa
peerrerenenien (47 )
o cos? ¢+ 35(1-+ ) (
Rl}:'fs[*[‘l'f cos? - L sin®¢ V@ gxta
+ B costpPat VY sin? rpa—2a, * rxa*singda
WD, = [o Mgt bl @t 4V
Mgy o Hg sing—24(1+ 1. ) Vg'cos¢
e = [ Mpfase [, EA ds
+aMp @ qyat ablg BsingPa—aVe ¥V cospda
+aMg @, ccosrPat aVe @, rya
° Me'xds_ (o Hr'cos¢+2(1+v) Ve sing
WDy =[5 P5ET s, EA ds
FaMg @ gxa—aHe BrcospPa—aVe* V'sinpda
—aMara; singPat aVa @y gxa
Eqs, (45) and (47) are identical, Thus we can simplify the terms as
follows,
LAyt edy =4,
LB) -+ RBl =B|
1Cy 4+ :Cy =C,
I,l}z -+ RI}: = Bz
l_Cg‘l‘RC2=Cz -.........-‘u-u...u.“......A..-n-n..-....-...u.u.....-.-.( 48 )
1.133 +- RB‘;; = Ba
Dy ey =D
I,Dz -+ RDz Dz
LD; 1 R. 3“1)3
Thusg, we finally obtain the following formula,

AMy By Ho ¥ Cy Vo =D,
Ci M, + B, Hy+ C, Vo =D,
By My + B, Ho+ B, Vo= D,
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By solving Eq, (49), M,, H, and V, can be determined, and M, H,
and V at a desired point can thus be determined by making use of Eqs, (42)
and (45), The displacement of the crown can be determined from Eq, (43),
The displacement at an arbitrarily selected point on the lefthand bank side
can be determined from Eq, (44), provided that the lower limit of the in-
tegral sign in Eq, (44) is rewritten as S, the point (x,y, ¢) is transformed
into a point according to a system of coordinates having the normal to the
arch center line at the given point as the x-axis and the tangential line as
the y-axis, and that M,, H, and V, in Eq, (43) arc taken as M, H and V,
The displacement at an arbitrarily seclected point on the righthand bank side
can also be determined by transforming Eqs, (46) and (47) just the same
manner as above,

In the case of a monocentric, uniform-thickness arch, I and A are
constant, ds=rd¢, x=r (l-cos¢), and vy =rsin¢ , In addition, ML, Hi,, V1,
MR, HR, and VR are given by simple trigonometric functions, Namely,
Eqgs, (44) and (47) become solvable trigonometric functions,

In the case of nonuniform-thickness arch, I and A are no longer con-
stant, and Mj,, Hjy,, VI, etc, cannot be expressed by simple trigonometric

functions and are hard to solve theoretically, For this reason, various

approximation methods are tried,

5.3 Stress Analysis of An Arch Dam

Since the arch dam makes the maximum use of the strength the concrete
can display, it is of paramount importance to precisely ‘determine the
stress in the dam body, . The methods of determining the stress in the arch -
dam are largely classified into the following three,

1} A method in which an arch dam is taken as a lattice structure consist-
ing of arch elements and cantilever elements, ( Trial Load Method)

2) A method based on a theory of elasticity,

3) A method using a model test,

The Trial Load Method developed by the U,S, Bureau of Reclamation
has been only one to analyze stress distribution in an arch dam for a long
time.

The three-dimensional finite element method is only a method available
under item (2) above. Before entering into detailed discussion of these
stress analysis methods, we shall see a.prevailing design procedure. for

arch dams as the stress analysis methods should be impleménted -effectively

86




in the process of arch dam design procedure.

The explanation here assumes that a geological map for a given dam
site is already on hand.

The arch dam design procedures consist of two major processes ; one in
which efforts are made to determine a safe, economical shape of the arch
dam, and the other in which efforts are made to locate suitable abutment
for ensuring the stability of the foundation. But, these processes are not
conducted severally, but should be conducted in close coordination.

1) First, the central angle and thickness of arch dam and the. shape of
cantilever are determined by referring, to the design of the existing dams
of comparable sizes.

2) With reference to a given geological plan view, the shape of the dam is
determined on the assumption of its abutment.

3) A stress analysis-is then conducted on that dam shape to calculate the
stress in the dam body and the thrust acting upon the dam foundation.

4) The calculated stresses are checked with the allowable stress, and the
dam geometry is corrected as required.

The stability of the foundation is evaluated according to the calculated
thrust, and the depth of abutment is corrected as required. Then, a second
design draft is prepared. |

The steps above are repeated according to the new draft until the design
plans are boiled down.

Finally, the best plan which fulfills the safety. and stability requirements
of the dam foundation and at the same time offers the maximum economy is.
singled out of alternative plans. In this way, the actual designing work is
carried out on a trial-and-error method, For the purpose of determining
the optimum arch dam design, it is necessary to elucidate qualitative and
quantitative relationships among the various factors that govern the design
of the arch dam. Among those, the following factors have the most signifi-
cant effect on the design and stress conditions of the arch dam.

l) Central angle of arch.

2) Thickness of an arch dam.

3) Shape of crown cantilever,

An example will be enough to show how complicated the design pro-
cesses are : We (Dam Structure Division) had to discuss as many as 30
cases before reaching a final plan, In each case, the effects: of each factor

are systematically studied. What stress analysis method should we employ
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in the design processes, then? We use Trial Load Method in this process,
and for the final plan, it is recommended to check up the stresses according
to a finite element method based on strict clasticity thecory or to a model
test method,

The reasons for this recommended procedure arc as follows.
1) ‘The cost for analysis is less,

Trial Load Mecthod : ¥50,000 to 100,000/case

Three-dimensional finite : ¥5,000,000/case
element method

Model test method :  ¥30,000,000/case

2) Trial Load Method is the poorest of all so far as the accuracy of
analysis is concerned. Trial Load Method is an approximation itself,
and has some specific tendency in its results, At present, this tendency

has been well understood by comparising the difference between Trial

Load Method and a model test method as to the results of analyses on

the designs of the existing arch dams, Accordingly, the analytical re-

sults obtained by Trial Load Method can be interpreted to compensate

for the poor accuracy, allowing us a practical engineering judgement,

5.3.1 Trial Load Method

The underlying principle of this method is to consider a complex
structure of arch dam as a combination of structurally analyzable systems.

This method is subclassified into two :

1) arch cantilever method, and
2) tilted arch method.

Of the two; the tilted arch method has not yet been applied to actual
dam design in Japan; and is omitted here. We shall discuss the arch can-
tilever method alone, accordingly,

" In the arch cantilever method; the arch dam is reckoned as a structure
using a horizontal arch and a perpendicular cantilever beam in combination
to split loads,

Now let us assume that the water pressure is '""p'', the load to be borne
by the arch is "Pa' and the load to be borne by the cantilever beam is
"Pc'. Then, the following formula i's established,

p = pa_ + pc ...4.-u-.-Auoo-iocnonubn-c.-.uo.o‘oa...u.nn..nunu-u.--uunu-( 50 )

‘The load will be distributed on condition that the deformation of the

horizontal arch due to '""Pa' and that of the cantilever beam must take place
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equally at any point of the dam body,

Then, there arises a question about the nature of deformation and the
condition adjusting the deformation all over the dam,

It is practically impossible to make all the types of deformation go well
with all the points. It is therefore necessary to prune down insignificant

elements and simplify the calculation to the extent not to affect the accuracy

of analysis,

Plan view

A
A

§\>"(>/ J ,_%7 g Elemen; A

7S

Representative elements
(development )

Deformed arch

Fig. 38 Deformations of an arch dam

When an arch dam is divided into an a‘rch and a cantilever beam, the

following deformations are conceivable,

1) Radial deflection and rotation on the radial axis.

2) Tangential deflection and rotation on the tangential axis.

3) Perpendicular deflection and rotation on the perpendicular axis,

Of the most governing importance among them is the radial displace-
ment. An analytical method designed to adjust the radial displacement
(deflection) alone with the arch cantilever element is called the radial
adjustment calculation,

Another method in which the linear displacements in the radial and tan-
gential directions and the rotations on the tangential asix and perpendicular
axis out of the six displacements are adjusted is called the complete ad-
justement calculation. In the complete adjustment calculation, the linear

displacement in the perpendicular direction and the rotation displacement
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around the radial axis are aften left out of adjustment since

gibly small compared with other displacements.

Arch before

"
deformation Reaction at crown

i

Fig. 40 Radial adjustment

they are

F'ig., 41 Tangential adjustment..
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§ .

Center line
of arch

Fig, 42 Torsional adjustment

What should be borne in mind here is the fact that an assumed load is
necessary for the purpose of adjusting each elementary displacement of the
cantilever beam. For example, as illustrated in Fig, 41, there is necessary
a load acting in the arch direction (tangetial direction) for the purpose of
adjusting the tangential displacement. Actually, however, this load is nonex-
istent, and it is required to apply on the cantilever beam a load equal in
size, but opposite in direction to the aforesaid load. Two equal, but opposed
loads to be applied on the two structural elements for thé purpose of ana-
lytical convenience are called the self-balancing loads, and are often used
in this kind of analysié. Another problem is at what point the adjustment
of these displacements is to be carried out,

The larger the number of adjusting points is, the better will the accu-
racy of analysis become. But, this will just be realized at the cost of
money and time. The recent progress in computer science, however, has
made it feasible to carry out numerical computation, Prior to the advent
of electronic computer, symmetrical arch dams used to be designed, only
for the purpose of reducing the number of analytical points by symmetrical
arrangement. In the past, so-called crown cantilever method was often
employed which the radial displacements of arch and cantilever beam were
adjusted only at crown on assumption that the load distributioﬂ is kept
constant in the horizontal direction, _

Since the load distribution in the horizontal direction does not vary
largely, there is no need of locating so -many adjusting points.  The ‘increase
in the number of adjusting points will not do much toward improvemeént in
the accuracy of analysis., In the stress analysis program in the possession

of the Dam Structure Division which is based on load splitting method, the
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points at which stress analysis is carried out by adjusting the displacements

are as illustrated in Fig. 43,

o - [ A w @

t~ — ~ ) ~ —

] u ] [ [} " 1] 1 [0 [} El i it
E E E ¥ € 13 |3

Fig. 43 Elements of an arch dam

As illustrated, the number of arch elements is 6, while the cantilever
elements are arranged on the maximum cross section of the arch dam and
at the abutments of each arch element.

For the adjustment of the displacement of cantilevers, there are two
methods-Trial Load Method and the method to solve the equation simultane-
ously. Trial Load Method® was developed by the U.S. Bureau of Recla-
mation, and has been used for a long time untill computers become in use
for stress analysis. It is in the assumption of the deformation of foundation
bedrock and assignment of unit load that the trial load method is character-
ized. To adjust the deflection at each intersection is nothing but to solve
simultaneously equations with the loads to be borne by one element at each
intersection being taken as an unknown quantity. - In actuality, however, the
solution of a system of simultanecous equations in many unknowns is not so
easy a task. With reference to Fig. 43, for example, if a given arch dam
is a symmetrical one and if it is only necessary to carry out radial adjust-
ments, we must to solve a system of simultancous equations in 28 unknowns.
Prior to the development of electronic computer, this was almost impossible.
In Trial Load Method, therefore, the deformation of each element is calcu-
lated on the assumption of some load splitting, and this load splitting is
adjusted depending on the differences in deformation between arch element
and cantilever element. Then, a second calculation of displacements is
carried out. The steps are repeated until the load is split so that the dis-
placement of the arch elements balance those of the cantilever elements.

Thus, the designer requires some experience in assigning the load distri-

bution. If he acquires expefience and skill, he will be able to shake down
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the load distribution in a minimum number of repetitions. The most im-
portant thing in this method is the flair to perceive the effect of a change
in the load distribution on the degree of change in displacement and the
ability to figure out the displacement according to a given load distribution.
The Trial Load Method is also featured by many. charts and diagrams available
for the convenience of calculations. .Neverthless, it is not rarely that the
design takes several years so far as it is based on Trial Load Method. The
number of cases calculated by Trial Load Method so far was comparatively
less, also. Today, we can enjoy the benefits of computer, and can easily
solve simultaneous equations. It is quite natural that analysis method has
changed from Trial Load Method to simultaneous equation method.

Now let us see the  simultaneous equation method for .stress analysis,
together with the assumption used in the load .splitting method which has
been completed according to Trial Load Method.

"For the sake of simplicity, let us now consider a symmetrical arch dam.

See the illustration below, Let us, assume that the radial deflection of
the cantilever at point (m,n)-is cr (Ay ) m,n, that the load shared by the
cantilever at point (m,n} is ¢crPm,n, and that the load shared by the arch
at point (m,n) is arPp, q,

Then, the basic definition for the load splitting method is given by the

following formula,

m=0 "
m.n= m.n 1 3 456 .
cr(AY)mn=ar(AY)mn ] (51) \ 2 ‘Ii/
aer.nzpm.n"‘Cer.n . : . .,G\
5
On the other hand, cr (Ay ) m,n is rewritten ,\\
as follows,. _ . _ o . 3,2\
J ol \
cr(BY)mn=cl(BY) mont LerPm. cr(AyY)Ynin+ . n=1
. COS(-¢m.m—¢m.n)k§)(I’k.m"'(‘f}’l;.m)(lr(A')’)h’::'rz
”'Sin(¢m.m—¢m.n)é_—2(1’k.m—CYI)A.m)(U‘(AS)r::'D: SRRy «ee(52)

Here we shall discuss the terms in the expression (52). The term,

CI (AY )m,n, denotes the initial deflection at point (m,n). The initial de-
flection means a deflection due to a load other than-the water pressure;

say, seismic inertial force applied in advance on the cantilever. -It does not
mean that such non-hydrostatic force is applied only. on the cantilever, but
that it is imposed on the cantilever for the purpose of convenience, The non
-hydrostatic force on the cantilever is offset by an increase in the hydro-
static load to be borne by the arch element. Namely, this means nothing

less than preparing a system of equations using all the known loads, including
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hydrostatic ones, and unknown quantities,

As regards the dead load, whether the cantilever clements bear up it
totally or the cantilever elements and arch elements go shares with. each
other is determined depending on the timing of actual joint grouting, Thus,
the dcad load should be processed as the situation may demand,. The
program currently in use by the Dam Structure Division is designed to per-

mit entry of this condition,

YerPmacr(AyYaih

tem

Where, cr (A )g;'rln denotes the radial defection at point (m,n) of the
cantilever element (m) due to a unity load at point (m, (). The term,
crPm, | is the load to be shared by the cnatilever (m) at point (m, ().

> , means the sum of radial displacements at point (m,n) of the canti- -

fm
lever (m) due to the loads assigned to the cantilever elements from the
base (point (m,m) here, i. e.,, abutment) to the level 6. The reason why
the integration is limited to the level 6 is that the section 6-7 usually is
provided with a crest notch ; namely, that all the loads in this section are
to be shouldered by the cantilevers as no arching action is expected. Ac-

cordingly, the displacement due to the loads in the section 6-7 is included

in the initial deflection.

COS(¢m.m""¢m.n)kL‘i( Pk.m—'CrPk.m)(lr(A )’)rf.".;'.

k, m

The term, ar ( Ay )ln,m

» denotes the radial displacement at point (m,m) of
the arch element (which is at the base elevation of the cantilever (m)), of
the level (m) due to the unity load at point(k, m). The term, (Pk, m-ctrPr, m),
denotes the load shared by the arch element. the term, ,éio , stands for the
total of the radial displacements at point (m,m ) due to the loads shouldered
by the arch elements lying from the crown to the abutment,

The term, cos (¢m,m-¢m,n)s denotes the adjustment of the radial
direction at point (m,m) to that at point (m,n). To put it simply, the
above is interpreted that the reference point (i. e., base) of the cantilever
(m) is already displaced in the radial direction owing to the deformation of

the arch element at the same elevation. This comes from the assumption

that the cantilever is mounted on a horizontal arch,.
Sill((ﬁm.m"‘ﬁm.'n)é(l)k.m“Crl)k.m)ﬂr(As)r::m :

This ‘is merely a transformation of the aforesaid radial displacement
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into the tangential displacement. Unless the base of the cantilever (m)
agrees with the radial direction at point (m, n), the tangential displacement
should naturaltly have a radial component at point (m,n).
We have just discussecd the radial displacement of the cantilever ecle-
ment. Now let us examine the radial displacement of the arch element.
The radial displacement of the arch element ar (AY )m,n, is expressed

as follows.

(IY(A )')m.n:"al(A 7’) »..:.‘4'2::(,Pk,n'"chk.n)ur(A )’):ﬁ.'»f

= KaferPut (er VIhar(By) 5t erlithas(BY) i) eesseeenenncniiennnn( 53)

Where, the term, a (Ay )m,n, signifies the initial deflection of the arch
element just as in the case of the cantilever element.

The term, »‘fa (Pk, n-crPk,n) ar (Ay )lr(n: n, denotes the total of the radial
displacements of the arch element at point (m,n) due to the load shared by
the arch element at the level n. The last term shows the radial displace-
ment at point (m,n) of the arch element at the level n due to concentrated
load, such as shearing force, communicated from the cantilever element on
the abutment of same arch element. With all explained above, we have ex-
hausted the displacements of the arch element:

Here, let us assume :

cr(AY)ma=ar(AY)m.n

The unknown quantity is the load to be shared by the cantilever ele-
ment, i.e., crPy,n, which exists only at the intersection of a cantilever
element and an arch element. In the example taken up here, there are 28
intersections. Since the equations can be ecstablished as many as the in-
tersections, the number of equations becomes equal to the number of un-
knowns, making it possible for us to determine et Py

If chm,'n is determined, we can also determine the load to be borne
by the arch element by making use of the formula, arPm,n= Pm, n-¢tPm, n-

What should be borne in mind bere is that we compensate for the load
taken in the discussion of the initial deflection.

For example, if seismic inertial force is applied on the cantilever ele-
ment to determine the initial deflection, the true load to be borne by the
cantilever element (crP'y, ) is given by the following.

Py n= crPmy, nt ¢/Pmy n (where, clPy, i seismic inertial force)

The same applies to the determination of the true load to be borne by

the arch element,
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As the load distribution has been determined, . we can determine the
stress and displacement of a single cantilever and a single arch by applying
the cantilever and arch theories,

In the complete adjustment calculation, the load splitting is. carried out
Just the same way as above for the tangential displacement and rotation
about the perpendicular axis, and is reflected in the final determination of -
displacement and stress, In actuality, however, the loads to cause tangential
displacement and rotation do not exist as external loads, and therefore the
~self-balancing loads of equal size and opposite signs are determined,

The factors that are expected to have considerable effects on the accu-
racy of the load splitting method derived from Trial Load Method are as
follows,

1) As regards thg variable-radius arch, the radial direction of the crest
~does not fall in with that of the bottom, and the cantilever assumes a
twisted form, But this twist effect is not taken into account,

2) The deformation of the foundation bedrock is predicated upon Vogt's
formula concerning the mean deformation of a semi-infinite rectangular ..
foundation under a load, In actuality, the foundation is not a flat one,. ..
but takes a. complicated three-dimensional pattern,, Nevertheless, the
following assumptions are used in the formula,

(1) The foundation is developed as a flat plane,

(2) The axis is straight,

(3) Use of equivalent developed planes of rectangular form, each hav-

ing an equal area and a;n equal‘_éspect ratio,

(4) The same load alyvay,s'_(le\)‘él'db‘?t}ié same amount of deformation,

Of these assumption,- Lhe‘most problematic is 3) ; namely, the fact that
the deformati.on constant is determined as a function of (b/a) which is the

ratio of the length (b) of a rectangular foundation plane to its widfh‘(a),

F'ig. 44 Equivalent development drawing

This assumption is at variarnce with reality, because the width (a) is

small near the riverbed, but is larger the nearer it goes to the upper
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abutment compared with actual ones,

In other words, the -assu'mp'tion has a tendency to undervalue the dis-
placement of the bedrock at the under-riverbed arch abutment and overvalue
the displacement of ‘the bedrock at the Upper abutment.

Accordingly, it is apparent that restraint of the cantilever near the
riverbed happens to be \eva‘lua‘ted'laféér‘ than is actually, while that at an
elevated place is estimated less, As explained later, the load splitting
method produces a result as if the upstream face of the cantilever base near
the crown would develop an excéssive tensile stress., According to the model
test, however, this tensile stress is subtracted by 20 to 30 kg/cm?, The
difference will probably be due to the assumption 3). As already, discussed,
the load splitting method simplifies the stress analysis, and is put to use
from the beginning of designing. It is recommeénded to carry out the radial
adjustment calculation at first and then complete adjustment calculation when
the design plan is nearly final,

Thé cost for computation per case is about ¥50, 000 for radial asjust-
ment and about ¥100, 000 for complete adjustment if a variable-radius
nonuniform-thickness arch is handled.

As example of stress analysis according to the load ‘splitting method is

shown in Figs. 45 through 48.

Fig. 45 Plan view of arch (Kawaji Dam) (Fianl plan: Case 28)
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48 (a) Load splitting diagram (normal load condition)
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Fig. 48 (b) Load splitting diagram (normal load condition)

5.3.2 Stress Analysis by Model Tests
a. general

Generally, in the experiments using a model, the following three condi-
tions 'must be satisfied by the actual object and the model.

1) The relationships between the stress and strain of the materials oftthe
two are similar.

2) The model is geometrically similar to the actual object.

3) The two have the same breaking m'echanism.A

The first condition means the requirement that the relationships between
the stress and strain of the two are similar.

If the experiments are limited to the elastic range, however, only that '
the model is made of elastic material and: that the model has an equal
Poisson's ratio to the actual objec¢t are required.

The second condition is self-evident,

The third condition 'is required only when carrying out the breaking test,-
being not required like the first condition so ‘long as the experiments are
made within the elastic range.,

In addition to these conditions, to 'increase the accuracy of the meas’-
urement, the model must be deformed to a large extent since the stress is
calculated by measuring the strain. For this purpose, it is possible to make
a model of a large scale or to apply a heavy ‘load, but ‘the most practical
method 'is to make a model of small Young's moduilus,

The followings have been used as comparatively satisfying materials of

these conditions so far.
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1) Pumise concrete

2) Resin

3) Mixture of gypsum and diatom earth

A serious defect of the pumise is that it is difficult to reduce its Young's
modulus, resulting in larger models., The resin, in general, has larger
Poisson's ratio than concrete, and considerably large plastic deformation,
but has an advantage that it can provide models with small Young's modulus.

The most popular material of these is the mixture of gypsum and diatom
earth, " In the model experiments conducted by Public Works Research Insti-
tute on the arch drum, only this material was used.

The mixture has not only sufficient elasticity, but also a Poisson's ratio
almost the same as that of concrete. In addition, its Young's modulus can
be varied easily from 5,000 kg/cm? to 100, 000 kg/cm?. Defects of this
material are that the experiment must be conducted under completely dry
condition, if possible, because its Young's modulus varies extremely depend-
ing on the humidity, and it cannot be used in the break test as it is con-

sidered to have a different breaking mechanism from that of concrete.

b. Loading device

The model is made using the mixture of gypsum and diatom earth with
a reduced ratio from 1/100 to 1/200. Following two methods are available
for loading the model.

1) Using a liquid like mercury with a large specific gravity.

2) Using a hydraulic jack

In the method of using the liquid (1), mercury having the largest specific:
gravity among the liquid is used. The mercury is applied to the upstream
of the model by using gloves. The loading device by this method is com-
paratively simple. Since the mercury method has a small load ratio, the
error in the measured strain is large.

In the jack method, 20 to 30 units of jack are installed on the frame
mounted in the upstream of the model to load the model. This method has
a larger load ratio to produce greater strain. Defects of this method are
that the load cannot be distributed uniformly in the upstream, but concent-
rated to certain portions, resulting in nonuniform distribution of the stress
around the jack and the difficulty in making the direction of the resultant -
force, obtained when replacing'the. distributed force with the concentrated

force, agree with the actual direction.
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Fig. 49 Mercury type loading device

c. Measurement

The experiment is conducted mainly by measuring the strain and deflec-
tion within the elastic range to convert them into the bending moment and
stress.

The strain is measured using an electric resistance strain meter shown

in Fig, 51, S

PRESSURE

R

Fig, 50 Oil jack type loading device
The measurement principle is that when the R, is adjusted in such a
way that the current does not flow through G, the resistance R of the strain

meter is obtained by
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R| =E'f'x R;

where, Ry is an active gauge attached to the object, R, is a dummy gauge
to prevent the effect of the temperature variation, R: is the same kind of
strain gauge as R, and is attached to the same kind of object as R, is
attached in a state free from any external force, Since two models are

made in most cases, R and R. are attached to cach of them,

Wheatstone bridge

Re I
R, ; Strain gauge
T R. ; Dummy gauge
TR R R, ; Variable

' R, ; Fixed resistance

G ; Ammeter

It

Fig, 51 Principle of strain measurement

d, Stress
The stress is calculated from the arranged value of the strain measured,
According to the Hooke's law, the following equations are obtained from the
strains in three directions,
En Ery &d : Strains obtained by the model experiment in ho'rizontal,A
vertical, and slant direction respectively.

n Em, p P

The reduced scale,. Young's modulus, Poissons's ratio,

force applied to the dam surface of the model.

ow, ov, ruv : Horizontal stress, vertical stress, shearing stress
respectively of the model.

our, ove, Tuve ¢ Horizontal stress, vertic.al stress, shearing stress,

respectively of the actual object.

Stresses of a point due to a vertical strain and horizontal strain are,

o‘v=1—l—"_‘—_ﬂll—§-( & v'*‘,u &n) ]’lé-il— P

o-,,:_lg”;lz(eh-l-”e‘,).;-.l__lf_;l.p N -7
T,,,,:ﬁ!?el»f(eh"‘Et'):

1
€I'='1?;:0'l"‘/l(0'h+ P

;||.lolblltiltlb'Ill'llll.llﬂﬁlltllll( 55 )

Gh’::‘E%llO'h”‘/l((fli"" rP)
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€v‘"/,¢e».="i}1:50'r(l~y)’—;}(1“‘#)1):
The stress of the actual object is

= En o VL pl A
Cur=e ]_'”,(eﬁ.f,uu)!a P I~

o.”,._____rGL_ En

l__ﬂ;(ev'i';le;.)"'%'f" ::‘il" AL LA | 56 )

Tlll'l":"G_"ﬂ"ll_"’;‘.m;)‘ P2en—(ent ev)i
where, G : Load strength

n : Reduced scale of the model

e. Evaluation of the model test in the stress analysis

Although the model experiment is one of the effective methods of the
stress analysis, it is not suitable to use this method from the first stage
of designing because it requires great amount of labor and expense. Being
relatively inexpensive as an alternative method in those days when the load
splitting method was made by manual calculation, the model experiment has
often been employed. At present, however, despite several hundred times
of labor and expense required as compared with the load splitting method,
it is not so good way from a view of accuracy.

Public Works Research Institute designs the arch dam by the load
splitting method and conducts the stress checking only on the final design
by the model test. At present the Institute intends to abolish this method
with the appearance of the finite element method. A discussion on the’
precision of the model expériment method isg’i‘vén'below.

- Main causes for the error are considered as follows :
1) The material of the model is not in accordance with the specification.
2) Error due to the poor workmanship
3) Error due to the loading device
4) Error due to the strain meter

Error (2) is comparatively small and negligible. Although the errors
(3), (4) are comparatively largé, the error due to the improper loading
except a concentrated loading, output loss of the jack, intrinsic error to the
strain meter, can be eliminated to a considerable extent by a careful ex-
periment or increased number of measurements. The total of these errors
are estimated to be about 5 kg/cm?, converted into the stress of the actual
object,

The greatest error is considered to be produced when the material (1)

does not have the target uniformity and Young's modulus. As mentioned
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before, gypsum varies its property greatly depending on the minute change
in its water content and ambient humidity, At present the model is made
by molding and adhered to the abutment using an adhesive. Since the mold
is thin and wide, the air bubble inside the mold does not escape sufficiently
when charging the gypsum, Considering from the fact that a test piece to
determine the characteristic of the model is examined after sufficiently ex-
hausting the air at completely dried condition in the oven, the model is
thought to be insufficiently dried and to have a considerably small Young's
modulus. Unless a part of the model is examined from time to time, the
characteristics of the model are far lower than the expected value as com-
pared with those of the test value because the model is examined under the
adverse conditions. Although the difference between the characteristics of
the test piece and the model have not examined yet, it is estimated to be
moie than 20% becausec Young's modulus varies by 20% between the test
pieces.’

A's mentioned above, - although the model experiment is an excellent
stress analysis method in the point that it employs less assumption than
calculation method, it should be noted that the error will be greater unless

the model materials, etc. are examined sufficiently,

5.3.3 Comparison between the Stress Analysis Results by Load Splitting
Method and by Model Experiment

The load splitting method has widely been practiced because electronic
computers are available in its calculation, although its precision of analysis
is rather low. If the errors of the load splitting method are grasped both
qualitatively and quantitatively, the errors will not matter much in the actual
practice of the method.

Dam Structure Division of Public Works Research Institute has conducted
the model experiments on more than ten arch type dams of their design to
check the stress of the final designs and has compared the model experiment
results with the analysis values by load splitting method to clarify the re-
lationship between the two.

“These are summerized as follows !
L) "Horizontal stress in the upstream has a little difference between the

experiment result and arranged calculation value in radial adjustment,

2) . Horizontal stress at the low elevation of crown in the downstream ob-

tained by the experiment shifts to the tension side by 10 to 30 kg as
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compared with the arranged calculation value in radial adjustment.

3) Vertical stress in the upstream at the side cantilever basc obtained by
the experiment shifts to the compression side by 20 to 30 kg/em? as
compared with the arranged calculation value in radial adjustment.

4) Vertical stress at the upper part of the downstream at the side canti-
lever base obtained by the experiment shifts to the tension side by 10 to
20 kg as compared with the arranged calculation value in radial ad-
justment, .

5) In parabolic arch dam, the principal stress parallel to the rock at the
bottom of the downstream obtained by the experiment shifts to the ten-
sion side by 5 to 10 kg as compared with the ar).;,anged calculation value
in radial adjustment.

For the dam with deep and U-Shaped valley like Kawamata dam, the
experiment results almost agree to the calculation value, while for the dam
with wide and V-Shaped valléy the arch bending moment of the arranged
calculation value in radial adjustment at the lower elevation has a tendency
to be larger than the experiment value.

This difference is considered to be caused by the lack of torsion ad-
justment during the' calculation process, It is presumed that because the
effect of the torsion around the vertical axis is small at the side cantilever
due to the steep slope of the abutment in U-shaped dam, the difference
between the experiment value and the arranged calculation value in ‘radial
adjustment is comparatively small, while in V—shaped' dam abutment slope
is easy with greater torsion effect, resulting in larger difference between
the two. _ |

Generally speaking, the load splitting method is an excellent analysis,
the cause for the above errors are considered as follows :

1) Equivalent development method is employed for calculating the foundation
deformation, '

2) The effect of the twisted cantilever is not taken into consideration.

3) The adjustment of displacement in vertical direction of the cantilever
is omitted.

Among these, the error by the aésumption of (1) is presumed to be the
largest., In the load splitiing method, it is almost impossible to eliminate
the tension stress on the cantilever upstream base during the designing
process, while in experiment this étress value shifts to the compression

side greatly. The cause for this is presumed that the deformation at the
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crown base is evaluated too small in the assumption in the calculation of
foundation deformation, causing a large tension stress by too strong restraint
as a cantilever.

Fig. 52 ~Fig. 59 show the deflections and stresses of Kawamata dam as

a typical U-shaped dam, and Shorenji dam as a typical V-shaped dam,

Radial deflection

Right bank
Experimental value

S e Radial adjustment
"I'LL.980 I ’—"_""Complctc adjustment
EL970 [ TR A . ==
) . . Z 2 = el Yy g
. S W
. 2 o /~_ 7 2 l : ‘I .
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g :I : 7 24 if,
. Al 7 /
ELo3o [ 424 17 7 2 /
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Fig. 52 Comparison between loa_d splitting ‘method and model
experiment method (at-Kawamata Dam) =~
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Fig. 53 Radial deflection (at Kawamata Dam )

106

o o 3

N TRT YO




—_— Complete adjustment |
E.L..930 L.eft bank Right bank
(o el b M it = S ) I
EL.970 190 I 314 T80 220
29.9) ) (48.6) - (25.2)
(16.7) ] (@L (13.4)
= —;r;-”‘"""‘:"""n“" ]
E.L.950 : ”""”— 336 I
4.0 [(54.3; —3.5)
(11.4 L —(690) (12.0
[I4.2)) _ "—"’—__’.L-n—:-': SR %-\\ (16.2)
EL.9% b T 373 R -
2.0 < . E&.4}_ 6.0
(11.4) ’ b T = 75.7 fopng R n (10.3)
{12.5) /*"/__\::%,\N {14.1)
|- ; +1 50.3 . \ e
EL.910 150V —1 [(77.2) _ I e Y
{12.4)} /,«W_,___(ss.o) (9.8)]
19.4 . ] (12.2
s / L | 60.5 \\\
E.1..890 220 —1 “1(79.9) o 22.5
(13.9) ) " {1.0)
’ Y ME%‘; - .
EL.870 (ﬂ-g) o el 1476 [ S 130
. y ' (37.9) ' 2.5)
E.L.860 (10.3) [40_?) 6.0)
- Downstream )
E.L.980 Py Right bank - Left bank
= peSpyR N U . ] = 40.0
E.L.970 44 ¢ R by TS | Nisra
(73.1) 25.2) (59.4)
(52.8] . [27'0] v
. R S \\__ o T‘-‘- ’
E.L.950 730 et e ef e T 6.0
(57.8) :
(59.5) _ (65.4)
. xg61.7)
%) o e ] |
EL.920 .o 56
(65.6) | Lh f(65.1)
(75.0) P -] (71.5)
. ] |
EL90 0, e 260
(72.7) ' (65.9)
{87.8) ‘ .,? (80.2}
L — =
| =
E.L.8%0 52.0 gy T | 58.0
60.7) \ (20.2) (50.4)
(76.5) (13.0) {67.1)
> | .
E.L.870 4o I oL o=, mtainbaill AN 2T
£ L..860 (34.8) ~———i5.5) (26.7)
e (38.4] (17.0) (32.0

Experimental value

Radial adjustment

Fig. 54 Horizontal stress distribution diagram
~ (at Kawamata Dam) ‘

107

(kg/em?)
- 100

- 50
0

501

(kg/cm?)
—100

—50

50

100



s om oY

———— Experimental value ;
(Upstrcam) _____ Radial adjustment i
e+ m— Complete adjustment i
E.1..980 J.eft bank Right bank 1
A
E.1..970 0.5 ‘ ‘
' (~5.5) | 4
. [_5-5] I H
l !
p 3
E.L.950 / 8.0 i
0.4) ! R
{r1)
E.L.930 48 i ]
(6.8) l; :
(14.3) : {
E.1..910 185 \ {
(17.7) 1 !
(31.7) %
s
E.L.890 287
b b
1 5
)
. \
E.L.870 !
E.L..860 ;
(kg/cm?) ;
. 40 20 0 -20 —40 k
. (~39.7) 5
E.L.9g0 Right bank { Downstream) Left bank :
3
- i
E.L.970 13 4 \ ;
.00 4
{6.0) ;
E.L.950 b [-4.0 \
N/ @8
W {1.9) !
E.L.930 A\
M {
\s
|
1y U
; St
E.L.910 Hi
I
i
E.L.8% A
i
[}
E.L.870 !
E.L.860 (kg/cm?)
o 0 =20 —40
Fig. 55  Vertical stress distribution diagram

(at Kawamata -Dam)

108




Left bank . . ) Right bank

. [ E.l.285
L——: f— EL.275
1 L, _1( = . ~ 2t /ﬁ
lizznzzn 2 RIS 120
| %» i ? 28 .—— —‘————'
W A Voo .
252 %7 /,“ 4 i E.L.245
154 gt (o3 v2rpluy pupd (o
e # ] ”
) -
a—eaa-—ag- E.1..230
- Experimental value
& % .

\‘(\Q - | Mt e A Radial adjustment El.215
Q/ Y . Complete adjustment E.L.205
© E.L.202

Fig. 56 Radial deflection of the Shorenji Dam
Left bank Right bank g a75
(17.3) :
) I E.L.215 50
[5:6] e > (5.9)
(5.5}
T30z
(13.5)
(12.3)
(4.8) : E.L.205 e Experimental value
[5.8] 60 0 —mmm— Radial adjustment
- 18.0 (5.6]. —- Complete adjustment
(7.0)
(7.9)

Fig. (57 Radial deflection (at Shorenji Dam)

109



(Upstrecam)) .
Experimental valuc

Radial adjustment

Right bank

—_— Complc!c adjustment
3130 2704 55 19.04 1458
Left bank 1722 2270 2746 3258 37.00 3685 {35.46) (26.26) (g,w) (2000} (20.04)
(19.77) _ (2361) (279 = :3‘2) ;;:3:"‘-’43.60) (2877) (13.29) (213) 1-40111-12201H .285
[~ 28}V Fli31~]li5.32) (3023 - [e4.50 o ===
3 L__ ) ] EL.275
2810 40.55 |41.24 4489 6.47
I 223 % lsaw,}uur—-'ﬁﬂ{iﬁnn A 2031)
10.67 14.26)= 3’570 3H.11 34.03) (~4.57)
33801566} - i E.L.260
(10.97) {7.04) 2675 3723 j}_&l
(-3.8) 26,02 { 159557?“3“2’
(1619 . 2379 (45.79) " 12543
la,se' : E.l..245
454 1779 26.15
[-073) 29.34, = (5343
{4428
E.L.230
(kg_/cm’)
30
Eo EL.215
—30 E.L.205
E.L.202
Right ba}lk { Downstream) Left bank
3394 3429 3080 2339 2034 1936 1979 2128 2334 2647 3145 3122
(30.88) (3494 (3523) (35.95) (30.89) (25:4) (21)59) ~ (25.82) (30.79) (35.98) (36.95) (37.65) (3237)
E.L.2gs (1128] (422) [(375)  (9.02) [2n22) [34.79)--(51.78)—~(33.02) [2130) (1.12) [6.02) (657) (1454}
i
E.L.275 >‘_‘t‘: — . .
EIRE] EIN] 21.60 2234 1 1985 20.48 2063 25.4 27.68 917 36.23/
133.69" 133.96) 3447 131.113]425.70) (18.66} 26.46} 131 29) 135.11) { (136.64) |136.58
(16.35" _418.99) =]{10.35]—~ {{12.06)|{23.76). __ |(z7.14) 23.211117.69} .4 [I?.as]-b{ll.ll)-)l?ef
E.L.260 .. e} —
26.81 25.19 2216 | 19.% 16.36 16361 2007 | 2348 2175
135.53) 130.84) 130.42} |124.74) 113.46) 25,461 131.33) | 133.09) 38.40)
(19.03). 11001} __ ils;gs) f17.61) yuasly - f1e9z {15.81)-F 12211 (22.06)
E.L.245 -1 [~ = 7
25.61 1423 9.53 5.98 6.55] 1352
132.81} 124.261{ 122.3) (6.82}4 122.67 [2515) uszp
{1633]  |12.98) | {14.65), (o8} Kris] 10.78)) (1872)
E.L.230 ——tin s s b = v
11.0 1.56 ~4.03 142
"23.]57 115.39) ! 1813 16.02 l}312l
) 817 1378 [-0.69) (:95 (8.22; (kg/cm’)
E.L.215 b =T 30
ST
E.L.205 | tvay. 2% 0
E.L.202 [ —-30
Fig. 58 Horizontal stress distribution diagram

(at Shorenji Dam)

110

g,




Left bank

(Upstream)
Experimental value
= mim = Radial adjustment
Complete adjustment

- Right bank

‘(at Shorenji Dam)

i

E.L.285
351 498 —m .32 38 301 . . 33 281 E.1L.275
0207 JT(- 040 (- 1.86) -m (-1.00 Ri-oan [Hioee (0.82)
foa)f | foas} ‘1 -0.56) -m (-0.10) |t (0.27) [}to's3;
w ] fiseof ’m 'm e (b e b s E.L.250
wes] Y-218y:T1my -3 t-253) [R(-ras)lf o
(1o f.-1.00}| {-0.5s) ’ ; 1413} |{m] ‘|(|u) [-0.89)
{
6.81 ! 992 -foa ’| .54 uu ‘.ml |12 HEAT] . E.l..245
o] X~ven] f-test]f~2.9m -1.01) -1H l' wn({je-o .
(-620) ¥ ~1.98] F~onlfi (3.96) (lou) \uul |( 042) f—;u] {~5.92)
8.3 ) 1026 ! .15 .81 E.L.230
\io7e! ' mn A-41n l(—c.m/ (1.99)
(~357) f1413) wm l(—/o.sa) (~3.43)
30 0 —~20kg/em’ ‘
P SV \ ! 10.65 .nw 77 E.L.215
D] 1 1.82) S mﬂow
oy J1 (-o026) \lnn)“9 non (0.43) E.L.205
rsn s N\ oy % E.L.202
{3.07) 1~ 15.93] (m) s}
{-2.52)
EL.285 Right bank { Downstream) Left bank
E:L.275 “(1¢ 192 134 -0.71 —to -ost 24 «o.97—] 049 ~1L5T  ~279  -004
a2y N2 s J o (195)'! (4.93) Hs.sn (5.98) (5.53) wos) JJia2s) J]i2.45) W27
{2.08) P {3.18) [¢.43) [su]l (5.55]’ [7.28) [6.66) @ b4.83) 4] (3.66) (2_59)
D # B :
E.L.260 1052 285 g -0.04 Nlaoefl | 1042 247 »,‘ -098 -|.ui -4860 1838
15.96) Nig70 Mo [ | 1202 F Jnz.00) fna.xsy waz) [ ot [l
(2.08) (650) Hltos2)} | n3sa)l Jlis.54) fitaz.7s) 'l 1576) ;1| wee) Jnss] [er.sshy o3
nl [
. i
E.L.245 298 {| eso [ lasdl {1500 J1| 630 i llaw J2ze s.zz,
9.33) e fusan Tjazsaffuzse [ fasan™ (- [fasw fiassy Faian/
{8.66j (n.z2) g han)y | he1oliizeod) " {21.86) | 1105.4710(12.69) [ (10.44]
E.L.230 ol ‘sos.i 1.9!) 1353 I! o2 g |lsk 28
02481 23, on“ 122.95){18.96) 1] [(23.20 45 ] (14.26)/
{1231 [uw]‘ [?z|.1](zs.m [ 228) 1esff (9.08) .
1
E.L.215 9.62 u'c 149 | 9.1 1
1844} 27.11)}(31.00) (28.10) T f [ 1037 -
(240} 1942 [23.5|f (23.27) 1| | Juare
E.L.205 s 1222/ § Faaas gl [sen)
g 126.80)  (38.46) 125.65)
E.L.202 X ey e
145.00) _ 2
S50 .0 —50 (kg/em?)
Fig., 59 Vertical stress distribution.



5.4 Stability Analyscs for Foundation of Arch Dams
a, general

The safety of the foundation rock is very important for arch dams. The
fact that some failures of arch dams in the' past have been caused by the
defective foundation evidently proves this, In the gravity dam or rock fill
dam, the partial defect of the foﬁndation rock not necessarily leads to the
destruction of the whole dam. The destruction of the arch dam instantly
follows the break of its foundation. . This is.-a reason why careful exam-
inations are required on the stability of the arch dam foundation.

As mentioned before, at the designing of .the arch dam two works are
done simultanecously, one is to let the working stress of the dam body al-.
lowable stress range, and the other is that the required foundation safety is
secured by adjusting the location' of abutments to the suitable position. It is
not easy, however, to satisfy the two at the same time. Stress analysis  is
made . for the original design and we use the thrust obtained by stress analy-
sis to.check the stability of the. foundation: - The results of check very rarely
have a suitable safety factor, in most cases being too small or too sufficient,
To save the labor for such designing, Shibata has introduced the idea of 'the
required hard ,rock line'', which is outlined below,

The shear friction safety factor by Henny's equation is employed for the
calculation of the arch. dam foundation stability, . First we assume a sliding
line Si in a horizontal section (See Fig. 60), based on the assumption that
the sliding occurs at the upstream -end of the dam. .Resultant force R, in-
cluding uplift and inertia force acts on the sliding line. The required length
/i which satisfies the required shear friction factor can be obtained as.

follows from the Henny's equation,

_nH; “'f,' ’ V.‘r . V » - iy
1,_-——Ti_.—~ ..... feenes Ceeeres Ceeneea TIEE R P R TRy (57)

where, .y, : The required length along the assumed sliding line Si
7. : ., Shearing strength along the assumed -sliding line Si
/i : Shearing friction factor along the assumed sliding line Si ..
.+  Component of R parallel to the assumed sliding line Si
Vi + Component of R vertical to the assumed sliding line Si
Results obtained from the calculations on different sliding lines are
shown in Fig. 60. A curve enveloping these points is given. This curve-is

called " required shoulder .
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Fig. 60 Required: shoulder

In case the hard rock surface crosses this required shoulder line, the
safety factor is less than the required value. In case the space between the
two is too wide; the safety factor is too large, showing the too deep abutment
in the rock base;” which means uneconomical design works. Thus, if the
dam is designed by taking into account the idea of ''required shoulder', not
small amount of labor and time can be saved. When a satisfactory original
design is made, the required shoulder line is prepared at each elevation.

It is easy to find the most reasonable and économical location of the dam

by studying the required shoulder line overlapped with the geological map,
The inter-relationship between the required shoulder line and actual hard
rock line tells us suitable location of abutment or the quatitative value of
the dam span to be corrected. By repeating the above step on the corrected
original design, the final design can be completed in a short time. For the
dams designed by the Institute, location of abutment has been determined in
this way.

Since the safety factor ''n' is taken as 4, n=4 is secured at every -
elevation in two-dimentional condition. In case weak layers like fault exist
in the foundation rock, the idea of the required shoulder line cannot solve
the problem. In case a number of such faults exist in the foundation, al-
though ‘it is corredt to proceed designing by taking into account the safety
from its.first stage, the designing work becomes very complicated. It is
not .a good way to" design a damincluding its stability from its first stage,
Therefore, in general, location of abutment is designed by the idea or re-
quired: shoulder line'by considering the effects of thée faults. For this
purpose; the safety factor is determined with allowance (for example n=4.5),
or the’ required shoulder line is calé¢ulated with some sllowance in the de-:
signing strength of the foundation rock. Thus, allowances'are: provided when

checking the stability of each weak layer.
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The foundation rock designed in this way can be understood to have 4 or
more shearing slide safety factor for even three-dimentional sliding macro-
scopically, having a suitable safety factor.

The stability of each weak layer should be studied respectively. In this
casc the study has been made mainly by Henny's equation through two-di-
mensional slice, too. Studies on the shearing friction safety are made in
general, but in this case analysis way and technological judgement on safety
factor is difficult. The problems about this are as follows :

1) Handling of the analysis method by Henny's equation
2) Technological judgement on safety factor by two dimentional analysis

3)° Technological judgement on point safety factor

.The . problem (1) means the following. As shown in Fig. 6l in case faults

exist at the inner part of the abutment of the arch dam, a sliding break
along the fault is expected. The way of handling the Henny's equation for

getting the safety factor is very umrrcertain,

Fig. 61 Study on the slide along the fault

Henny's equation is shown by the above, but it is not clear where the
force H, V should be applied. It is evident that resultant force is supported
by all resistance along AB, BC, and CD. But we can not find the forces
working .to. each length,

The author have. studied various problems on the handling of Henny's
equation when we studied the stability of the faults existing in the foundation
rock .of Kawaji dam. - In effect, :all the stress in the foundation rock (fault)
has. been calculated by the finite element method and the various sliding

surfaces are assumed., The safety factor has been studied on summed-up
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stress along the sliding surface,

n :;'.:TQLI_%‘_ELL_Q.I R ..n----;-o-»-u-ono ------------- on;-n ( 58 )

where, 7, ; Initial shearing strength of a minute part along the assumed

sliding line

/. ; Shearing friction factor of a minute part along the assumed
sliding line

I, ; Length of a minute part along the assumed sliding line

o, ; Vertical stress on a minute part along the assumed sliding
line

7, ; Shearing stress on a minute part along the assumed sliding
line

If the minimum safety factor is obtained in this wdy, the limit safety
factor can be obtained by taking the ratio of the total applied force to the
resistance force, In the analysis in which the calculation of up to the in-
ternal stress is performed, the simplicity of I-I_enny's equation is lost,

The calculated internal stress has s‘hown that the vertical stress along
the part of the assumed sliding iine, AB which were considered to be created
in parallel to the upstream face acts fnainly as tension, resuiting in the
absence of strength,

A rough study by Henny's equation of the fault location shown in Fig, 64.
can be made as follows ;

1) Approximation of the break line-

AB should be vertical to the abutment,

‘CD should be 45° to the fault surface,

(* The position of C should be determined

to be minimum by trial and error, )
2) Calculation method
Thrust is divided into two. directions ;

a force parallel (H) to and vertical (V)

to the average direction of the assumed

sliding line BD,

g =T BCH2CD4f V * : (59 ) % For saféty, inner fri¢tion factor:
H of the fault is taken,

where, H ; Destructive force
V ; Friction resistance force .

7r 3 Initial shearing strength of the fault.
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v# ; Initial shearing strength of the foundation rock !

ff i Inner friction factor of the fault '

By changing the thrust to the average diréction of the slide, the partial
supporting resistance of CD can be added c’onsiderablly, An example of the

test results of the study on Kawaji dam is shown in Table 14,

Left bank fault F-2 (E, L, 520 m)

/\ ® and @
A

o

Looom -

Table 14 Safety factor comparison by analysis method

Calculation method Mmm:lum safety factox
by trial
1 Thrust is applied to fault surface | 2,1
i
2 Thrust is applied to average slide direction 3,5 i
!
3 Calculation by two-dimensional F, E, M, 3,2

b, Technological judgement of the safety factor by two-dimensional analysis
Technological meaning of the safety factor obtained by the above
-mentioned Henny's equation has been considered, It is intuitively understood
and evident, consic-lering from the examples of destruction that the breaking-
style of the arch dam foundation rock is third-dimensional, . Considering
from such a fact, it is obvious that safety factor at a certain elevation does
not have a direct connection to the safety factor at the actual whole break,
In this point, the designing of the arch dam differs from that of the gravity
dam basically, to which two-dimensional designing can be applied, Therefore,
in case the parts with low safety factor are limited to a specific elevation
in second-dimensional analyses, the dam cannot be said to be dangerous

only for this reason, In other words, it is not recommendable to make the

abutment with sufficient depth just to satisfy the safety factor 4 at a certain

elevation, resulting in the exessive excaration for other elevations, This
does not contradict the idea that in the required shoulder line the foundation
should be determined in such a way that the Henny's safety factor according

to two dimensional analysis satisfies 4, That the safety factor is 4 at every
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elevation means that the whole safety factor is a little more than 4, which
is not excessive,

It is impossible to discuss the safety of the base just for a reason that
at a certain clevation layer exists in low safety factor against sliding, This
should be discussed according to the results of three-dimensional analysis,
and this is similar to the actual breaking style of the basec.

One example of those three dimensional analyses is the rocky-pillar. -
method which was used for checking if the rocky-pillar separated by the
faults at Kawamata dam could be stable. This calculation method is as
follows ;

The pillar can be considered as a cantilever with an elastic floor (fault)
in the back. Therefore, to know the external force which the pillar must
support, the reaction force from the back should be obtained. The reaction.
force from the back is calculated lon the assumption that the deflection of
the cantilever beam of the pillar is equal to the deflection of the fault ma-
terial in the back side and in the back hill. Approximation of the foundation

deformation is based on the trial calculation analysis method by the U, 5,

Bureau of Reclamation,

—_
[*N]
(]

A= Pofdrt ) e

where, 4, ; Deformation of the back hill and back fault material
P.. ; Reaction force from the back
7' ; Thickness of the back fault material
E' ; Young's modulus of the back fault material
A ; Base constant

Deflection of the pillar as a cantilever at the elevation of m,

Aq:zﬁn.m(l)"—p"[") ------------------- Voo ssessasesesatsn b et st sanaan ..( 61 )

In the equation, §n,m 1is the deflection of the cantilever due to the-
triangular unit load,
Srn=3(Maat Voo + AR AZ ) A2
| .,.(VA,,.|.MAG,2.,.Z%‘4'EIQ.AZ) s . v 62)
where, P, ; Vertical component to the back hill having an external
force at elevation n _ i

r 3 Reaction strength by Pi at elevation n

1, ; Back width of the pillar at elevation n
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@ a,, v ; Foundation constant
G ; Shearing modulus
Ez ; Young's modulus of the foundation
A ; Pillar secction area
K ; Shape constant
The reaction force of the back hill, p. can be obtained as the solution

of the following simultaneous equation,
P 4 )= Ll nn (P pa 1) wveereeesnssininnni e (63)

Thus, a force is obtained by deducting the reaction force from the ex-
ternal force, The force must be supported by the shearing resistance at
the back and bottom of the rocky pillar, The limit safety factor is shown

by the following equation like Henny's equation,

S,:%( Teo Agt fLW A p SAE) orerriiainiieiiaiiiiieiiiiiiiiiiii. (64) ‘

where, - ; The force supported by the pillar

W ; Weight of the pillar

Tr ; Shearing resistance strength of the foundation rock at the
bottom of the pillar

Az ; Bottom area of the pillar

7r ; Shearing resistance strength of the back fault' material

SAr ;3 Area of the back fault

f ; Internal friction factor  of the foundation rock

The stability of the foundation rock at Kawamata dam has been evaluated
by performing the calculations mentioned above for each elevation and for
other assumable pillars,

The author has studied the following method to check the stability of the
pillar separated by the faults which are nearly vertical and running in both
upstream and downstream direction, Despite complicated and laborious work
required before calculating the supporting strength of the back, the afore
-mentioned rocky-pillar calculation re¢uires the Young's modulus of the fault
and lacks in accuracy in assuming the deformation of the foundation, In
addition this equation does not hold unless the downstream is open surface,
Then, - the simpler, following method has been selected,

1) The assumed pillar break has a shape made by enveloping the lines
which minimize the safety: factor in two-dimensional analysis by the

Henny's equation dimensional slice,
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2) Deformation of the pillar is not taken into consideration.

(In this meaning, this is called '"rigid body sliding method' . )

3) The force vertical to the fault is supported by the back hill of the fault,
Thercfore, the force parallel to the fault becomes the force to shear
the pillar, resulting in the slide along the fault surface.

4) Resistance forces are the shearing strength of the bottom base, shearing
strength of the fault, shearing friction resistance due to the weight of
the hill, and the shearing friction resistance due to the force vertical
to the fault,

In this case, the problems are the assumptions in (2) and (3). Con-
sidering from the nature of the problem, slide along the fault surface does
not matter, but the problem lies in the fact that the force vertical to the
fault is regarded as the shearing friction resistance. Taking the fault ma-
terial as gelatine like, the fault can not withstand the force applied to it.
Being small and solid in this case, (30 cm to 100 ¢m), (Young's modulus ;
5,000 to 8,000 kg/cm?), the fault has been regarded as being capable of
transmitting the force to the back hill as in the case of no fault. For this

reason, the calculation has been simplified. The equation is as follows :

=B WU ety (VU 2 Sr At TR AR (65)

where, H ; Component of the thrust parallel to the fault face
V. ; Component of the thrust vertical to the fault face
U ; Uplift acting on the bottom of the pillar
Uy ;  Up.acting on the fault face
fxfi ; . Internal . friction factor of the rock and fault
s, 7y ; Initial shearing strength of rock and fault
W ; Weight of the pillar
Az 3 Area of the shearing section of the side rock
(CD of the two-dimensional slice)
Ay ; Area of the bottom

Ar 3 Area of the back fault
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I’-7 fault at the left bank of Kawaji dam under study has shown the
safety factor of 1 by two-dimensional analysis, using Henny's equation, while
20’ by this rigid body sliding method. This is an example in which a great
difference has been obtained between three-dimensional stability analysis and
two dimensional one. In Kawaji dam, those which can not ensure the safety
factor 4 by two-dimensional analysis are analyzed by the above-mentioned
rigid-body sliding method to guarantee the safety of the base. Considering
the calculation error of the rigid body sliding method, the author placed the
standard of technological safety judgement at 6. In Nagawado dam, the
safety of the foundation is also studied by the rigid body sliding method.

- In’ the above-mentioned methods, whether it is two-dimensional or three-
dimensional, the basic idea is based on the ratio between the working force
and ‘resisting force. This is to judge the technological stability by the limit
safety factor, and as mentioned in the item of the gravity dam this is in-
sufficient, requiring the judgement on the safety factor against stress break
at a local part,

~ Since it is very difficult to obtain the three-dimensional stress-distribution
in the foundation of the arch dam, the stress by two-dimensional stress is
obtained first and checking is made on the point safety factor explained in
the chapter of the gravity dam. Since the arch dam is a three-dimensional
structure, the judgement should be made after obtaining third-dimensional
stress conditions. In this point the arch dam differs from nearly two-di-
mensional gravity dam. The stress at Managawa dam was analyzed in the
rock including the fault using three-dimensional finite element method. The
result shows that the stress dissipates greatly from just up the dam crest
and from the dam base into the foundation, resulting in far faster dissipation
of the stress as compared with two-dimensional stress conditions.

In case the weight of the rock is taken into consideration, at the point
20 m inside the abutment, the majority of the stress is caused by the weight
of the rock, while the effect by the thrust is very slight,

Thus, in the case of the arch dam, judgement by the point safety through
two-dimensional stress condition has a possibility to evaluate the condition
too dangerous, This may be due to the fact that two-dimensional stress
condition is not maintained at the third-dimensional condition and in the two
-dimensional condition the initial stress is not taken into consideration.
Therefore, three-dimensional stress must be calculated to obtain the accu-

rate local safety factor (point safety factor) in the rock of the arch dam.
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Only the theory of clasticity is available for this calculation. Can the
properties of the rock foundation with great non-uniformity be analyzed?
Many difficult problems lie before us, It is ncedless to say, of course,

judgement by two-dimensional analysis is ecffective from technological point

of view.

5,5 Arch Dam in A Parabola Shape

As stated in the previous section of the design location of abutment of
arch dams, the consideration to stabilize the foundation of arch dams is
specially necessary beyond other type dams., When the rock foundations on
the downstream have weak strata or when the abutments of the dam are put
on the thin roofs, location of abutment becomes incvitably deep. The depth
of the rooting is directly related to the quantity of both concrete and exca
vation and greatly affects ecconomy. Therefore, it is quite natural that
every possible effort is made to have the rooting as shallow as possible.
For this purpose, there are roughly two counter-measures as below :

1) The rock foundation on the downstream should be improved and the
strength of the foundation be increased so that the dam has the shallow
rooting,

2) By the design of the dam body, the thrust to the base vock foundation
should be put to effective operation, to have the shallow rooting.
Regarding (1), it is a measure often adopted, by replacing the nearby

abutments or the strata on the downstream with concrete, and also by con-

veying the force to the deep part of a mountain with the stress conveying
wall (concrete wall). These methods, however, frequently damage the
foundation of a dam (expressed in the term of looseness) during the course
of construction works and since the degree of damages cannot be judged
quantitatively, As such, the measure (1) which keeps the stabilization of
the foundation by improving the rock-foundation should be adopted only when
the deep rooting does not produce a good effect or where remarkable eco-
nomical effects can be expected by partial improvements.

If the measure (2) is possible, the safety of the foundation is increased
smoothly, It would be the best measure. In this sense, it is an arch dam-
in a parabola shape that have come to appear on the stage. As stated in
the section of the required shoulder line, the direction of the thrust greatly
affects the stabilization of the foundation. As showing the drawing on the

right the required shoulder line varies in its length according to the direction
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of the thrust, in casc of i) and ii), Namely, the thickness
required on the downstream is different. If AB shoild be
the strata, in case of ii), the safety factor of sliding in
more, while that of i) is less. In general, as ‘factors
which form the thrust (T), there are the thrust (H) by
arch action and shearing force (V). The degree toward

\%
the downstream . of T from abutment is affected by o’

The greater the shearing force becomes, the more the
degree toward the downstream of T.

Anothere factor is the central angle of arch that regulates the direction
of abutments of a dam. As a matter of fact, .as the degree which affects
the direction of the thrust, the central angle .is overwhelmingly great,

In designing Kawamata dam, considering that to have the thrust toward
the mountain side increases the safety of the poor foundation rocks where
many strata and predominant seams existed., Komai and Shibata looked into
the relationship between the central angle of arch and the degree of the
thrust toward the mountain side by using symmetrical., circular arch of
equal thickness and equal semi diameter. The angle to be formed by the
line against the base surfa'ce and the Resultant force (T) of the arch thrust
(H) and the shearing force (V) can be figured out by the following formula,

I

when the central angle of arch is ¢ !

¢:¢" 'Han'K o o : : (66 )

The Fig, 62 shows this relationship, from which it is understandable that

the thickness of a dam, T and arch semi diameter, r

when the ratio s

r

is 0,1, ¢a = 60°, when %— is 0,05, ¢4=45° and thus the thrust faces toward
the mountain side in a greatest extent. .

From this drawing, it can generally be .said that there is a tendency
that the 'sm‘a‘l‘l:er the central angle is and the greater :the arch.semi diameter,
the thrust faces toward the mountain side. However, when the central angle
is made smaller and the curve ratio semi diameter greater, it.will form an
arch shape very close to the straight line, so .that in the vicinity of arch
crown where the bending moment is great, .there arises a great tensile
stress. When Kawamata dam wags. designed, it was not.possible to solve
this problem foundamentally; . The central angle. of the arch dam at that
time was about 110°, however, the safety of .the . base rock foundation was

successfully increased, by adopting arch: central .angle less than 90°, having
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the thrust face toward the mountain side. -

Even at the time of designing Kawamata’' 90°
dam, it wag intuitively possible to antici- g0
pate that the excessive tensile stress
70° =0.4
arisen in the vicinity ‘of arch-crown by 0.3
. —=T/r=02
having the small arch central angle and = T 17015
_ 3 s0° e T/ =00
great curve ratio semi-diameter can be e /_1-/,=o.o75
H .
. ¥ 400 /"”':0'05
avoided by having the curve ratio semi- o 0 ' '
<
diameter in only the vicinity of arch-crown L
small, and the great curve ratio But ‘ . O
, gres ’ ’ 20°r @ $4/2+ tan" V2
at that time, the application analysis  was 10° |
carried out manually and it was practically ’
Sy
o o : 10°20° 30° 40° 507 60°70°80° 90" 9y,
difficult to caz ry out the application 20" 40" 60" 80°100°120°140°160°180° 4

analysis of ‘the -arch dam of a complicated -

Fig, 62 Retation between
direction of thrust

With the development of the electronic ' dnd center angle

shape.

computers, Dr,Jida has developed the pro-
gram for the application analysis of the arch
dam which has a shape whose curve ratio
semi-diameter can be variable in the form

of functional figure at any points on arch,
This arch shape is called the variable semi

-diameter arch, The angle, which is formed

by the arch centerlihe and the line of crown
at any points ‘on the former’ line, ‘should be ' Fig, 63 Archiér radius.

(defined as the centér ‘angle ) ‘and then it of variation
is possible to handle the application analysis-
of the un-equally thick' arch which ‘is variable continuously where the curve
ratio semi-diameter of the 'arch cénterline is in thé¢ form of Rcos¢, On
the Fig, 63,
L) a=0, .¢i=9," or A=0,"1¢s=0,"

In case  T,=7, , equal thick arch with a ¢core -

2) In case 1= 0, T #Ti y 'un-equal thick -aréh 'with a core

13

3) In case A= -3, ap¢h 'in“wl'fich’a'r'ch'“ceﬁ’terli"ﬂ‘é*is"p‘zii‘ab‘o’la‘.
4) In cdse 21>°0; variablé: seriidiaimicter ‘arch in- which 'the curve ratio
semi-diameter is-continuously ‘small ‘from crown' to-abutiient -

°) Intcase  1<0, it'is 'possible’ to’ Handle the virikble “sémi-diambtesr Arch
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in which the curve ratio semi-diameter is great continuously from crown
to abutment
Then, the geometrical characteristics

of the parabola shall be taken into con-

sideration, The parabola expressed in
x=-;1—1-15y’ shall be considered,
the focus of the parabola be ¢, (p,o0)
any one point on the parabola be p(x,y),
The cross point of the line against P
point and x axis be C,

LPCO=¢ LPC,0=1¢

Passing P, drawing parallel PE of x axis,

then from the nature of parabola

ZLEPC=ZCPC, Fig, 64 The nature of

6=2¢ the parabola
PCo=C,C
PCy=2p—PCocos8=2p—PCycos2¢
2p

SLPC, =m=p sec? ¢
Sa=PCo—p=p sec? ¢—p=p-tan? ¢

y=PCysin2¢=2p-tan¢

dy
.dy_d¢_.  sectdp _
dx dxr " lang sect ¢ cot ¢

dé
d?y_ d (dy\d¢_ _ 1 _ 1
de?  de (dz)dx = T cosect $X 2p tan § sec? p NZ)CON ¢

Therefore, the curve ratio semi-diameter r,

Y
r=——-—d—,y-——= 2p secd d=2p cos I cerrrerreceiinns vearas TR ETRRIEY (67)
)
Namely, the curve ratio semi-diameter is variable in proportion to
cos ¢ |
When the parabola shape is adopted for the shape of arch dam, it is
possible to reduce the tensile stress in the vicinity of arch crown, since it
is possible to make the curve ratio large value in the vicinity of arch crown
despite of the small central angle of arch dam, which could not be achieved
by the circular arch. In other words, it is possible to have the thrust face
toward the mountain side without making stress distribution of an arch dam
itself worse, and as a result, the safety of the foundation is increased and

thus the economical design of an arch dam becomes possible.

Shibata and Ogura have made a comparison of a circular arch (central
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angle 100°) and a parabolic arch (center angle 75°). Against the com-
parative design proposal where stress distribution of an arch itself for both
was kept equal, the total volume for a parabolic arch was 240,000 m?*® while
that for a circular arch 252,000 m?®, thus the volume of a parabolic arch
was less by 5% than that of circular arch, The direction of the thrust for
both is shown in Fig, 66. In case of a parabolic avch, the thrust is almost
at right angles against a group of the faults for example, QL ~SL and as
far as the safety of the foundation is concerned, there is a great difference
between the two. E.1..230

In the Institute, utilizing the mevrits
of this parabolic arch, the design of

arch dams by this shape has becen

carrvied out since Yahagi dam. Such Shoutder for

Required Shoulder for S Parabolic Arch

Circvlar Arch

dams as Susobana, Shorenji, Hoheikyo,
Fig. 65 The horvizontal section

of Yahagi dam(compari-
adopted parabola shape, the central son with circular arch)

Managawa, Kawaji and Kawabegawa have

angles of which are 70~ 75°,

In adopting the parabola shape for
Yahagi dam for the first time, as
aforesaid, it was confirmed to be a
superior method of design, from the
standpoint of static condition, however,

as far the characteristics of the dam

during an earthquake nothing has been ka0 %
clear. Therefore, the vibration model ng\;:o
test was done by a method in Production ‘%ﬁw
Technique Laboratory of Tokyo Universi- | b
ty, and a comparison has been carried Dotted line and ( )

. shows a cir . .
out between a circular arch, whose circular arch

Solid line shows a

maximum central angle is 100°, and a .
parabolic arch

parabolic arch. From the results of the
experimental figures, the following table Fig. 66

has been searched for, calculating self Comparison of the thrust action
direction of parabolic arch and

vibration periodic time, damping constant, \
circular arch of Yahagi dam

top part acceleration and stress.
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Table 15 Comparison of the vibration characteristics of the
circular arch and the parabolic arch of Yahagi dam

- Self ) - Bottom
The condition . ) . . Top part | Top part
Kinds vibration | Damping part
of the water L acceler- | arch )
. of arch periodic | constant " , cantilever
reservoir ) ation stress
time(sec) stress
Parabolic .
At the time arch 0.268 0.034 0.34 g 8.6 5.4
of its being - -
empty Circular 0.231 0.037 0.31 g 6.6 2.4
arch
Parabolic
At the time arch 0. 388 0. 120 0.53 g 22.0 22.5
of its being
full ircular
" Circular 0.275 0.083 0.84 g 11,0 9.8
arch

From this table, the self vibration periodic time, compared with test
results during reservoir empty does not make differences however, the self
vibration periodic time of the parabolic arch during reservoir full is about
0.4 second and it is rather long. It does not matter in the ecarthquake

-resistant design.

Fig, 67 Plan of Yahagi dam
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Fig. 69 Basic dimention of Yahagi dam

The maximum stress shown on the
table has not arisen where the static
stress becomes maximum further the
stress during an earthquake changes
plus and minus, which will not be
dangerous. Such being the case, the
result that the parabolic arch, compared
with the circular arch is. inferior, from
the standpoint of anti-earthquake has not
been obtained, so that it is dynamically

the stable shape.
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Fig. 70 Basic dimension of
Shérenji dam

In case of Yahagi dam, the on-site test, -installing the vibrator to the



prototype dam, has been carried out and the test results as to the proper

periodic time and the vibration mode conform well to those of the model

test.

5.6 The Detailed Design of Arch Dams
5.6.1 Cautions in the Design Coming Out from Differences between An Arch
Dam and A Gravity Dam

Generally, the detailed design of the arch dam is carried out, based on
that of the gravity dam, however, there are special cautions pertaining to
the arch dam, which are as follows :

The arch dam, compared with the gravity dam has thin thickness, there-
fore, the large stress acts. Different from the gravity dam, being a threce
-dimensional structure, it should be a continuous structure toward the di-
rection of the dam axis not only upwards and downwards.

When the stress is great, it requires inevitably the abundant mixture of
concrete, As a result, the temperature rises abruptly right after concreting,
so that there is a great possibility that the concrete might have cracks. In
case of the arch dam, compared with the gravity dam, cracks produce much
more damages, therefore, we should avoid them, considering to prevent
seepage because of its thin section. Also, in case of the arch dam, in
order to check the temperature rise right after concreting, pipe cooling is
definitely necessary. Joint grouting is also indispensably necessary since
the dam body should be continuous toward the dam axis. In order to satisfy
this condition, it is required to reduce the temperature as far as the final
stable temperature, and in this sense, it is impossible to do without pipe
cleaning.

In order to avoid cracks toward the stream direction, the arch dam is
also provided -with transverse joints, of which spacing is the side joint 10 ~

20 meters, considering the degree of cooling and the construction capacity,
In case of the arch dam, longitudinal joints are not set, because of the thin
section. In the vicinity of the bottom part dam abutment, there are cases
where the dam thickness is about 30~40 meters, however, if the longitudinal
joints are set, the spread fluck might arise, to unify the dam, it is better
not to have the longitudinal joints,

From the two reasons that the dam is thin, and it is a three-dimensional
structure, specially the joint grouting should be ensured to be carried out.

For this purpose, from the standpoiﬁt of the construction works, designers
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should make full arrangements to reduce the temperature of the dam as far
as the final stable one. Further more, the horizontal construction joints
should be well green-cut and the scals should be installed carefuly.

Rising from the high stress of an arch dam, the degree of the stress
concentration around the openings of the main conduit pipe and garallies is
remarkably great, compared with the gravity dam. In order to meet this
problem, the stress calculation is done like in case of the gravity dam, but
because the quantity of bars is so great that concreting on-site becomes
extremly difficult. In order to case this problem, such considerations are
necessary as to reduce the number of steel bar by having larger diameter
or to omit wrapping or hooking parts by using dacone steel bars.

It has been already stated that in case of the arch dam, cracks should
be severely prevented, because of the thin section and so there is an ex-
ample that steel bars were arranged on the surface of the arch dam, to
prevent the surface cracks. But this quantity of steel bar is enormous and
becomes a hindrance during the construction works, the author considers it
is better to avoid it by having the secure management and construction of

concrete and its ample care after concreting.

5.6.2 The Design of Supplementary Structures of Abutment

The sound rock foundation is necessary throughout the entire base of
the dam, but sometimes it lacks soundness at a part. On this account, in
designing the arch dam, supplementary structures are often set for abutment
in order to reduce the stress, or to design the dam body economically. And,
these are often adopted to reinforce the geographical defects at the dam site.
There are such supplementary structures for abutment as fillet, thrust block,

gravity abutment, saddle, plug and wing dam. These are explained in order

as follows :

a. Fillet

Generally, as in the vicinity of abutment, the dam body has bending
moment, multiplied with arch thrust the stress degree becomes greater,
In order to reduce the stress degree of the dam body it has an arch of
un-equal thickness and to ease the stress to the foundation. The fillet is the
dam body is increased partially toward the up and down stream. We can use
it advantageously to covespond to the nature of the foundation, it has notheing

to do with the basic shape of the whole body of arch.
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b, Thrust block

When at the upper part the valley is

“-- The basic shape
of horfzontal arch

““““ Fillet

open or the foundation rock is whethered
to a deep part, if we design the dam
according to the topography or the sound
rock line, the shape becomes remarkably Fig., 71 Fillet
uneven and un-symmetrical. In this

case, designing an arch dam with smooth

shape is very difficult and the stress

concentration might arise at the uneven

. Thrust block
parts. In order to prevent this, the rast boe

thrust block is set, just nearby the dam Fig, 72 Thrust block
body, between the dam and the foundation,
to convey the thrust from the dam to the foundation.

By providing the thrust block, the shape of the dam itself can be decided,
regardless of the topography or the geological partial defects.

In case of Shorenji dam, at the upper part of the left bank, the sound
rock is not available so that the thrust block is set at this part and almost
symmetrical arch dam could be designed, regardless of the geological de-
fects.,

In order to design the thrust block, like in case of the gravity dam,
consideration should be given to the stabilization of failure and sliding,
assuming the thrust and the hydraulic pressure from the upstream as ex-
ternal loads. When the slope of the thrust block base is mild and the
foundation of the thrust block base is weak in strength, there are some

cases where the safety against sliding is very low. Necessary caution

should be taken on this point.

c. Plug
As shown in Fig, 73, when the bottom //

part of the stream has the deep cut, into

which concrete shall be filled., This
concrete is called plug and it is separated <4
from the dam itself. When there is such o

a gquraphicail defect, without any plug, Fig. 73 Plug
then the height of the dam becomes high

and the dam volume and the excavation are great. Recently, even without
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such a partial cut showing on the previous drawing when the lower part of

a valley is narrow, compared with the upper part, in order to have, to a
certain extent, smooth shape of an arch dam, the excavation at the lower
part becomes excessive and there is the problem that the long and vast

slope might arise due to the results of excavation at this part. On this
account, with the same idea applied to plug, such a design is often made as
to fill the part of the river bed with concrete, on which the dam commences
to stand, In such a case, it would be more appropriate to call footing
rather than plug, and the design of the upper part of the dam is economically
and easily constructed, but it is very difficult to make stress analysis to it,

In other words, as to the applicable

analysis of the upper part, the dam, \ ; /
which stands on the footing, is

anzlized as an arch dam, however, Excavation —

since the lower footing is not an tine Plug

unbounded foundation, the analysis

is not adequate, when calculated by Fig. 74 Plug

the current load splitting method.

In usual dealing with this case the dam of the upper part is assumed as a
monolithic arch dam, on the other hand, arch dam, the lower footing is
designed as a gravity dam, against hydrolic pressure and conveyed fr‘c.)m*the’
upper arch. Since the footing and the arch dam are, in nature, an unified
structure, such a convenient analysis is greatly lack in strictness.' This
point can be considered by the model test, but a model in large scale is
required from the standpoint of measuring technique. The most effective
means to solve this problem would be a three-dimensional finite element
method.

When the footing is small, no matter occurs if we use the afore
mensioned load splitting method in stress analysis,

Thus, this is considered to be an effective structure. As the design
examples of having the footing, there are those of Yagisawa, Hoheikyo,
Kawaji and Kawabegawa dam. As for Kawabegawa arch dam, the footing
part was so huge as ,fo occupy 30% of the total height and in order to check
the stress condition/(/)f the dam including the footing, the model experiment

was conducted,
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d. Gravity abutment and wing dam

When near the top of a dam, therc are defects of topography or geo-

graphy, it cannot be or it is unfavourable

to exert the thrust to the foun-

dation. In such cases the artificial abutment (a kind of gravity dam) should

be provided, supporting the thrust at the
part, conveying it to the lower part of
the foundation. This is the gravity
abutment. As:shown in- Fig. 75, the wing
dam is also required at the same time.
As the examples of the gravity abutment,
there are those of Korobe NO. 4 dam and

Yagisawa dam.

e. Saddle

As showing in Fig. 76, the saddle is
used to ease the stress to the surface of
the base foundation, set between the body
and the foundation. By adjusting the
thickness of the. saddle part properly, it

can cope with the uncertainty of the. excavation line, and make the shape. of

the: dam itself smooth:,  During .excavation

foundation line are disclosed, then only the revision of the saddle part is
enough, It is unnecessary to revise the design of the dam.

As the examples of this design, there is that of Kawamata dam, which

is a symmetrical..arch dam with a saddle,

saddle and ‘the body'is a joint structure,
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Fig. 75 Gravity abutment
and wing dam

Saddle

Fig. 76 Saddle

work, the alterations of the

The intersection between the 4

{ This is called a perimeter joint. )
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