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; - ~SL\I‘PPbRTING STRUCTURES FOR OVERHFAD CRAKES - . -

-

A IN. UNDERGROUND POWERHOUSE

. | , ) . | i
. }
Enio Carlo Adriano Di.Pietro | _ -

." . ‘ " ‘

A &

Bridge cranes are used for handling loads over ‘an

a—

v entire floor area, of one or more bayﬁ; between two lines
( ) ¢ / )

\
of columns. | L

»

The'suppdriing structures are designed for ??e

it

dditatlc wheel loads plus 1mpact and breaklng forces induced -

by the bridge cranes at full lifting capac1ty. some o

A e

v cases, earthgquake forces and thermal stresses are also taken

%
- 'into consideration in the final design of such structures.

: / .

. -

~The structural supporting system of bridge cranes

Sy A O Tt

Ry R
N

generally includes: beams, columns, bracings and tie beams.
, P IR |

i ' ~ These structural elements are either of structural steel or

n ) of reinforced concrete. . o . \

. , ‘ '
t . « ;
. ? . N \

‘Crane beams - provide continuous support for the, . co

Lo

crane rails on which the crane wheels are moving. In addition -

Lol

to these moving loads, the crane beams are subjected to

&
lateral forces' induced by the crane wheels when stopping the
. 4

‘main trolley whlch carries the lifted loads.

-
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‘The columns supporting the beams " transfer’ the
. A r b )
forces tg‘the substructure or to the grdéund.
( - . et S
between the columns governs the size of the beams

" “The spacing,
and

limits the loads to be carried by.the columns. "

-

- - s
Bracings are required to resist longitudinal

-

forces and usually are located between each, expansion joint

of the crane beams on both lines of golumns.

- -

v

Tie beams are used to provide latera] support to

"individual columns.

Cranes of large 1ifting capacity are generally

required in hydrdelectric powerhouses.

I

a

The surface ;Bwerhouses are always built with crane
¢ .

T Dbeams and columns. to subport the~heavy overhead q;anes%

The underground-powerhouses,'if excavated in a goo 'quality

of rock, present also, the alternatlves of supporting the

. Cranes, elther over Tock shoulders excavated on the top of
y »
the rock walls, or over steel, or concrete brackets post—
o . . N
tensioned to the rock walls of the powerhouse.

[} [
analy51s and design are required for the varlous types of

. v

Preliminary

_\supports, in order to. choose the one whlch 18 eff1c1ent and

morge economical for the whale project.
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‘tures in these cis , are 11m1ted.to beams and columns.

CHAPTER I
INTRODUCTION ‘
v Tﬁé.seleqtionm@nd optimization of various types of
structural supports for bridge cranes in a hydroelegtric
underground powerhouse and guidelines £9r the brelihinary

analysis of.continuous crane beams and stepped columns,

Yepresent the object of this report.

A preliminary analysis and design are sufficient to

select the size of the members for the different types of
. & ‘ .

. supporting structures, in order to evaluate and determine’

their comparative cost estimate. A final analysis and
design of all the components of the most economically chosen
supporting system needs still to be done, but this is

beyond the scope of this report.

The ‘choice of an dﬁderground’powerhouse is dictated

by the frequent use by them of heavy cranes with large life-

ing capac1t1es.

An undergrpund powerhouse, if excavated in a rock

of good*stIuctural\qﬁality, presents the alternative of

s

-various types of suppdrting.structures for overhead cranes.

»
4

Overhead cranes capable of handling heavy loads are

also found in pulp and paper mlll buildings and’ ln.trans-

former s factories, but the types of crane’ supporting struc-.

-

!

] . . ‘ ‘

RSP e
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i a0 B R pb A B o o e AT



3

The types of c¢rane supports are also selected in:
: ~ \ L

the function of the crane-lifting capacity-and the clearance

\
\\

A type of supporting structure and the main compon-

. ) ©, - requir ments.—, . /“"', ‘,‘

—
o
PPV ——

~ ents of a turbd-generator unit in a hydroelectric under- \
LY b AN
¢

ground powerhouse are shown in Figure 1.1.

+
- -

. The heaviest single parts of the unit to be lifted

bt i B M.

(by’the overhead crane are: the rotor, the runner and the v i
main shaft. Vefy often, in ogder'yo handle these parts, it |
is required to use two cranes working in tandem, as shown
in Figure 1.3. Somg of these parts are assembled in the \
aséembly'area at one end of the poﬁerhouse and transported \ §

L} : .
by the crane to the turbo-generator pit. ' o
- 4 ! ‘ - Y

Thé basic clearance required between the generator

floor and the top_of the crane rails is shown in Figures \

N i

. ., 1.2 and 1.3. _ -

Chapter Il outlines the analysis for a preliminary

design of continuous crane béqms, over rigid subports by

g - P e

using influence line diagrams, and dgives the design criteria

fequired for the analysis and design of supporting st¥uctures

s

I}
for overhead cranes.

Chapter III describes the use of stepped columns,

and sﬁows a method of analysis for a stepped column in struc-
' tural steel.

? ' ’ 7
‘ . T
- - PV s weriid \ - [ e ——_————y
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Chapters IV and V. show the results éf an optimization
* study. for overhead crane supports in’ an underground power-
" house. Chapter IV optimizes tbé quantltYOf structural steel
of crane supports for a constant total installed capacity A

in mega watt (MW), which is obtained by varying the number.

and size of the turbines, therefore obtaining different dis-

\\

N

P

tances between the units., Chapter V optimizes the types of sup-"

« + ports for a fixéﬁ-distance between the turbo-generator units.

Chapter VI summarizes the conclusions and recommenda-

Fions of this technical report.
/ . "
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CHAPTER II

. CRANE BEAMS

3

v : 2.1 GENERAL w

Beams supporting rails on which cranes travel are

called crane beams.

. ' .
2 .
.

» Crane beams ® are supported by columns or braékets, d
depending upon the lifting capacity of the crane.

) <
A crane with large lifting capacity requires a

certain number of wheels which .transfer the loads onto ‘the
<
rails, and then onto the beams. - ’
Continuous crane beams are usually used in order

to reduce the size of their members and the number of

joints, and to simplify the connecting details at the supports. \

A very useful method of analysis -for moving loads onto.
continuous beams is the use of influencefline diagrams.
Inglhence lines show gréphically, how changing the positioﬁ
of the loads on the beams influences the magnitude of

the reactions, bending moments and shearing forceés. '

o A e I I e O Y ey

With the aid of an inﬁluence-line diagram,it is poséible

[ * '
to develop general criteria to determine the most critical

position of the loads in any given cases. Since the concen-

trated wheel loads on one rail are more than one, it is




2.2 USE OF INFLUENCE LINES FOR ANALYSIS OF \

: | I - &
not possibie, in general, fo determine at once, which load
of the seﬁies should be placed at the given section in
order to ??ﬁaln a maximum value. The method that should be

followed is essentlally one of trial.

°

CONTINUQUS CRANE BEAMS . s

1]

liminary analysis of continuous crane beams under the action

_-

The use 0f influence line diagrams for a pre-

of moving loads is outlined by the-following stéps:
o

1) Drawing wheel arrangemént (Figure 2.1) using the same
[ :
. scale of the influence line ddagram related to

-

center-to-center of supquting columns of the struc-

N

., . ture under-consideration '(Figure 2.2). ' a
. ) -
® - .

- 2) Finding the maximum positibe moment, which occurs’

.

‘at the end span, using the wheel arrangement (Figure

o Eml) and influence-line diagraﬁ (Figure A.1). .

» X

" 3) Finding thenmaximum positive moment in an interior - .

span using wheel arrangement (Fig. 2.1) and influence

line diagram (Figure A.2).

t
-

4) PFinding the maximum negative moment, which qccurs

’

at the first lnterlor support uslng wheel arrange—

ment (Fig. 2. 1) and lnfluence-line diagram (Figure A.3)
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5) Finding’ the negative moment_at the interior
supports, using the wheel arrangement (Figure é.l) PR :

v - - and influence-line diagram (Figure A.4).

6) Flndlng the. maxlmum reactlon whlch occurs at’ the . ok

flrst interior support, uﬁghg the wheel arrangement

}£§> C (Fig. 2.1) and ingluence—line diagram (Fig. A.5). - :

CoL . 7) ~Finding the reaction on an interior snpport,using
the wheel arrangement (Figure 2.1) and influence- i.

S . o . line diaggam (Figure AJE).
. ‘ * q

' o 8): Finding the maximum shear, @ising.the wheel arrange-
/// ;o ) ‘ ment (Figure 2.1) and the influence-line'diagram,

(Figure A.7).

a 2;3 FORMULAS AND APPLICATIONS ¢
y . ‘ The general formula to find the bending moment is:
t ' »

' M = Ly xPL ©{2.1)

The general formula ‘to £ind the reaction is:

«

: o = L R'= IyxP (2.2)

- \ where ‘ , " ; ' «1 e
. 22 = gummation of the values of the ordlnates

I under the\COncentrated wheel loads.
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Qheel load

a-)
i}

’

span 1éngth

>

o
"

h

. %e2.4 MAYIMUM POSITIVE MOMENT AT INTERMEDIATE SPAN a

- L4

’
- ~ . \ -

o The maximum positive moment at the intermediate

span for the tontinuous crane beam subject to a series of .
moving icads, is obtained using a wheel arrangement (Eiéure ' ' 15

2.1) and influence-line diagram (Figure A.1).
. . B . ' : L

| ' The/spacing of columns supporting the crane ‘beam ‘ L
| ! : / - ' o . R
in this case, is 22 feet center-to-centey. L, .

—

-

——— - There are 12 wheels numbered from left-to-right on

—

each rai‘l for the two overh.e'y cranes working in tanden.
The relative position of the wheels, the closest distancé
- - that the main hook can get to theaceﬁter-lipe of ;‘raiI, -
- /”tﬂ_ the weight of tﬂe crane and other data, is outlined in‘
N ‘ . the Design Criteria, and is supplied by the crane's manu- N—

P

factu:gr.

P ¢ The position of the moving wheel loads on the in-
« 0 fluence-line diagram and the summation of the values of
i ’ the ordinates corresponding to each wheel inathé'diqgram -

at a fixed position, is recorded in Table 2.1.

The maximun value is obtained when the wheel number
6 is on the center ofc the diagraﬁ; This value multiplied

' ‘ . . 4
‘by the maximum wheel load P and by thefdistanpe"L, between

¢ \

* = d N
- U —p— e M ; ey ST RS RN sy g
) ) o ok
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. . . N

. . \

supports, will give the maximum quitive moment for the

’

contin®ous crane beam.

«

2.5 MAXIMUM NEGATIVE MOMENT AT AN INTERIOR SUPPORT

t

. . ST %
The maximum negative moment at an interior support

3

‘for the cortinuous crane beam subject to the action of a.

¢

series of moving loads is obtained using wheel arrangement

(Figure 2.1) and influence-line diagranu(Figufe A.4) .

Y

; By moving’the wheel arrangement over the influence-

line diagram and recording‘;he values of the ordinates as »
described in the previaous. section, Table 2.2 was obtained. . -
This table shows the results of the trial method of position-

ing the moving loads over the crane beam and the summation

-pf ordinates of the influence-line diagram corresponding at

A 1

the position of the whegels at fixed positions.

It can be noted that after the maximum value was
obtained, while Wheel Number 10 was on the right support of

the diagram, advancing . the series of loads to the right, the

, : . .
summation values of the ordinates decreases. * P

The maximum value found multiplied by the maximum

wheel load P and by the distance I -between fhe'supports

‘gives,the,ﬁaximum negaﬁivé.moment at the interior supports.

» .
) I
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¢ s
- : : TABLE 2.1
. * ' ' “, ‘ T n
¢ " MAXIMUM POSITIVE MOMENT AT INTERMEDIATE SPAN
e .
* :
. WHEEL LOCATION . |
RELATED TO INFLUENCE ) Ly |
LINE DIAGRAM o
. Wheel #3 on ¢ of ' |
diagram ° 0.281 .
ﬁ” ' .
Wheel #4 on ¢ of
diagram 0.255 l
| N , t !
Wheel #5 on ¢ of 0.258 -
diagram . '
Wheel #6 on ¢ of - 0.304
diagram
g‘ of cranes on ¢
i o of diagram 0.286
1 ]
é .
? ’
E
. i { »
: 5 )
‘ s
L T
’ ’ \
. ) o, ¥ ' E ]




TABLE 2.2

EAXIMUM NEGATIVE MOMENT AT AN INTERIOR SUPPORT

14

WHEEL LOCATION

"RELATED TO INFLUENCE ¢ ‘Ly

' LINE DIAGRAM o
¢ of cranes on the

right support 0.2672
Wheel #7 on righ

support , » 0.2857,
Wheel #4 on ¢ of ,
diagram 0‘2?18
Wheel #8 at 4'-6" interior .

of the right support - 0.3350
Wheel #8 at 6'-9" intérior

of the right support 0'3?34
Wheel #10 on right -

Fupport 0.4261
Wheel #5 on ¢ of diagram 0.3611
¢ of wheels on ¢ of diagram 0.2892




© 2.6 NUMERICAL VALUES

o e e et s S —— i ——

15

The maximum wheel load for the two cranes working in
tandem (Figure 2.1) having a lifting capacity of 850 tons, '

is 130 kips, including static and dynamic loads.

Using the maximum values obtained from Tables 2.1

and 2,2, and Equation (2.1), the following values can be

L4
derived:

® v

(a) Maximum positive momé;;hat inLermediate span.

t

I'e

Iy x PL

(+)

M
max

»~
]

0.304 x 130 x 22

869 K-ft

’

(b) Maximum negative moment at an intefior

support

(=) Mmax Iy x PL
\ @
0.4261 x 130 x 22

\

1218 K ~ft
¢
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Using appropriate ififluence line diagrams and wheel

arrangement of Figure 2.1, other numerical values were

e
obtained: ’
‘(c) Maximum reaction on first interior support
5 A ; .
B 4
R = LyxP :
= 4,2923 x 130
= 5585
(d) Reaction on other interior support *{\
: R = Lyxp
K . .o
= 4,270 x 130
. = 5558 S

a

(e) Maximum negative moment on first interior support

S S D

™

Ly xPL

i

0.43173 x 130 x 22

12358 f¢

The computer program "AMECO" [2], which handles
moving loads on continuous beams, was also used for the

analysfs of the crane beams in consideration.

t
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. a guideline that théJEQgineer uses for the aﬁakysis and design

'
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The values fhus obtained were very close to those <Y

- derived from the use of the influence-line diagrams.

IS

N
S

2.7 DESIGN CRITERIA

v R s i

, 2.7.1 General . o

' ! f -

. The design criteria is a series of parameters and

\ |
6f supporting structures for overhead cranes. N
« (,.__ v ;

4

Itvspecifies the structural properties'of the mate;idl 1

to be‘used, the codes and standards'ﬁsed to comply with the

technical characteristics of the crane, the de ign loads,

and the general assumptions to be taken into consideration.
3

Thése are shown in the ‘following Tables 2.3, 2,4 and 2.5,

\1‘ ' ' ’. \
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' TABLE 2.3 DESIGN CRITERIA

Material, Codes and Crane Data

"~

Structural steel ‘properties
Allowable stress

Codes and standards
Crane data:
Crane capacity

Centre~to-centre of cranes

Rail size

<3

Centre-to-gcentre of rail

Weight of crane, including trolleys
Weight of main trolléy

Wheel spacing

Maximum wheel load

o

4

>

-

1 , .

18

iy s
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TABLE 2.4 DESIGN LOAD [3]

Vertical crane load:

Static wheel loads increased-by 25%.

N

Horizontal crane loafs:

L3 hd '

. Lateral force, 10% of the'lifted loa
plus trolley, applied at the top of one
rail and acting in either direction
.normal ‘to the runway rail.

Longitudinal force, 10% of maximum static

- wheel load, applied at top of rail.-

8

3
>

Y
:‘é_' A‘}';"‘a%:

5 Y
R
i

LL 3
tes W
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TABLE 2.5 DESIGN ASSUMPTIONS

[y

Assume crane beams are continuous.
s

N

- Top flanges of beams are to be designed for full

lateral and vertical loads acting simultaneously.

Beam-to-bean connection shall transmit  longitudinal

loads ekcept at expansion joints.

Lateral loads shall be resisted at crane beam

level. ‘ ) ' : g

Longitudinal loads shall be transmitted to ‘the

foundation by column and diagonal bracings.

Columns shall be designed for maximum loads.

L]

Eccentficity due to thermal expansion to be

-

s .

considered.

S

To consider also additional column loads ‘due té\\

bracings.

»

——
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. ' | ‘ CHAPTER III

T STEPPED COLUMNS S ..

i 3.1 GENERAL _ N L . , oo
| A stepped column sﬁpports the crane columns over a c

‘flange, see Figure 3.1l.

o

|
}
|

. s The bending moment below the step is resisted by
‘ the lower part of the column. The upper part usually shéporus
the roof. To transmit the bending moments from the upper

part, the joint of the two-column sections must be strongly

P
“

spliced.

4 i

Stepped crane columns musE‘be designed for direct o

stress, and bending about the major and minor axes. The varia-
- tion in cross-section must be taken into accoynt iﬁ detefmin-
ing the-allowable axial compresaé*g ftfess and the allowab%ef ) v
bending étress. The end condiéions must be c9nsidered in |

u} finding the equivalent effective length KL. . : o

: s " As shown in Figure 3.2, the use of separate columns -

‘has several advantages for heévy crane -loads, the loads can be

| "' : 1t

) , : aéplied concentrically on the crane column/ Regardiess of .the

orientation of the upper columﬁé, the. crane .column can be placed

-

with the web parallel to the crane girdér, to obtain maximum

resistance to the loné}tudinal_forées. The upper polﬁmns‘ciﬁ be

i ki

" independently oriented so that its strong axis can resist’ .
. @ f , . 1 .- Iy . - e. ,




e Al g 3

s

earthquake loads and lateral forces from the crane. But

separate columns may not be economical for light logds.

9

e s L - . '
Hence, brackets ‘are suitable for light loads (below 5 tonms).

3.2. ANALYSIS AND DESIGN METHOD

-

The design of a stepped column [&] is based on an equi-

valent.effective length of the column which is a function of the

@

end conditions of the column.

to

The value of the equivalent column length factor K"

¢an be found using Tables E.l.I to E.1.XII ([5].

o=

~
To use the tablds three parameters are needed:
Q ' s T

(a) The ratio of length of the upper section to
N . . o
. the total length of the cotumn.
N Lt '

(b) The ratio of the moments of inertia, about the

major'axis, of the lower secti9n to the upper. .

~

section.
P, ' o L et
- ;— - The ratio of the axial force in the upper ' -
. 2 . '

. section to the axial force added Eo-the'

lower section. - ’
-, X




These tables are strictly applicable to celumns for
x which the crane shaft is connected to the upf)er column by a

continuous weldedl longitudinal web plate. However, moments

approximatéd by assuming the integral behaviour of battened dorA:

/ ' ’ laced columns and the column adequacy may be checked by the
following procegure;for such, the interaction formula to. be
- .
. ., applied are: ’ ‘ - ,
2 c.. £ . cC £ )
z .o —mbx o, W BY < S (3.1)
{ a ——a _a ;
) ‘ (I-—2). Fp, (1 .F—,-) Fry ‘
; . . ex “ey ,
: ¢ ; i
A T R , :
« , o“‘é%‘fr‘]&*'p—bl <1 Co(3.2) Y
; _ Uy - Tbx by ' .
- ‘ . Principal attenticon will be-given here, to the . !
L application of Equation (3.1) to the dlower segment of the
; column, i.e., "B-C", as illustrated in Figure 3.1. An out-
i ) o ‘ o
E line summary of special considerations required in applying E
doe Eguation (3.1) to this problem 'is as follows: - \

. ‘ P
- " The upper segment,.A-B will involve bending about N b

only one axig (X=X) «

v >

e )
B w—

where' ~\ A . ‘ <

4 . *

= This 'is the 'aver‘age axial stress ° (

]

. A ' is the area ‘jovf the entire cross~section, and

.,

2 *5‘5{;{5'%, . 1.,
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P. and ‘P, are forces applied to the two segments -
1 2 7T oy -
' of the column, as shown in'Figu;:e 3.2. .

This is the allowable axial stress in a centrally

loaded column. It may be determined by the equiva-

lent I—%— of the total length, A-C, making use of

Tables E.1.I ‘to E.1.XII, for bending in the plane

of the bent, about (X~X) or it may be determined
R A
by bending about (Y-Y) for whatever column length

is unsupported by the column line or wall f£raming.

\ ’ ‘ -
For bending about (X-X)&’ Tables E.l.I through -
E.1.vI, [5], assume a hinge at the base C and

Tables E.1.VII through E.1.XII, [5], assume the

”

base fully fi:‘ced. In this case, Fa will be\de- \]K_
termined by bending about the (Y-Y) axis. If ' C \
support in the (X-X) axis is prc‘nvided’only at loca-
tions A,B and C, the unsup‘pqrted iength B-C ‘sl‘iould
be taken as "L™ and if the ba;se at "C" can be

' considered fully fixed by the footing for bending
;bout the (Y-Y) axis, .then "K" should be taken as
0.8. 'If less than’full rotational restraint is"
provided by the f&)oting for bendi:ng aboui: ﬂle (y-y) .

axis,- "K" may be assumed equal to 1.0.
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C_. — For bending in the plane of the bent, about (X-X),
assume a value of 0.85 when all bents are undex

simultaneous loads and sideways is assumed to take . "
{
place. When one bent is being considered, under

maximum crane loading, assume a value of 0.95 for

me. ' a

t

fbx - Maximum stress due to bending about (X-X)axis.

4

Fbx - For compression on the crane column side, Fbx would

U

. /) )

be the permissible edge fiber stﬁgss due to bending.
. s A ‘
The stress reduction may be baséd upon the permiss-

%ble axial stress in the crane column, acting as a

PR U p—
s

| , . , . ;
column in bending about the (Y-Y) axis, as shown in

Figure 3.2.

The (Y-Y¥)-axis in Figure 3.2 would correspond to

the (X-X)-axis of the individual crane column

R T N
.

if a rolled section were uséd. The permissiblé

¢ S column stress, so determined, should be

multiplied by the rationcmépc as defined by Sectioﬂ
- ~ l / B-B. Figure 3.2, if this stress is greater than

3 , 0.6 Fy, the smaller of the two shoulé be taken as
¥ ' |

P

bx’*

Fox Thid stress is used to determine.the increase of

'the,bending moment, as the result of column deflec~ - _Jiiu

tion in the plane of bending ,and it should be based

- upon the equivalent length of the complete’column, ' .
bl . // .
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3

+ (as previously determined for the evaluation of

Fa) bent about (X-X)-axis.

7

'Rotational restraint is provided by the footing

for bendinq’ébout the (Y-Y) axis.

»

- In determining this coefficient, as well as the

“value of all other parameters in the third term of

Equation (3.1), only the crane column is‘aesumed
tq_be.effeetive. It shoula usually be assumed as /.
not robationally reetfaimed at the top (et B),
bup'is supported. against the joint translation
longitudinally at the same location. Aithough not

¢

restrained, bending due to eccentric 1oading can be

introduced at- "B". ‘At the base, it usually may be

—
-

assumed fixed unless footlng conditions are poor.
Assuming no interaction with the upper column,
half of the moment introduced et "B", as the resulb
ef unequal‘reactions on adjacent beam spans will

v
A

be carrled over to the base, ‘in which case,
'

s

C =.0. 4. If the base fixity at "C" of the cfane o

X
column cannot be assumed, take C =.0.6 (hinged

condition)’or interpolate between 0;4,andv0.6.

- Maximum stress due to bending about (Y—Y)—axis in'

crane column segment (See C y)
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v
‘Fey

'

b
- - This component of bending is about the weak axis
of the combined columns and no reduction in the _

permissible stress need be made for lateral buckl-

ing. Also, since the bending resistance is = | '

considered to be provided solely by the crane |
i .column, the stress may be that permitted in a

_compact section, if a rolled section that meets

‘the specié}f{sguirements is used. x

!

- If the base can be assured as fixed, assume K
; .

0.8
for the crane column alone, otherwise, assume K = 1.0.
The length would be that of the grane column segment

B-C.

- This:.is the average axial s%;ess—in the crane ghaft 1
component of the lower cross-section of the crane ' ”‘
column and should be determined ‘a% the dverage stress
;n the crane column seément, instead of the -average

stress fa of the total section.
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CHAPTER - IV

CRANE SUPPORTS IN AN UNDERGROUNﬁ POWERHOUSE

4.1 GENERAL

a)

b)

c)

)

e)

£)

An underground hydroelectric powerhouse generally

includes: - ,
: i

An access tunnel which 1eaés to one end of the

powerhouse. .

An area at the level of the generator floor with N
direct access for trucks to unload the material, ,

heavy equipment and machine;ies.

An area for the assembly of the rotor and other
major parts of the turbo-generator units at the

other end of the powerhouse.
A series of turbo-generator units.

Areas for electrical and mechanical shops and
services.

A system of oyerhead running cranes.

’

Once the size and number of turbines and the

maximum load and height of the rotor have been established,

or tgntat(iply proposed, the size of the machiné hall_cdn‘

~
-

I
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‘to center~line of the rails, and therefore, the location . - .

~2

then be defined. fThis will dictate the o span of

the crane bridge, i.e., the distance from nteér-line -

of the crane beams and golumn lines.

Another equipment to consider in ‘establishing the
height between the top of the rails and the generator

. . 3 ,
floor is the main shaft ‘(Figures 1.1 and 1.2). The main

f
:
b

shaft which is the link between the turbine's runner and

the generator's rotor can be in one piece or spliced.

The one-piece shaft is assembled'witb the runner of the
turbine; if‘sbliced,'the upper shaft is assembled with

the rotor -and the lower shaft is assembled with the runner.

S




4.2 OPTIMIZATION OF SUPPORTING STRUCTURES
! . FOR OVERHEAD CRANES

>

_— ; Once a certain number 6f Mega Watt (MW) ha§¢§een
established as the optimum installed capacity for a
hydroelectric project, an overall optimization is .necessary
in 6rder to minimize the total cost of the projecﬂ.'

« . ! r . ! .
One part of this optimization is related to the

cost of the supporting structures of the overhead cranes.

Keeping approximately constant the total number of
MW and varying the size and number of turbines (Table 4.1),
there are changes in the length, width and height of the

machine hall, in the length of the main shaft, etc.

N o . All fhé above parameters are part of the optimiza-

tion study.

A turbine's characteristics for a specific project’

+

are supplied.by their maﬁufacturers.

e - o

Table 4.2 shows the variation between the number'
* and different sizes of turbines, the weight and type of

co;responding rotors, the distances between the centér'

‘lines of the machines and the overall lengths of the powefe
. ‘ , " , _

house.

L] . At a ‘ . ' N
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TABLE 4.1 A COMPARISON OF THE NUMBER OF
TURBINES AND THEIR CAPACITY

a

NO. 4 MW PER
SCHEME OF TURBINES. TURBINE TOTAL MW
a ‘g 551 4,408
B 9 490 4,410
. >
c 11 400 4,400
D 14 320, ‘4,480
E 16 312 4,992
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TABLE 4.2, VARTATION OF SIZE AND ‘NUMBERS OF TURBINES
VERSUS THE.LENGTH OF THE POWERHOUSE
o ‘ WEIGHT |, DISTANCE BE-'| LENGTH OF
ggﬁg?gEgF OF ROTOR’ §gg§R°F TWEEN CENTERS| POWERHOUSE
(TONS) , OF MACHINES |. (FEET),
L © T (FEET) i
; 8 1625 A 93 + 1209 }
. ‘ . B . N ‘ |
5 | T 9 1375 B 87 . 1255 ° ,
a - . ’ ° ‘
r 11 1320 c . 86 - 1374
; 14 850 ° -D 85 1409 o
s J ,
16 800 E 82 5 1603
P - !
i \ (/
| R \
: ° t! ‘
<} ’ -
' LW
. .
" ' [ gny
° ' .":‘ . - h
} - - N r o
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It-'can be seen that for a constant installed capscity
of approximately 1440 MW by increasing the number of the °
turbines, therefore reducing the size and the distance

between them, the length of

-

t?e powerhouse lncreases, and

4

so does the length of the supportlng crane structures.
. ¢ -
At the ' same time, the distance between the’center-

lines of the crane ralls decreases, since for a smaller

.turblne, a narrower powerhouse is needed,.hence a reductlon
in cost’ for the overhead crane is to be con51dered in the’

evaluation of the crane-supporting struptures.

»

weight of the rotor, the number and 5pecing of the;crane'

'wheels, the distance between the supports:of the beams the

’

.maxlmum de51gn mofsent of the, girder, and the max1mum reactl n

on ‘the supports.
‘ﬁ%&

_The larger the size of the turbine, the bigger is

N

the generator and therefore, the heavger is its rotor.

‘‘Consequently, the lift{ig capacity of the grahe needs tQ be

-t
v

i»creased and so does the number and crane wheel loads.

LI I -

The Bpac1ng of the columns for the crane beams - also

_ varies according to the distance between the eenter—llnes | 50

d,of_the machines.

An elevat n of tmm supporting steel elements

|3

. is shown iﬁ,Figqre‘4.l.
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TABLE 4.3 MAXIMUM REACTIONS AND MOMENTS INDUYCED B&‘
'WHEEL LOADS FOR DIFFERENT WEIGHTS OF ROTORS

ﬁo'roa WEIGHT NUMBER OF ‘| WHEEL | SPANS 0;5 MAX.NEG. | MAXIMUM *
7ypg |OF ROTOR | CRANE WHEELS | LOAD CONT. |MOMENT REACT.
(PONS) | (EACH SIDE) | (KIPS)| BEAMS |(FT-KIP) | (KIPS)
S N —£ - v
a 1,625 20 @ 4'-3" ", |- 154 |31'-0" '3,6/5/9 1,555
B 1,375 16 @ 4'-3" 154 |24'-13" | 3,580 1,453
C 1,320 16 @ 4'—Q" 150 |27'-0o" | 3,160 . | 1,366
‘D 850 16 | 130 |28'-4" | 2,235 1,058
! (FIG-Ztl) '
E 800 16 130 |23'-0" 1,350 710
(FIG.zﬂll‘) : '
¢ ©
) )
. N
' ' ¥ -
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\ For the fiye different distancqs between center-lines
of the machines of Table 4.2 equal spans were u d for the
preliminary analysis and the design'of the cran:Tsdpporting

structures for the coﬁparative quantities and cost estimate.

)
The igfluence line diagrams were used (as described
in Chabter iI) for the five systems of continuous crane beams
%?d column spacings for the nuﬁber and wheel loads, shown ’
in Table 4.3. The correspondlng maximum negatlve moments and'
maglmum reactions for which the- crane beams and columns are
“designed decrease coﬁeiderably as the weight of the rotor de-

\

~c;ease§. M

Table 4.4 shows the size of the welded-w1de flﬁige
sectlons of the beams and columns, the tons of steel requlredﬂ
for each of the components of the structural supporting .
system and the total tonnage of structural steel formthe five
alternat?jes. . . _ rw

A tqtal preliminary desigo for the whole supporting f
structures was,QOne and.repeqeéd for. the five different types

of rotors.

Crane beams were seleoted taking‘into account the
moments and shears induced by vertical’ wheel loads, as well as

the longitudinal ‘breaking forces in the, dlrectlon of the rails.

g

"
oy . N RN R T {3 i A S 3
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For the purposes of the comparative estimate of
\ ' . quantities, it was assumed that the horizontal forces per- o N
/ -
. pendicular to the crane rails were to be resisted by the . ‘

rolled channel resting on the top of the crane beams.

;

The possibility providing support to the beams for .
lateral stability at mid-span by the use of rock bolts was

N

also considered in selecting-.the most economicai sections.
. ' v . .
Columns were also signed for the maximum beam
¢ ‘ reaction including forces tﬁiﬁsmltted by the longltudlnal ;
diagonal bracings for the five structures supportlng rotors

of,various weight.

' The unsupported length of the columns was ‘reduced
P in one direction by the use of tie beams and in the other

. direction by using rock bolts at different heights.

The weight of the rails 1ncreased with the length e
of the powerhouse and so did the welght of & tie beams,and

base plates.a

T et e o OV
. 1

The total tonnage of steel decreased'considerably for.

the supporting structures of the smaller ovarhead‘c;ane-lift—

ing capacities.

Supporting structures for overhead crane-lifting .

rotor type.PD' reﬁuired the minimum amount of structural steel. ' ' ,ggu

-

R 21 o




. ~
\

It should be noted that .the l;eams and ‘columns for
lfhé supportirig /'sﬁructure for the over(head crane-lifting rotor
type "E".are, /in fact, 'lighter than those for type. "D". .
But, since the péwerhouge is about 206 feet longer, because
it has to accomodate two extra turbines, the amount of ‘

structural steel required is more than that ung for Type "D"..
‘ . . , ! ‘

.
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CHAPTER V

TYPES OF CRANE SUPPORTS

5.1 GENERAL
XY

This part of the report is considered as a second
stage optimization process for the supporting structures of

overhead cranes in an underground powerhouse.:

In Chaptér IV, the optimization of the crane support-

ing structures was related to the number and size of the .

turbine; here it is related to the types of supports of the
overhead cranes for an accepted number of turbines,?nd for

a fixed distance between the center-lines of the turbines,

thus, a defined length, height and width of the,powerhouse;
‘ . A

This study "is based on a powerhotse with the follow-

.

ing characteristics:

Length . S 1,410 ft. :

' wWidth .- . | 90 f£t. o
Cénter-to-center of rails . 85 ft. '
Center-to-center of'turbines 85 ft.
 Maximum weight of rotor - N 850 t.. '

The weight of the rotor suggests the use of two .

L <3

‘cranes workin§ in tandem with a lifting capacity of 425 tons .

each. A third crane of 35 tons caﬁicity is aisb includéd in

a
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" this study. This small crane is required during.construc-

tion time, mainly to carry bundles of reinforcing steel bars '’

"

and concrete to be poured into the lower’ part of the draft-
tube and around the scroll case well before the erection of -
the larger cranes which are not suitable for this type of

work due to their low speed.

This construction cftane does not/}nterfere with the

opefation of the two larger.cranes, the#efore, it is'plaéed

l

at a lower level as shown in Figﬁre 5'1?

The arrangement of the wheels for ‘the two cranes

working in tandem is shown in Figure 2.1l.
) .\

3.2 éUMMARY \V

Three practical systems of crane supports have been

considered (a) columns and girders, (b) brackets post-

tehsioned to rock and (c) rock shoulder. The following

, five alternatives were'déveloped from these. three systems: N

3

o . /

,_Alternative 1 Stfuctural Steel.
Aite;native.z 4Stee1‘Prackets
Alternative 3 . . Concrete Bracketé
Alternative 4 Rock .Shoulder

5 'Reinforced COn;réte‘,'

N

Alternativeﬁ
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Alternative 3 -~ Concrete Brackets

/. ,
o / . -
' , /
/
4 /
830 T ‘ / ..
i
8T N . : i
B FIG. 5.1 ALTERNATIVES OF OVERHEAD
r CRANE SUBPORTS FOR UNDER-
" , - GROUND POWERHOUSE

‘

Alternatiﬁ 5 - Reinforced Concrete

1
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The‘supporting structure was designed for each of the

five alternatives, pohsidering also the construction methods

. e —

and thenworking schedules. The details of the supporting

~ structures for the five alternatngs are shown in Figure 5.1.

A summary of the comparison’cost’analysis is present-
ed in Table 5.1, ©n page 50, showing the guantities and

cost of materials for five alternatives of the supporting

structures for the same system of overhead cranes.

.

The major items taken into consideration are:

reinforced concrete structural steel, post-~tension cables,

rock bolts, differential'rock excavation and differential

cost of overhead cranes due to the larger span of alterna-

} i i

tive 4.

5.3 DESCRIPTION OF ALTERNATIVES

El

5.3.1 Alternative 1 - Structural Steel

. This Alternative which is the more frequently used
" in powerhouses, is shown in Figure 5:1. An elevation

showing a similar arrangement of steel columns and crane

‘bgams was presented in Chapter IV, Figure 4.l.

In Alternativexl, the steel columns are sitting on
"concrete pedestals, which'are bearing upon solid rock;
the height of the columns varies from 55' to 85' and their

. 4.
‘spacing is 28'-4" center-to-center, thus providigg‘eqpnl

!
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\__/ ’ | ‘ . 1
span for the crane_béams. ' - |
* Continuous steel beams are resting on top of the !

columns providing the runway for the two large cranes. ‘ ‘

The 35-ton construction crane runs at a lower level

over rolled steel beams supported by steel brackets attached

¢

~

to the columns.

5.3.2 Alternative 2 ~ Steel Brackets ,

-

- i
X , |

The Steel Bracket Alternative, shown in Figure 5.1, ‘ A
|
consists of preassembled steel brackets, post-temnsioned to ‘

)

the powerhouse rock wall.

The continuous crane beams are sitting on the brdcKets

and are laterally supported by additional rock amnchors.

Diagonal members are also’provided to tramsfer the

crane's. longitudinal breaking forces to the rock wall.

. " An optimization study for this alternative shows. that
the most economical spacing of the brackets is.lﬁ feet,
center~to-center. In this case, a spacing of 17 feet was
chosen in 6rd9r to be within the module of 85°feet which is

the spacing between the centers of the turbines.

The possibility of having one bracket Supporting the
three cranes was also considered and Figure ‘5.2(a), showing

ey
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. altemtive is the:efore :anreued.

v

' .

3 . ¢ .
a » !

its general- arrangement is presented here, as an illustra-

tion oniry since it was not included in the optimizétion

]

analyéis of the. altennati\;es.
a N |
5,3.3 Alternfitive.3 - Concrete Brackets s L

] . AY . ! N

This- alternative, showjx in 'i?‘igure 5,1;

is similar to the previous one, e"'x'cept“that the two brackets

-

L]

are made' of reinforced concrete.
. Q . . . . * N

“ o

The possiblllty of a combined slngle bracket was
considered and Flgure 5. 2(b) shows it in detail. He?e also,
the optimal spacing of the‘brackets was investigated/ and

chosen at 17 feet center-to-center.

o \
5.3.4 Alternative 4 - Rock Shoulder \

e This type of crané suppo}:t; shown in Figure 5.1,

has 'been used* lately in various underground hydroelectrlc s

_powerhouses. - o o C o

' ‘ B . ' s
-
. 1 !

' A recess on the top o6f the rock Wall is’ provided by
.
using an accurate control of the excavation line. A

contmuous reinforced concrete base over this rock shoulder

o supports the rail‘g\c»f tEJ large ;l.ifting capacity cranes.

u‘he ;diatanca‘ betkeen the center 1:Lnes of. the raus ‘for this




——

-

.rigld frame gtructure: .

]
-
i

e
L3

. -

v

Addltlonal rock bolts are’ required to stablllze the -

¢

rock wedge under the shoulders. . . .

' The construction crane is supported by independent

brackets post-tehsioned to the rock wall as that doné for -

.

Alternative 3. - ’ . .

f} .
s - -
f

5.3.5. Alternative 5 - Reinforced Concrete :

- 4 - , ¥

4 This alternative which is ghown 'in Figure 5.1,

3

has the* same characteristics of Alternative 1, except that

@

the coZlumns and. crane gpams are in reinforced concrete.\\n

o -
° “

The columns are bearing directﬁy on solid rock and .

* »

are supported laterally at the top by rock anchors; 1n the

10ng1tud1na1 direction the crane beams and columns form a - .
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6.1 GENERAL

- CHAPTER VI
' . CONCLUSIONS AND RECOMMENDATI%)NS

) - |

¢

From the optimization process of the supporting
structures for overhead cranes in undexground hydroelectric
poﬁerhohées,.which has been the objéct of this report, the

following basic conclusions can be made:

.a) ° The reduction of the size of the turbo-generator
units, therefore increasing the number of turbines
and the total lengtﬂ of the powerhouse, while
keeping constant the total installed capacity
(total number of Mega Wagts), the overall éuantity

,of the structural steel required decreases.

’

b) For a gi?en number and size of turbo-generators,
which implies an overhead crane of a given lifting

- capacity, the most economical supporting structural

i
s 1
L

[N o o

system is the rock shoulders. o

. . X ,
This system is also the one that can be bmilt and

be ready ﬁor use long before any other type of

»

support. = = - , -
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[

The most economical supporting structures for

‘the construction crane of 35-tons lifting capacity

o

is, the.éﬁe which consists of continuous steel

crane beams supported by concrete brackets post-
]

[y
-
©

tensiongd to rock and spaced at 17 feet center-to-

center.
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APPENDIX A

INFLUENCE-LINE DIAGRAMS USED FOR THE
" PRELIMINARY ANALYSIS OF CONTINUOUS
CRANE BEAMS ON RIGID SUPPORTS [1]

The influence-line diagrams reproduced in this

Appendix from Reference [1], were used for the preliminary

analysis of continuous crane beams on rigid supports,

The method for using such diagrams consists in

. drawing the series of the foving loads using the same scale

on the diagrams; then starting from one side, .the series

of wheels are moved over the diagram until the 'last wheel
reacﬁs‘the end sdpport. By adding up the total wvalues of \
the ordinates corresponding toithe positipn/of each wheel

on the diagram, a maximum numerical value is obtained.

-

H

This is the Iy used'in the equations described in Chapter II.

]

The number of inf}gence-line diagrams'qsed here was-
limited to those whicﬁ give the maximumlﬁaiues fof poéitive
and neéative bénding moments, r?actions‘and shear. Since
the preliminary design to estiméte’the quantities was on a
comparative basis only and since the siig‘of this type ;f
crane Beém is génerélly kept constant through its total
length, the maxipdm.vafues derived;from theruqe of these

diagtams were considered to be adequate.
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