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ABSTRACT

g

DESIGN AND CONSTRUCTION OF LG-3 POWERHOUSE ROOF _

| . .
(i ‘ -~ ¢ .e
- s

T . .Sami Bébawi

¢ »
. -
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?

‘The principal objective of this report is to presént the

methoaq'dndﬁtechniques employed in the design and construction of a

. powérhouse roof. - “The evolution of this design is discussed in the

sgéond chapter of this report. " The'design deta11§ of the top wea-

Lring slab

are developed using manual and cbmputer computations.

~ = The design of 6tﬁer~e]ements,‘such as the deck plates and the open °

7

.
" s AN s s

type rib beams was presented only in general terms.  The deck plate

~*and the structural slab were connected by shear studs, thus, a com- .

posite orthotropic action was ‘obtained. = This design eliminated the

" need for a shoring system during construction. In the third chapter,.

mor'e emphasis was givén to the technical specifications and'thg quali-.

ty control measures which were necessary to verify»fhe considerable

émodnt of welds. Also explained are the prdb1ems encountered {n the -

‘.. field during coristruction, : -~ Co : .
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DES}GN ET CONSTRUCTION DE LA TOITURE DE LA GENTRALE DE LG-3

©

RESUME

12

L'objectif prtncibgl de ce rapborq est de présenter les .
méthodes et techniques employées dans le deg}gn et la construction
d'une toiture de centra]e Les différents stages d'évolution du
design sont discutés dans le second chapitre du rapport et les- dé-
tails du désign de 1a dalle de surface sont déve]oppés en utilISant
les calculs manuels et d' ord1nateur. Le de519n des autres élements,

tels l1a plaque de pontage et les raidisseurs est pré&senté seulement

LY

e 3 ol

en termes généraux La plaque de pontage et la dalfe structurale

sont connectées par des goujons de c1sa111ement, ce qui permet donc
d' obten1r une action orthotropique. Qe design a é1im1né 1a néces~
sité de systdmes d'étaiement durant la construction. Au troisi2me
chapitre, plus d'emphase est accordée aux sp&cifications techniques
et aux mesures dq~ébﬁ§r01e dé la qua11fé quf se sont avérés néces--
sairés pour“ve;ifier la quantité considérable de soudure. Son
également eipiiquéé les, problames rencontrés au chantier durant la '
construction.
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.but when "The Complex" was divided fntd tyg phases, the construcfion .

- b CHAPTER 1

THE JAMES BAY HYDROELECTRIC COMPLEX
s/'\

Intfaduction

r

. 16-1571 the Government of Quebec created a.public_corpo-
ratioﬁ\hpmed‘fé Société d'%nérgje de la Baie James (SEBJ) to manage
the engineering and constructipﬂ of thea"La.Grénde Complex".  SEBJ
ispa wholy owned subsidiary of Hydro-Quebec. -

The First phase of "The‘Comp1ex" includes tae construction
of three powerhouses on the La Grande Rividre and the diversion of

water from the watersheds of the Eastmain and Caniapiscau rivers.

"The Comp1e;" is being constructed in an area of only s]idﬁi topogra-

phical relief located in northern Quebec. Thus, major reservoirs are.

required, necessitating the construction of a total of 182 dykes re-

. quiring some 150 milion cubic metres of fill.

" The LG-2 powthouse, the only one which is underground,

will provide moré'than half of the 10,269 megawatts that "The Complex"

will "inject into Hydro-QuebeE's network. The commissioning of the
genérating upits began in 1979 and will continue throhgh 1985. Plans
‘originally called for the construction of a fourth powerhouse, LG-1

= Y
\
of LG-1 was included in the second phase.q

[N
] * v
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. LI
La Grande'Comp]ex - Phase 1 .
'.l
Number | Unit Installed | Guaranted Commissioning
Power-house of Capacity | Capacity Annual Output . of |
Units (MW) (M) (TWh) . First Unit .
=
LG-2 16 | 333 5328 . 35.8 | October 79
LG-3 12 192 2304 12.3 July 82
LG-4 9 | 29 2637 14.1 Feb. 84
: ‘ IR
_ Total 37 - 10269 62.2

1

LG-3 is a-surface powerhouse. .In order to prepare fdr the

construction of the powerhouse a total of 317,000 cubic yards of bedrock

had to be excavated. _This is\in addition to the underground excavation

of the twelve penstocks (one for each of the twelve generating units).

A total of 190,000 cubic yards of concrete were used in the construction

of the powerhouse, 130,000 cubic yards for the spillway and 136,600 cu.

yards for the intake structure.

FJ
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1.1 L6-3, Powerhouse: _ Layout

The general arrangement of the powerhouse is affected to

© a considerable degree by its location with respect to the intake

strueture (Fig. 1.1). As usual, the distance between the th .

structures was first established on the basis of an economit evalua-

\

tion, takfng into account the cost of the penstocks and of the open-
cut excavation for the powefhouse and tailrace channel. . Since the

rock from the powerhodse and tailrace excavation was used for the

"construction of the main dam, the economic comparison of- alternative-

locations for the powerhouse resulted.in a relatively short distance
between the intake and the,powerhouse.ih Due to the fact that the dam
bridges the penstocks, it was necessary to introduce a second crite-
rion, namely that a line extending from the toe of the dam at an’angle
of 459 would notﬁinéersect any excavation fbr the powerhouse. It is

perhaps of interest to note-that without this second criterion the

powérhouse would be Tocated even closer to the intake thereby reducing -

: the high cost of steel 1ined penstocks.

In the layout of the powerhouse every effort was made to
rgduce the eﬁElosed space to a minimum. (This wou]d'not‘only reduce
the initial construction costs but also minimize the cost of heating
and maintenance (Fig. 1.2 & 1.3). It was also very important to rg-z
duce the distance between the scroll casg§ to a minimum, since ény
reduction in this dimension is muitiplied by eleven (Fig. 1.4 & 1.5).

Qonstruction of the units commences from the service bay,so that, aside

from other considerations, the créne columns will be adequately supported




. e g

» *

in the lateral direction to permit 1ifting of the heaviest loads.

It was assumed that during the concreting of the first steel scroll »

- case, the welding of the adjacent one would still be in progress.

It was consequently assumed that a free space of 5 feet between the
form-work and the adjacent scroll case would provide sufficient access
for the turbine insta11er.ﬁ A minimum of three feet was adopted for
the concrete encasement of the scro]]~case; The total distance bet-
ween the outside shells of two adjacgnt scroli cases is therefore

efght feet, with a contraction joint in the concrete between each unit.

’The resulting centre-to-centre distance between each unit is 71 feet.

Other proposed criteria regarding a mihimum distance between penstock
tunnels and the placement of mechanical equipment were subsequently
met. For example, it is always possible to control blasting during

the excavation Phase of the penstocks so that the remaining rock

between the penstock cavities is left undisturbed. | Eventually the
penstocks' are lined yith concrete and the surrounding rock grouted,
thus re-establishing to a large extent, the structyral integrity of
the rock formation.

An additional economy in minimizing the length of the power-

house could have been obtained by minimizing the/Tength of the unloading

and service bay. Although three rotors may be/in this area at one time

during the consfruction stage, this does not justify the provjsion of
space for more than two units on a permanent basis. To provide the

required floor area for a third rotor during gonstructﬁon, a careful

.k
and detailed study was performed and the arga later octupigd by offices,

storerooms etc. was utilised as additional/work space.
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The width and heigh? of the machine hail are a function
of the size of the equipment. ~ Obviously the minimization of the

distance between the qpstream and downstream columns aufomaticaliy '

minimizes” the cost and dead'weight of the bridge cranes and roof beams. -

-

The height beneath {he crane hook was determined by the requirement

“that the generator rotor and all other dismantled components of the

turbine or generator, must safely pass over operating units. At the

,tyrbi;e level, the powerhouse extends upstream frdm the machine hall to

/ .
accomodate the cable ga]]ery and the drainage gallery; the latter ha-

ving a width of eight feet to accomodate drilling equipment to enable

grouting of the upstream wall. The primary excavation was tailored to‘

3 —ra

sujt«the'mihimum dimensions of the powerhouse. It must be admitted '

- though that the origjhai approach was not very succesful in maintaihihg

the eicavatidh;yithin the limits shown on the drawings; this is parti-
cuiariy'crue for‘che stepgbetwgen the turbine and generator level.

In fact it became -nécessary to revise the concrete drawings
*to suit the actuai excavatlon thus reducing the quantity of backf11]
concrete required by relocating the upstream structural wall. q)h‘this
case "the primary eXcavation and suBsequent placement of. concre&e was

[N

carried out:by two diffqrent contractors,  Future prob]ems in a similar

‘51tuation cou]d be av01ded by introducing penalties for over-excavation,

-

"The generator f]ogr Tevel 1s détermined by the position of

the turbines and the dimensions of the turbine-generator unit. In the _

L]

-case bf LG-3 this brings the generator floor well above ‘the maximum

tailwater 1evel. Therefore the drainage water col{ected upstream of

R S X
, N 1
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the powerhouse can ‘be dfverted hy gravity to the tai1water 1evél.

The concrete at the generator floor Tevel extends to the upstream

-rock’ face, thus sealing the drainageegaljery-beneath.against,surface

run-off and accidental direct communication with the tailwater.

The upstream waTl of the drainage gallery is completely concrete

l1ned with holes drilled through the 1ining into the rock to the end

of the steel liner of the penstocks. These holes serve to drain the
water seepage. in the rock mass which {s largely caused by the eleva-
ted pressure in the concrete lined sections of the'penstocks.

Ip response to Hydro-Quebec's récommandation, the switch-
yard was placed on the roof of the powerhouse (Fig. 1.3).

Access-to the.switchyard js provided by a road excavated
in the rock te the roof level. In adeition, this rock term serve§f’
as an aﬁcﬂor for the horizontal forces iﬁposed on the roof structure

by the transmjsgion Tines.
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EVOLUTION OF THE SUPERSTRUCTURE DESIGN

N\ Lo

A survey of the roofs ofrother Hydro-Quebec installations
established that there were probtemes with conventional roofs on most
of thé powerhouse, and that their maintenance was difffcu]t and
costly. The p1acément of -various equipment on top of the numerous

. ‘i,
foundation blocks, combined with ‘the problem caused by the traffic du-

ring erection or ré;air increased the risk of water leakage from the
roof, Taking the aforementioned factors into consideration‘and also
on view of very severe climatic conditions in the LG-3 region (the @em;
perature can vary befween +30°C j}yéﬁhmer and -40°C. in winter), the
choice of the roof system was made after a detailed study of several

alternatives; the most important ones being the following: /

2.1 Alternative no, 1

As a first approach, a conventional roof system consisting

of beams spaced 10 feet centre-to-centre spanning between either rigid.

* frames or a truss-type structure supporting a corrugated metal deck:

with a six inch concrete slab was choosen (Fig. 2.1). Water tightnéss
was to be assured by an inverse membrane system consisting of a membra-
ne, a:fayer of rig;d thermal insulation and theﬁ four inches of concrete
protection (a'wegring slab) to permit heavy traffic on the whole sﬁr- -

face. The ého{ce between a rigid frame or an opef~truss-type structure

.:‘O ‘( .
N . ' ”.\ /,/;
' ‘\

12 .
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was subjgstéd to many discus§ions and economic analyses (Fig. 2.2 and
2.3)." 0On one hand the truss was foupdfto be lighter than a rigid
frame, but it would tq?e more tim;“to erect. ' Mechanical .ducts and
ipes could:easily be p]éced through the.truss members using standard
upporting elements, whereas with.; rigid frame, web openings should
b;‘provideq if the top elevation of the roof was to be kept uﬁchaéged.
Such-openings in the rigid frame's web would have to be carefﬁﬁﬂy

hecked so that stress cdncéntratioqsgwould not exceed the allowable

- d sign loads. In general, the truss proved to be less expensive but

the stiffness and the appearance of a rigid frame succeeded in overri-
ding the econqmic advantage of the truss.
A concrete wearing slab resting on top of thermal .insulation

pane1s while subjecfed to the heavy traffic loads proved to be very

" compiicated. A minimum thickness had to be determined using a rather

detai1ed'design,'since any econpmy‘fn the overall thickness of this

bfoteqtion slab would have a pronounceq effect on the total dead loads
applied to the)roof main supporting elements. Th; following study i
shows the deEﬁiled analysis which was ﬁecessary to deterﬁine the pro- -

perties of thgﬂroofx@lab.

&

2.1.1 Design Criteria

. Due to considerable traffic on the roof caused by the cir- o

L]

culation of a mobile crane, a wearing slab was necessary to improve

;fraction ad to protect the insulation material.

"

The pFincipal‘requireménts of this wearing slab méy be

4
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summarized as follows:
1- Stability-and durability. No apparent deformations

due to cracks or permanent deflection should develop

even under the most adverse loading conditions deve-

Toped by the mobile crane. o

-

2- Sufficient thickness is required to provide an adequé-
te structural element, which will be treated hereafter
as a plate resting on an elastic foundation; i.e. the
insulation material. However, it should be variable
‘in thickness so as to provide the proper slopes and

grades for adequate drainage.

Depending on the member being designed, the 1ive load used
cons1sted of either the load applied by the wheels of the mobile crane,
or the altgrnate uniformly distributed snow load. The snow ]oaq;for
this particular location was defineh as 80.0 1b/Ft2, |

In the design of both the weariqg slab and the steel-cdmpo-

- \

site deck-slab, the uniformly distributed load, i.e. the snow load, never

governed because the structural members (ribs) of the composite deck slab

were closely spaced (about four feet). The number and position of the 1nqi-

vidual wheel loads causing maximum moments in the various structural mem-

‘bers of the roof are shown in Fig. 2.4. Using the crane manufacturer's mﬁ-

nual. one can determine the maximum force applied on the front and back
wheels It was found that a maximum force is subjected on one of the two
front tires when an object is being 1ifted at an angle of approximatly

45° from the centre line of the crane. In such a case, a maximum 11ve f

l

an : ’

, : |
l
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Fig. 2.4- Mobile crane Load Chart.

-

Iy



Rl P -

WW "

19

load of 28.3 kips was developed.

~ 1

2.1.2  Boundaries of the Loaded Area L

X
The average actual dimensions of the contact area of each
of the two tires is required in order to.eva1uate the effect of the
load applied by the wheels. The unit pressure distribution over the
contact area should theorefically be less than or equal to the 1nf1a://////,,/
tion pressure within the tire. So, by knowing that the tires are
/ey inflated to a pressure of 90 1b/in2 it is possible to determine the

dimension of the contact ;rea (Ref, 7) as shown below in Fig. 2.5."°

Fig:s 2.5 Contact area for the crane tire'

Contact area "A" . 28,3 x 103 - 157.2 1in2. per tire ,
90 x 2 :

X

Contact area, according to Fig. 2.5 equals v

SMAY = (0.4L x 0.6L) + 34 (0.3L)2 = 0:523 L2

4]
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i.e. . § ‘ B

L = 5—%23 = / %géig = 17.34 inches
and; , o - . ‘ ’

Ji ‘\
0.6L - 10.4 inches . ,
‘\

2

2.1.3  Distribution of the Crane Wheel Pressure Over the .

Wearing Slab

. When a distributed crane wheel load is applied to the wearing
slab surface through a contact area, there are two-fundamenta1 resistan-
ces developed.  The first, the perimeter shear, is a function of the
perimeter of the contact area, and the second, the internal compressiye

resistance, is a function of the contact area itself,

2.1.4 Design Analysis

The insulation material beneath the wearing slab provides a

. . " non-rigid support. The stiffness of the insulation material is relati-
vely low compared to the‘stiffness of the upper concrete wearing slab,
and thus the bending moment in the s1ab"may become quite large in the
neighbourhood of a concentrated load.

Several methods may be employed to define the maximum stresses,
from which the minimum slab thickness and the necessary reinforcement
can be detérmined.‘ The following calculations describe the methods

employed.” In thel first method the maximum stresses and deflections
3\

w
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. T -
—were computed for the case where a portion of beam was subjected to

a uniformly distributed load.
In the second method, two computer programs were used:
' - The Portland Cement Association for Mat-Foundations.

, - Finite Element Analysis, using "ANSYS" Program.

.
[ : .

2.1.5 Uniformly distributed Load over part of a beam

Contact area ) —7 /
.
/ )

. b=29.07"
T slab — e Y
ﬁ 9+*-— _.de | .
= = = = =N -
‘ a b

e b - - )

Fig. 2.6 Beam on elastic foundation
(To determine the valves of "h" and "b", see page 24)

’

As previously noted, the contact area 1\s equal to 157.2 in?

nor per tire. It was required to determine the deflection, slope, bending
moment and shear in the Beam at any section 0 within the length "h".

The section 0 is located at a distance "a" from the left end of "h" and

a distance "b" from the right end of "h" as shown:in Figure 2.6.

-
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This problem was solved by assuming that the distributed

load is equivalent to a series of closely spaced concentrated Toads

-

.Px, each of which is equal to wdx, where dx is a diffential ledgth

of the beam, Ref. (6). o
2.1.6 Deflection )

The deflection AY of the point 0 due to the load
PX =«wdx as shown in Fi! 2. 7, is determined as follow (Ref. 6. )

o
— w dx B .-BX : :
A = Sope (cos Bx + sin gx) (2)
where "x" is the distance from the load Px = wdx to the point 0 and v

. *X" and "g" are constants.

: . . . d2
The equation of the elastic curve is the familiar EI 332;' = =M,

In this problem the distnbutwn of thg pressure "q" was not known,

but since it was assumed to be pr0port10na] to the deflection "y", it
was ‘advantageous to rewrite the equation as follows by differentiating

. both sides of the equation twice. The result found was,

v

¢ -d2M - | fay”
e [§ - H | B
2 . S | '
Bt . T = g B

This fact may be shown as fo],‘,lovfs. In Fig. 2,7.b the forces acting

on a block of differential length dx cut from the beam are. shown, L o
: o » ‘

\ /
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By applying the equilibrium equation tF = 0 to those forces and .

neglecting the product of differential terms, the following re]ation-.:'

ship was found:

dv = q but V ="d4 , i.e dM = gq .
dx dx . dax? :

Therefore equation (3) may be written: RS y

- ¢ . ) .2

3 [g;%} = - , ‘ : (8);

If "q'; in equation (4) is expressed as a function of the deflection

"y", the equation can be then integrated.
AN ~

Since the continuous support (the insulation material) is elastic, the

P

»

pressure "w" per unit length may be expressed as;

qQ = W = bKpy | s ' (5)

where: "b" is the width of the bottem of. the beam, and
"Ko" is the spring constant of the elastic support i.e.

it 1s the force exerted by the elastic support per unit
deflection of the sunoort. The.mgnufacture S specs
indicate that a strain of 5% occurs when a load of 30
p.s.1, s applied to the'surfape of thelengeﬁétion.:
'Since we are using a total thickness of 2,0 1nches, .
Ko -can be determined as fo]lows-

c B o= B = 00 S

t - 2.0 inches
bt = . 0.1 inches, (i.e, 2 X 0,06 = 0.1 inches)."
Ko - 30 =300 1b/in® or 1b per in2 per {nch
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" where; K" is defined as, the spr1ng constant per unit length of

the" elastic support
It $hou1d be remembered that K" 1n;1udes the effect

‘ , L4 . . I
: o fx
AR 4ET | o

and -the dimensional unit of "85 {s L™ where "L" is the diménsion

of length.

' V-J“ &
. » " 0

i of the w1dth of the bottom of the beam and will be
numér1cq]1y equal to "Ko“ only when the beam is of :
) unit width, i.e;
e FT The contact area = 157.2 in? :
- .. 1f *h" = 17.34 inches. "b" should be = 157.2 = 9.07 inches
Co . 17.3% .
' e - .
o oo K =9.07 x 300 = 2721.0 1b/in?
‘ The substitution of 4 = Ky Tn equation (4) aives;
L v 4 ‘,., : R ~ :
i‘ : :Ei‘ [Qﬁl} = Ky (8)
: 0 Lt
" which is the differential equation of the elastic curve of any beam
on an elastic support. For a long beam, two of the four terms are
.. equal to zero and the final solution is;
-Bx ‘
y =¢8 (C, cos gx s+ C, singx}) (9)
where; . I ' |

{
i
3
%
|




Assume that the thickness of the :;:'lab is four (4) inches, i.e. _

A - bd® = 9.07x4® . 484 ind S
! \Va =wo S wtm o
.f e . . C e .
n ! . L , ' ' . ' ¢ Y v.’l’ - "
i.e. . B - /272].0 : “ 0.0465 . ‘I , .. .
' ‘ 4x3x10°x48.4 " L

,

Now after determ1mn9 the values of‘ Kand B, the resultant deflectwn

"y' of the point 0 caused by the total distmbuted Toad w\l‘l be equal -

to the algebraic sum of atl the values of ay for each of the loads wdx, \
as g1ven by the equation (2). As there are 1nfin1te number of loads

wdx on both sides of the point 0 (x =o), the following two integr_a]s

are required to sum up the values of, Ay‘ : : o

y / wdx "ge™BX  (cos 'Bx '+ sin 8x) ) )

E

g ’a , ; N
., -.Bx . L
;+o/ !21%1 :ee - (cos<@x + singx) - (10) -

l
L]

Equation (10) , when 1ntegrated g'ives the value of’ thé deflection
' Iy v
~at.point O as - ' . § o R " !

"

WF (22 e cos g oe® cos i)
['Zk_'] (2.2 e cos ga--e cos Bb) (1)

,
‘ Yo NN

- - - . - ‘:I
It is noted that y is a maximum.when a = b =h = 17,34 =" 8,67 inches -
27 Tz

‘v o .‘ \

f.e.; Ba - Bb = 00465x8 675 0403 i

ot mbe b

R

W= 2 3 _103 - 8|16.D 1b per unit width
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‘ of the distributed load:

Tocations within the Tength h which give the same maximum moment.

Thesé two 'points are assumed to be at a distance of 1’.’; from each

| _end of the distributed load.

A '1'-e- ' h <‘ ‘v

 But -

" T
N . , "
‘27 . o 7& ' N . Voo
A N
N -

.

816.0

= 00995 inches

Y max .= cos 0. 403):'

1

x
. \ . .
\ N ‘
/ . " N
* - o
?

. b . . L e )
Substituting w 'in equation 11, we' obtain ‘ /L
& e o
' o ' : . - ‘ o

\ {f .
0'&03 !
[2 - 2(e *
Il” o . e - e

B 2.1'.7 Maximum Bending Moment

(S e

L4 -

The location of the point 0 wh1ch will_be wnder the maxi- ' oy
mum bending moment M, can be determined acc’ording to the following ) -

equat~ioq:' , Lo -
/ M s ( w ) '(B + B ) .
[ 1 282 | \%sa Bb
é V
o 'If the loaded ‘length of the s]ab is short, that is, if h

(12)

. is less'that-z"g the maximum be,nding moment occurs at the mid~p01nt A

, ) ' \ - X
. P no. )
If h'is gr\eamem than" I5 there are two

g

-~

"

-

T et 3 gl s e =

b T
g I

s
h ]
.
.

>
-

°17.34 inches

. . SRS I, - L
W™ " TR0 c 33.78 inches ' |

one point at 'mid distance of h

v oA -

3 . ! 7B

B
a_ b ; » -
.

8.67 inches and'Ba = Bb ‘= 0.403

MK A% o



T s ————
.

\,

\,

\

-

& /‘// AY v
;//_ L.
also: ‘//Ei///4; e* .sin x" ; ' g,
// " ' r . ( . ’
~i.ed Bg, "™/ Bg, = 870403 simo.w03 =~ 0.262
— . . 4 >
" ' ) , ! .
Mmdx) . - ey X 20:2%2) = 49448.3 Tb.in
v - =- 4,12 Feet-kips

2;1:@_- Computer Analysis

2.1.8.1 . -Mat Foundation Program - Pbrt]and Cement

- Association

In this program the slab is analysed using thin plate‘sending
thedhy and the finite element method. The ‘slab is assumed to behave
1ike 3 thin plate in bending, and the material underneath is assumed to

behave lTike a set of isolated springs (Winkler foundation). The loads,

\\\:hich are usually transmiited to the slab from the columns, are in this -

case applied by the contact ‘area of ‘the mobile crane tires. .

A plastic analysis of the mat is made under ultimate loads.

These‘loads are applied only at the nodes of the finite element mesh.

If;any loads happen to exist within an e]ement they must be distr1buted
" to the adjacent nodes. The column dimensions, or in this case the con-
tact area, must ;{;o be distributed to these nodes in the same propor-
tions‘gs shown 1p Fig. 2.8. A 14" x 14" element has been adopted to
develop the mesh illustrated in fig. 2.9 The diégrams on page 31

Fig. 2.10 show .the results dbtaiheq and the location of the maximum

deflection and bending moments. ' -
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Distribution of tire load and contact area.
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;- . 2.1.8.2 'Finite Element Analysis - ANSYS Program

An elastic flat rectangular plate is the element which has

been choosen for the above mentioned program.

Each elsu‘nt has pure

bending capabilitiés and three degrees of freedom at each of its four

- 7 nodes. :
z [+]
Vi
: : <;::——— Elastic Foundation
L LS A /
1$ "
, \ ]
N BX
%‘r1'r%'f1r f t—-———-—Element thickness
Pressure
Fig. 2.11 Element used in ANSYS Program \

»

Al

The geometry, nodal point locations, loading and coordinate

system for this element are shown in Fig. 2.11. Thetelemeﬁ# is defined

by four nodal points, four thicknesses (which are all equal in the pre-

sent case), and i

ts material properties.

-

L

An elastic foundation stiffness will be included in the element

formulation. This value is defjnéd as the_pressure required to produce

a unit normal deflection of the foundation.

The actual locations of the

front tires of the mobile crane on the finite element mat are shown in

Fig. 2.12. Thisdistribution has been altered to the one shown in Fig.

2.13 in order_to be suitable for use in this brogram. Fig. 2.14 shows

ﬂthe actual model used in analysing the slab behaviour, and the results "

of this anﬁ]ysis.

e

-

/‘
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JFig. 2.13  Altered distribution of tire load and contact areas. -
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2.1.9  Conclusion C~
The foltowing Table 2.1 shows the different values of
deflection and bending moment that resulted from the calculations
obtained by analysing the slab as a partially loaded beam, and from
the two computer programs.

Table 2.1;

Comparative table of Deflection and Bending Moment values.

\\*__’_\
A iy A of s
[N

\ Method used Deflection Bending Moment
(in) (Ft.K.)

(1) A uniformly distributed 0.0995 4.12
10ad over part of beam.

(2) As Mat Foundation using 0.029 3.42
Portland Cement.

(3) Finite Element using 0.0357 3.581
ANSYS Program.

From the results, it should be notéd that in the f{rst method

with the applied load distributed over part of the beam, the values for

both the deflection and the bending moments were the greatesf.

However, when pfate action was considered in the second and third

methods the resulting values are substantially lower.

¥
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2.1.10 The Structural Slab and {ts Steel Supporting Elements

Once the depth of the protection slab was determined, the
structural composite slab thickness and reinforcement were calculated
using the conventional method.

AN possibfé combinations of the basic load conditions were
applied in order tp determine the dimensions and properties of steel

supporting elements.

2.2 Alternative no. 2

~

In this alternative, special attention was given to the water-
tightness of the roof. Further study and investigation led to the idea
of using a series of steel panels to cover the whole surface. Basically
the same concept was used in a roof system of a nuclear power plant where
the reactor building had to be air tight so that radiation would not es-
cape into the atmosphere. QObviously fhe cost of such a structure exceeds
by a considerable margin the cost of the conventional roof system men-
tioned in alternative no. 1. However, in a location as remote as LG-3,
given the severity of the g]imate, the maintenance costs over the years
would also be a significant factor in deciding the best solution. Hence,
the water Wightness is assured by a % inch thick steel plate with tee
stiffeners on its underside. The plate is made composite with the six
inch thick concrete slab by means of shear connectors so that the struc-
ture behaves like a composite orthotropic roof as shown in Fig. 2.15.

The design of the protection slab was kept the same as in

alternative no. 1, but in order to reduce the overall dead load on the

~——

Bzsuwrs ¢ o
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roof, the use of the protection slab was lTimited to the traffic zones
and to areas where equipment was to be Hand]ed and or installed,
Those areas free of traffic were covered with crushed stone, The
structural congrete slab was covered with an asphaltic emulsion and
then with a layer of thermal insulation.

It is interesting to note at this point that two alternatives
were considered concerning the use of the orthotropic steel plate. One
approach was calling for a thicker steel\p1ate.without any concrete cover,
This solution would required more tee stiffners and the plate would be
almost a typical steel-deck bridge desién. On the other hand, the
iidea of combining the concrete and the steel plate to acquiée more rigi-
'dity was also p?pularo A typical panel was designed for each of the
two alternatives, and a selected specialized manufacturer was asked to
provide an estimate of the fabrication co;ts of each panel. Without
taking into consideration the costs of concreting the structural slab,
"the total cost of fabricating a steel-only roof panel was 64% higher
than steel-concrete panel,

’

2.2.1 Design of the Deck Plate

To enable an approximate computation, the deck plate supported
by the open-rib-stiffeners was treated as an isotropic plate, continuous
in the Y direction (Fig. 2.16) over the ribs which act as simple unyiel-
ding supports.

It was first assumed that the weight of a 6 inchk1ayer of fresh

~—a,
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concrete combined with a 1ive load of 20 1b/ft2 1% sﬁpported by a

l

plate strip having a width of one foot aﬁﬂ i disttibuted uniformly

ot

g

/ over several spans. &« __

Y Se
‘ - -~
N A - r“ 1
N § Ex
Deck plate —\ j / A — 0 e
S A ] X n g
Loaded area —\." — r
, N -
- . - - ] 3
_.l - Y \\_ q' 'Y'
ribs \\
_/ . . \ 3
Fig. 2.16 Loading of fhe deck-plate \ 7 ‘

-

The bending moments and deflection wou?d then occur predomi-
nantly in the Y-direction and could be approximat%ly computed with the T .
continuous beam formulae. In the actuai case, plate extends in the
x- 'direction beyond the width of the applied 1oadTand the portions of
the plate on either side of the load also part1c1pate in the stresses.

Thus, the critical maximum moment in the Y- directJon in the one foot -

1

wide plate strip under the centre of the app11ed oad will be smaller

x .

e g B A o2 ot NaT V87

in the full plate than in the plate strip of the first case when the

plate was treated as a continuous beam. The required spacing between
|
the ribs was found to be 4 ft., and the required plate thickness, 1/4

inch, (including 1/16 inch provided for corrosion). ] ‘ \
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2.2,2 Desjgn of the Open Rib Beam

Usually in a computation procedure for an orthotropic deck-

with open ribs, the calculation is made in two steps. In the fitst

. step the bending moments in the longitudinal ribs and in the floor

o .
e s e,

4”'

beams are computed under the assumption that the,floor beams are ri- ° ]
gid. In the second step the effects’of the elastic flexibility of .
the floor heams are determined. . ' 3
In the present ‘case the floor beams are rep]aced by, the
main girder of the rigid frame. The rigidity of the latter is greater
than th:t of the T-Stiffeners. Therefore in view of the rigidity of
the main girders it was decided that‘no further computations,were
necessary in order to correct the bending moments obtained

For orthotropic bridge deck design the truck whee] 1oads

are considered the principal live load. (Ref..1). Such was also the case
- e, L]
in the present study. Themobile crane loads already mentioned in the
design of the protection slab were used rather than the uniform snow
load. * The rihs were calcu]ated for a maximum axial ]oading of 28.3
klps Due to the presence of the concrete protection on top of the
structural s]ab the contact area of the steel deck plate is enlarged

due to the assumption that’the load is distributed downward at a 450 - -

. angle- in all directions, as indicated in Figure 2.17.
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The bending moments and reactions of the ribs are determined

.~ by applying the influence lines of a continuous beam. A separate

» T=-rib is considered as a continuous beam over multiple equal spans

supported by the main girders of the rigid frames. The beam is assu-

med to be loaded only in the middle span by the concentrated wheel load’

as indicated above,

In determining the “"section properties" of T-rib section;

. . <
where the plate acts as the upper flange of a, T-beam, the effective

width of the flange must be calculated.

>

In general, the effective width could be smaller, grégter.

- or equal to the rib spacing. It depends principally on the type of

loading and on the rélation between ribs and floor beam (main givder)

spacing. ‘ - \
Aslestablished 1n~Ref. 1, it is first necessary to determine

the so-called heffective spgn“ of the rib which is defined as the ave-

rage Tength of the positive moment area af the rib. In our analysis,:

. , 1

———s
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1t was found that the effective span of the ribs has the aﬁproximate )

value;
S = NO7L amdfor L - 2367 Ft.
‘ \“\w,‘w B ' ~ LY
L = 16.57 Ft. . - L
e -

i

t

_From Figure 2.18, the ideal rib spacing is found: out to be:

‘= 34.4"  — 9.716

. B
- a Mu
B3
CTTIITTIIN g ' i

1l 1 ‘

;a-——48_{ ' .‘

" +'a=48_'_

Fig. 2.18  Effective width of the rib-beam

¢

Using Diagram no. 3, published in Ref.™T; under case of loading no; 1

as shown on page no. 43.

o~

art
a

1.92

/

o

-

Hence; the ideal rib spacing a*.= 92,16 inches

&

[egua -

Therefore the value of the lcoefﬁcient B, published in Ref. “1; shown 1in

b e et e o

page no. 44 is; ’ C N

g =

7 a*

= 1.456
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i

. From the Diagram no. 1 on page 44 , the éffective width of the plate

acting with the directly loaded ribs; (Ref. I)-

.-

)
a*

a, = |

0 ) a* = 0,75 a* = 69.12 inches -

From the effective width, the section propérties of one
T-rib are determined and the maximum positive and negative bending
moments are then ca}cu}ated‘ The composite action between the con-
crete slab and the ri%bed deck is considered in the areas of the

positive moments while the section properties of the deck and rib

\

alone are considered on the areas of the negative moments. A WT 9 x ™

22,5 was found to be adedLate as a rib under all loading conditions.

\

\

2.3 \§1ternative no. 3

. \Alternativg no. 3 consists of the same basic roof as in

alternative no. 2 except that the thermal insulation would bé below
the steel deck and the six inch concrete slab would be covered by a
two inch wearing slab, as showp on Fig. 2.19. This alternative was
considered due to the growing concern about the durability of the
insulation material if it were placed between two layers of concrete.
Water was due to infiltrate %ﬁrough to the insulation sooner or later,
and the long term effect of this trapped humidily, especially when

the temperature dropped significantly, on thg wearibility of the in-

‘sulation had to be considered.

! ¥
- '{

¥ It was proposed that insulation ﬁe installed on the underside

£

_.,i.“‘i -
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(=3

of the steel deck and on both sides of the ribs and main girders.

However two drawbacks of this system were determined; the firgt ¢

was the problem of condensation which would certaiﬁ]y occur in the

*  winter season when the inside temperature would be much higher than
the outside one. The second : from the architectural peint of view
it was difficult to find a type of insulation that would have an
acéeptab]e appearance and would still be relatively inexpéhsive aﬁd

easy to install.
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e , ‘CHAPTER 3 .

CONSTRUCTION DETAILS AND EXECUTION

Following a length§ debate of the three\preVious alterna-
tives, several economic analyses were prepared to faci ifft; their
comparison. Meanwhile more data was obtained on the craﬁe lpad .
which was to represent the principal live load on the roof. Finally

the selution detailed in Figs 3.1 and-3.2 was selected and the ne-

_ cessary elaborate ¢alculations were completed to insure the safety

of the structure. .

One significant mbdification thag can be noted in this
final approch was the addttion of the corrugated sheets on top of the
insulation material. Thé purpose of those sheets\is to permit air to
circulate, and heﬁce reduce the effect of dampness on the 1nsu1atidﬁ:
With regard to the live load pﬁoduced by the mobile crane, a maximum
vertical force of 31.35 kips, 1nc{udiﬁg an impact factor of 25% was
employed in the final calculations. The load would be applied on the
top of the concrete slab by the outriggers of tﬁé crane, each of them
having contact area of four square feet. (2‘Ft x’2 Ft). Further
research was also conducted in order to determine the actual percentage
of wheel load that would be directly placed on an indjvidual rib.
Following a computer anqusis, it was found that this load was equal to
0.7P, where "P" is the maximﬁm vertical load. The remaiping force would

be distributed to the adjacent ribs. -

48
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Iransfarner basstn
Treated wooder block

- Copper plate 16 oz.
Flexible stainless steel, cap :

- Ashestos ysheet‘ i " Fire wall e ..
1 - Isolation "Roolnate 18 inches o

2"
e

7

' /
: E1. 6403
3

Flexihle sheet {rubber-base)

Craushed stane 12%
Aszrecate 1" 3 14"

!
|
i
i
|
!
%
?

[ g g

-,
‘ : ’ Seal foint
i ' ‘ ’ L ' —— Stainless-steel cap
; Flexible sheet (rudder-dase)
Mechanical attachenent
]
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Fig. 3.1 As built typical cross section for the powerhouse roof. :

' ¢




D P U USEN e e e e S e ey b e s T —

50

-

3004 3y3 j0 do} UO 3SPQ JIMO} UOLSSLWSURJIF DY} 4O S|LEIDQ

-
« £
- .
- \ o -
.
2t 4
‘ -
. ) -
-~ Sullpca 32Uy -
«1Z0GT U= INGITT) LG STt et -

SLAVTT 156t PIITIraaC)
et Sutavap -

Sutircs yryrlcy

s e gl s smnens v e vernd oo
Eras avva son an cars e v ored e

Ay pn s s, . ¢ et et ] v o]
B e Dk T S S
ot ey waoen a2 00 Arnd e

“af
4

R
—
-
 —

JUTAILRT [291S-SSA{ULRIS

ﬂ r u2130A219 IjGian

=0.0%5 "3

UOLYPPUD) SIMOY UO|SSILSURJY

s o i 5 - s an wn e o [ -




o g e

2
AT G e b O e 4

51 .

Special arrangements had to be made on certain sections
of the rdof, where e]ectrica1‘installations would create complicated
load conditions.  Such is the case for the series of beams which
support the nine 500 ton transformers and the 35 foot high fire walls
which seperate them. Special attachements had to be designed under-
neath the transmission line towers in order to transfer the external
forces of each tower to the adjacent main girder. For the main steel
columns that support the roof and crane beam; two alternatives were

studied:

- Seperate columns (crane beam columns not tied to the

building columns).

2- Single columns (the two columns rep?aced‘by one stepped

co]qmn).

The result of these studies favored the stepped columns’
which were more econbmica], more aesthetic and easier to errect, as

-~

shown on Fig. 3.3.

3.1 ‘Technical Specifications

The‘technica1 specifications required tha§,a11 material used
for the fabrication of permanent element be new, and that the contraétor
produce a mi1l test certificate for all stLe] ysed. Fabrication had
to be carried out in accordance with the CSA standard specifications

S16-1969. '
These specification also indicated that the steel panel roof
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~ ‘'seal.  Each panel plate must be in one piece, if not all assemblly welds
should be shop tested for water-tightness usinq an approved method.

"3‘% {
K11 necessary precautions were taken during the fabrication and‘the

. tolerances. -
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should l;e' fabricated in. such a way as to optairi a perfectly water-tight '
¢ \ S

?
¢ \ { -
welding of the steel roof panels in ordér to respect the following

+
= ~
N

a) Squaréness: | a

Qut of square shall be less-than or equal-'i;:\ ¢

(1% X ’l%) in inches

-

where L — Length of width of panel in feet.

b) Deviation from flatness

I
I
Q

D ‘=  width of panel in inches

-

t = thickness of plate in inches

d = Least distance between stiffeners in
inches L “t -
Folr' > 100, the maximum dev1ation between

/r

e L=

two stiffeners: : must, be less- than ar
. \

equal to d 1n nches; and _d between
g " K

- gt
a stiffener and the edge of a panel.
o A ( ;' ‘L‘ N

{

r M

3.2 Del_fvery and erection - - - s

‘/ . .
elements of the

.
v

. - '
As previously mentioned, ‘211 of the steel

\

P




et = mebos St e e

s b el a e e A A S ASROY | A My . e e e o maamre —

54

.
>

4 . R . '
superstructure, including the roof panels, were fabricated in accordance
)

to the Canadian Steel Code S16. ~ In géneral no real problem was encoun-

N
- tered in transporting the heavy pieces such as the columns, girders, etc. °

- However, for the roof panels, in spite of thg fact that stiffeners were

added to increase their rigidity, their % ,inchf thickness proved to be
insufficient for the long triﬁ to the stte. On thgir arriva;lﬂ, ‘the roof
panels were visually examined. For the' first two rbof sections, con-
sisting of 320 panels;, major rebairs‘wer‘e required. Most of these
rep;ﬁrs were carried out either in the storage yard or on the roof during
panel installation. .In general repa@s were needed to bring the panel's
edges to the allowable tolerances mentioned in sec<t10n 3.1 and to a116w
the wefding of each panel to an adjacent panel or to the supporting beam.
In order to complete the erection of the superstructure, txhe

contractor used three cranes each with a different g’apacity and function.

1

- A 165 ton crawler crane was positioned downstream of the

s structure to\Hft and install-the columns and longer sections

of the main girder.

Y

. A 50 ton mobile crane was used for general steel handHng.\

- A 60 ton mobile crane was positioned upstream of the structure
gn the service road at the same elevation as the roof.
_ This crane was used to complete the erection by placing ele-

ments that could not be reached by the 165 ton crawler crane.

From the beginning of erection, stanﬁardoprocedures‘ of control

were addpted and final checking was carried out when tﬁe part of the

.

)

e B o
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structure between two contraction/expansion joints was completed.
However, due to the unusually high quantity of welding required, the
- vulnerability of the structure to-displace caused a serious problem of B (

o alignment at the contractjon joints.  Roof panels had to be removed

r~

and rewelded bet\:ceen lines # 13 to # 16 in order to respect the required
- . ., clearance at the-contraction joint. Following such difficulties, a 'l
. thourough examinati‘on of the structure's behaviour was conducted in ;:rder
. . Rk ’ qto esta'b.Hsh a control plin that would prevent similar problems with the

y

remaining sections.

Thé main points of this plén are listed below:

1-  Beams, columns, girders A ' ‘_\
The Owner's approval was required at the compietion of |

o . ' ‘ each phase of erection mentioned here below. No fur-

- . ther work was allowed before all errors in the previous

phase of erection had been corrected.

oo e ) ) The top elevation of the base plate was verified and

I , o shimmed wherever necessary.

.:.~‘ _ - b)S , The anchor bo]Fs were positioned inside the sleeves
o _ é"_.'within the allowable tolerance of + 1/16 of an inch

? ‘ { /. &t the four holes of the bottom flange of the columms,

g L | : The bolts were then checked in the North South and East
- _ West direction where the maximum deviation of & 1/8

of an inch .ias allowed, Fig. 3.4 and 3.5.

- e '\\ \

t’;) - Columns were placed and an initial torque was applied .

- v [

4 . -
~ % . . - S— ' "
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q
to the bolts. Then, erection proceeded to the main
girder and remaining beams with an initial torque as

applied to the connected bolts.

The columns were plumbed in the North-South and East-

West directions.

The f{na1 torque on all the connecting bolts was applied
if the‘sectiqn loeated between two contraction-expansion
joints was wit\in tolerance otherwise, steps (a) to (e)
were repeate& until the final adjustment was complete.

* P
During erection, special attention was given to the

bridge beam and its theoretical elevation was checked

‘at the intersection of each column.
Placing of the roof panels:

Rooﬁ‘panelsqwere separately identified accorging to the

ﬁumbé}ing system specified on the drawings. Each panel
was placed in its correct position, and fixed to the top

fﬂange'of the supporting beaqpby two spot welds.

The same proceaure was repeated until the whole roof

section between two contraction/expansion joints\\as

- completely covered. A

A1l required repairs or corrections were done at the

border lines between the panels-and at the jo1ﬁt between

the panels and the roof beams.

.nz'*\"

CLN 3 ,.w..,.,u l R

S ‘,.

s o s
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3,3 Welding the roof panels

On site three types of welding were performed on the roof

components:

A a) Fillet welds were applied between the WT'S of‘the

roof panels and the webs of the main girders, and
also between the flanges of the main girders and

the edges of the panels.
b) Square groove welds were'performed between each panel.

c) S]Q welds were carried out at the top flanges of each

part of the main beam. ’

Welding the roo; panels (Fig 3.6, 3.7 and 3.8) was a long
and complicated task, and many different problems arose during this
activity. First, due to the sensitivity of the panels to any change
. in ambient temperature, the gap between the panels had to be checked °
and adjusted conti&uously at the contracfion joints. This sensitivity
.to temperature change Ead further implications on determining the part
of the roof that had to be adjusted and welded before the end of each
working shift. Secondly, thé movement of the structure cause& by the
heat generated during the welding process.was another significant factor,
sbecial]y when welding was per;;rmed following no specific pattern.
The first problem was solved by insuring that individual sections of the
roof were completed during one shift. In order to solve the second
prob\em’the procedure mentioned hereafter was employed, and as a result

the structure's movement during erection was reduced and controlled.

LA
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3.4  Welding Procedure (see Fig. 3.9, on page 64 for typical section) "

63

\

3.4.1 Connecting the WT9's to the main girders

a)

b)

c)

d)

.e)

f)
q)

3.4.2

A1l panels were tack welded along their edges for
2 inches every 12 inches in both longitudinal and

transversal directions.

Structural welding began with panels lJocated midway

between the contraction-expansion joints (ie. line 25).

Both sides of the web of the central WT9 of each panel
were welded to the main girder as shown in Fig. 3.9.
This procedure was adapted on subsequent panels along

the same line.

The remaining WT9's of each panel (two in general) were
then welded to the main girder, always along the same

line (ie. line 25).

The flanges- of each WT9 were welded in a similar manner,
thus completing all structural welds on this first line

(1ine 25).

Steps ¢, d, and e, were then repeated on adjacent lines

(1e 1ines 24 and 26) simultaneously.

Weldidg then progressed outwardly in a similar fashion.
0

Joining the panels together

The joints between panels were welded in two passes (see

7

O
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Fig. 3.10). The first pass acfua11y consisted of three passes, as ’ \

weld was applied for 4 inches every 12 inches. The second, was per-

»

formed in two passes of 12 inches every 24 inches. (see Fig. 3.10).

3.5 Examination of welds

Visual inspection was Fequired for all'welds as indicated in' - i
*  the CSA standard, however the‘steel erector is obliged contractually to
perform several (a total of four) types of non-destructive tests.

These tests, with their extent of application are 1isted below: T

Member Examination Extent )
Beams WT9 (fillet welds) Magnetic particle 100%
Main beams (slot welds X-Ray ‘ 100%° :

on the top flanges)

_Contact lines between all . Magnetic particﬂe 25%

| roof panels, and between
the panels and the upper

flanges of the main beams

Water tightness of roof panels Vacuum testing - 100%

\

A typical liquid penetrant examination procedure i5 also

performed on a1l the rods that were welded to the roof for anchoring

the transmission line tower concrete bases to the roof.

-—
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A brief resume of these procedures is outlined inﬂthe'

following paragraphs.

R

[

3.5.1 Vacuum Testing T

. The Vacuum Test is Eon@enientl} perfthéd by means of a
metal testing box 6 inches wide by 30 inches long, with a glass window
in thg,top. The open bottom is sealed against‘the steel plate surface

where the two panels are connected together by a sponge rubber gasket.

>m\\q Approximately 30 inches of the seam under examination is

brushéd with a soapsuds solution or’linseed 0il. In freezing weather
a nonfreezong solution may be necessary. . iTHe vacuum box'fs placed ‘
under the coated section Bf the seam and a vacuum is applied to~the box.\ (
The presenée of ‘porosity in the seam is indicated by bubbles or foam . .
produced .by air sucked -through the welded seam. \ ’ |

C o A vacuum fis creafed in the box By any convenient method, such

as connection to a gasoline or diesel motor intake manifold or to an air

P

ejector or a special vacuum pump. The gauge can register change of

vacuum of 2 psi or more.

3.5.2  Magnetic Particle Examination Procedure

This procedure describes the basic procedure to be followed

for magnetic particle examination of a weld using the dry powder method,

and provides for local circular magnetization by the use of prod type

contacts, or an A.C.Yoke. (see photo no. 6)., - Magnetization is
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applied.via portable prod contacts connected to'the unit by either
flexible cables or an A.C.Yoke, A remote contro) switch,abuilt;1;to
the prod or yoke handie, permits thﬁﬂiﬁfhnician to turn the current
on, after the prods or poles have been properly positioned on the part
being examined, and to turn the current off before they are removed.
Prior to the application of the powder,ﬁthe surface to be
examined was cleaned and freéq of dirt, greése, 011 or any other .
extraneous material that would interfere with the examination. The
red powder provided adequate contrast with the background of the surfa&e

being examined.

At least two separate examinations were conveyed on each area.

. The welds were examined with the poles placed in such arQanner that the

lines of flux in the first examination were approx1méte1§ perpendicular
to the lines of flux of the second examination. A1l dubious indica- ’
tions were considered ud%cceptab]e, and the area had to be repaired

until further examination showed no possible deficiency.

-~ N )

3.5.3 Liquid Pepetrant Examination procedure

_ This non-destructive test-may be considered as an extensioh .
of the visual inspection. To carry-out this test, the surface tp be
examined should be dry and free of dirt. The pre-cleaning was carried

out using a methyl hydrate solvent and lint free rags. After pre-

' cleaning, the surface was thoroughly dried to ensure that no solvent

remains to hinder the capillary action of the penetrant. A minimum of

five (5) minutes was allowed to permit complete evaporation of the methyl
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of- the defect can be dbtained .

a total of 9469 man-hours was required in order to weld a total of 13.3

R

4

114

6

./ )
i |
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hydrate hefore aﬁp]ying the penetrant to the surface under examination.

The penetrant was applied by either brushing or spraying.

"The penetration time shall be a mjnimum of ten (10) minutes duration

and the material surface temperature should be between 60° F and 125° F.

No removal of.excess penetrant was aildwed before the required penetra-

tion~time had elapsed. The developer was then app11ed sparingly in

a thin even coat. Final examination wds made after allowing the pene- A
trant to bleed off for a period of between 7 and 30 minutes. Mechanical -
d1scont1nu1t{es at the surface were indicated by the bleeding penetrant.

A1l defects were marked directly on the surface. Necesgary repairs were - .

carried out in accordance with specifications, and the areas were re- r(‘ \;
o+

- examined.

It should be noted that the advantages of this test (rapidity
and lqy cost) are limited by the fact that only surface defects can be

located. All defects that are determ1ned using this method are merely

l?&

indicative and no quantitative results concerning the depth or gravity

-
.

Finally, in order to complete the assemb]y of the roof panels ¢

miles, using 110 miles of welding rods. The -actual cost of the roof

’

is 62.14 $ per square foot.

s ty Y
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