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“THE * DEGIGN ~AND CONSTRUCTICN OF "COMPOSITE SLAB - AND
GIRDER BRIDGES - WITH Pmnm REFLRENGE TO THE LEVEN' BRIDGE -

AT ULVERSTONE",

1, IHNTRODUCTION.

The theory on which this particular type of structure is based is
 given in the January iscue of the "Journal of the Instituie of Engineers" in a
peper entitled "The design and construction of composite slab and girder bridges"
. and reference will be wade to the subject mattor of this paper. The paper can
be regarded as part of this thesis.

Experiments on test pieces designed to investigate the possibility
of roinforcing a structure consisting of a concrete deck slab supported by steel
joists for shear between the top of the steel section and the concrete, were first
conducted and indicated that the theoroticul expéctations were reslised in practiece
A 34f% span two beam bridge with a 10ft roadway wus designed and consiructed for
testing the type of structure on & larger scale (Comnonwealth Engineer, April 1933)
Later = 1/6 scale model of one spen of the proposed Leven bridge was also con-
structed for testing purposes, but rather from the point of view of load distrib-
ution between the beams than from ltrongth oonaidomtlom. & ‘

: 'rre, three, four and fivo beem hishvay bridges ‘of this type have
now been gomshructed and it is of intbrest to note that the structural snd
economi¢ advantage to be gained is likely to lead to a Very extensive use in the
future of this class of oonltmction.

e Tubject matter of the thesiu. outlines tho principles of ghs
"design and construction of composite beam bridges in gemersl, and describes the
Leven Bridge, which is a four beam bridge of this iype, having 7 ‘spens gach 61 fee
long, The deck of the Leven bridge carries a roadway 208t between +the kerbs,
with a 4ft footway on each side. Reference is made, in deseribing theé work, to
the Journzl paper and {o the vorking drawings for the bridge.

‘The Leven B:lver rises in the vicinity of Mt. Peqrce about 35 miles
from the coast, and flows into Bass Sirait at Ulverstone on the North West Coast
of Tasmaniag the Coast Highway passes through the town less ‘than a mile from the
sea, ~ The existing bridgc is a timber structure 49 years old, and ie in such a
state .of decay that it wis considered to have reached the end of ilts useful life,
Consideration was therefore given to the remewal of the structure which is a vitel
link in the comuunication systes in this part of the State. A survey, of the
locality, was therefore made and consideration given to five sites on which the
bridge could be renewed; +these are shown on Drawing 65L-2. . Eventually the site
marked 1.8, was selected by the Parliamemtary Gumnitiee investigating the proposal:
and a decision made to renew the bridge with a permenent structure st an ‘estimated
cost of £13,700, exclusive of land resumption, Bore holes 66 fect apert were put
down on the centre line. of this site and indicated that & suitable foundation
could not be obtained less than 35 fect below the river bed, A 10f% rise and
fall of tide had sleo to be reckoned with, A number of designs were examined
for the superstructure, including a three span high through truse bridge, several
arrangements of welded pony trusses, and several arrangementis of welded plate
girdersy, Of these proposals & 7T span cantilever welded plate girder bridge was
recomuended as most suitabley the above designs were all prepared for a 18ft
roadwiy and one 4% footwey, = Later, however, an examination of the composite slal
and girder type showed a marked-saving over the latter bridge, but as the necessar
funds had slready been voted by Parlisment, it was decided to increase the roadway
width to 30fect, and add another footway, as it was estimeted that the additional
work could be undertaken for the difference in costs of the two types.
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3, DESIGHN
SUBSTRUCTURE. -
An examination of 65L-9 will show the varigated noture of the . i

material forming the river bed and shows the difficuliy of obtaining a type of -
. substructure suitable for the full width of the river, On the eastern side ser-
pentine carrying hard kernels of the original basalt was out-cropping, and extended
to a considerable depth, At the eastern abutment four to five feet of clay and
mud covered the serpentine, but at No.l pier the rock was bare.  The serpentine
disappeared on the western side of No.2 pier,; and in midstreem the formation was
mud end sand followed by clay, more sand, and finally the micacious schist at a
depth of about 36 feet. Towards the western bank the blue cley disappemred
altogether, and the material overl the rock was almost wholly sind. The sand
however was mixed with piver shingle, which in some cases reached the dimensions
of boulders, the shingle was more pronounced in some 8 than in others, and in
places occured in layers several feet thick. Near the nstom ebutment the send
and shingle was cemented with & rich yellow-coloured clay which, however, respon-
ded easily %o the action of the water jet.

The easiern abutment' was designed as en ordinary spill abuiment,
the concrete foundation being spread and founded on the serpentine.

The main columns, as ahm in 65L-11, are octagonal in cross
section, 22" between the flats auppor’tod by a slab 7£% X 33ft, and connected at
the top by a cross beam 30" X 15", To avoid any chance of damage by settlement
of the earth filling, which is 9 feet high at the abutment, the pyloms are directly
connected to this cap and carried on the main foundation, The base of the slab
is 7 feet below ground level and 12 feet below high water level.

The first pier is also supported by & spread foundation placed
directly on the serpemtines The concrete slab 268t X 5% X 3£t carries three
octagonal columns of the same dimensions as those of the abutment, but the columms
are connected by an 8" curtain wall and a cap 26ft X 30" X 153 the details of
construction are given in 65L-9.

The remeinder of the piers and the western abutment are supported
by 22 octagonal concrete piles, There are three piles in each pier, comnected

at low weter level by a concrete waling end above this waling by an 8" concrete
curtain wall capped in the same mamner as No 1. pier,

The longest pilol were 65 feet in length and voighed 13 tons. The
manufacture, hondling and driving of these piles constitued the major portion of
the substructure work, Various other types of substructure were investiguted, the
form finally adopted being regarded as the most economical for the site conditions
indicated by the surveysborings.

DESIGH CF CONCRETE PILES,
Qgéim Stresses.

A compressive stress in the conerete of 334 of the ultimate strength
as indicated by test blocks was allowed, Thée handling and driving stresses are
usually the most severe for piles, it is only with piles having a considerable
unsupported length above ground, thet the working stresses require investigation on
account of long column actiony in such cases the unsupported length can usually
be reduced by suitable bracing: The concrete mix was designed to give an ultimate
strength of 5,000 lbs, per square inch, at 28 days, which gives an allowable work-
dng stress of 1,500 1lbs, per square inch. The average strength of test blocks
for the piles was actually as follows,

Mig . * " Age Avorage Stremgth No. of blocks
1:17:3% 21 days i 900 1bl. Bq. inch | 16

» 28 " S e R Ny 16

it 66" SR T S " . 16

66 days was the average age of the piles at driving.
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Lodul.r Ratlo.

: Since strain is not proyortional to stress for concreto, the Vulue
of the modular ratio depends on the stress zt which the slope of the stress siruin
curve is measured, The L.C,C, regulations (1915) give the formmula -

n = 9,000 where ¢ = a.llovable eompress‘i’ve‘-étres's._
- _

Dr, Paber (Proc. Inst. G.E.- vol, 225) suggests that Young's ondulas for concrete. .
is spproximately equal ultimate stremgth X 1,000, For 5,000 1b ‘concrete and 3
Eg = 30,00050C0 n by the above method is 6 in both cases, This value was there-
fore assumed in celculating the modulas of the pile sectiom, '

Tension Stiress.

There is & divérsity of opinion as to the allowable tension stresses
for design of rdni‘oroed concrete piles, Usually a steel stiress up to 24,000 lbs.
per sqe. inch due to ‘hanllliug loads is sllowed, but in other works a moximum tensionm

stress of 400 1lbs, per ai;b.inch in the concrete is spocifi:d which for n w 6 l:l.mi‘tl
the steel stress to 600 per sq. inch, a marked For this particuler

work the letter figure was adhered to for the reasons given lator. :
The atrouos for which a pile must be designed are as follows,

. Bending and shear atr“ses due to handling. \
2. Compression, shear and possibly buckling stresses due to driving. j
3. .,Qmprouion stress under working load,

The. relative m;mrtanco of these items dopends to a large extont on
the nature of the material through'which the pile is to be deiven. If this moterdal
provides any serious resistance to the pile in the early stages of the driving it
is safe to say that the stresses for item 2, will be the most severe, and, therefore,
the ones which should be given most consideration in design. Unggptunately the
values of these stresses are difficult to determine, and this is apparently the
reason for the development of marious empirical rules for pile design. The formula
commonly quoted for dutormin:l.ng tho size of the pile ia the column formula,

i AN Acofc--"&oh-fco

w safe load in lbs,
= net core area of comcrete in square inchol.
= area of main reimforcing steel in square inches,
= allowable compressive stress of coacrete.
= modulus of elastiecity _steel .~
[ ‘concrete

Use was made of this formula together with'she' reduction formula

e 38 e L
20d.

unsupported length in feet,

least dimension of the core section in inches, == :

the coefficient by which f, in the short column formuls must be
reduced to give the safe nzreu for long columms,

The. value of L can only be fixed by making allowance for the supporting effect of th
moterial into which the pile is driven and of the curtain wall and cap of the pier,
It should be noted that P, the safe load reférred to in the formula is the meximum
load which the pile can reascnably be expected to carry dtm damages . as it is
necegsary 1o allow a factor of gdfety om this load, against settlement of the pile,
of from 2 to 5 according to the nature of the ground, the value of P uced in the
formula should be 2 to 5 times the working load. Allowing 15% for impact on live
loadsy the total working load per pile is 65 toms. The test bores indiceted that a
vrock foundation could be reached, it was therefore considered safé to adopt a facto:
of safety of 2, for which the concrete stress on the pile section adopted is approx-
imately 730 lbs. per square inch, The Leven Bridge is only a short distance from
the sea, it was therefore necessary to provide adequite comerete cover on the steel
rods to protect the steel from the effect of sea water. A minimum of 2]" on the

where L
» d
r



‘moin rods was adopted for this. . Tor the above section the allowable unsupported
length is 25 feet and as this is not exceeded, considemtion of the pile as a long
coluan is unnecessary,. »

Observations made whilo driving piles for the Lovan Bridge. and on
other piling works, sugzests that the concrete cover of the main rods has en. - .
ortant b ] a 1ifi an
pizch.ing th?;ilep?n ﬂx‘% ﬂlmlv:s %ﬁ%oﬁ%eﬁgg giﬂgethe tensiags Btrgsa
exceeds its ultimate valuey, which, for first class concrete, is about 500 lbs, .
per square inch, but the result of this failure may not be apparent at the temsion .
face of the goncrete if the cracks are very small, owing to their distribution by

the reinforcing effect of steel rods in close proximity to the concrete surface.
1f, however, the rods are some distance from the surface their effect in distrub-
uting the cracks in the concrete at the surface is negligable, with the result that
one large cragk of perhaps a serious nature developes in the place of memy small
ones that are not of serious consequence, An appreciation of this point is
necessary im fixing the ntoel stresses by which the handling system is regulated,

Ia this czse a maximum tension stress of 100 1bs per 8q. inch in
the conereto, and consequently n times this in the steel, was selected and a method
of handling devised to keep the stress within this limit,  In computing the modulus
of the pile seg¢tion, the concrete was taken to be effective in tension giving a
valie of Z w2hhl, A stiff back, which consisted of a 24 X 7) X 901b R.5.J. 61f%
longy was strepped to the pile to give additional support, and in calculating
stresses the bending moments were.assumed to be distributed.in proportion to the .-
moments of inertia of ithe two sections,  Various arrangements of lifting gear were
investigated and finally that shewn in the -sketeh was adopted. For some of the -
shorted piles the stiff-back was dispensed with and the same gear used on the pile °
alone.

FIGURE 1.

For a given height h, which was actually 40 feet, the uniform
tension T in the bridle can be resolved to ﬁ.nd the vertical forces at A.,B, and C,
the sum of which equals the weight of the pile and stiff back., The distribution
of bending moment can then be simply obtained and the position of A, and C, fixed .
by trial and error to give an equal positive and negative moment in the pile.
Imnediately the pile is swung to an inclined position it becomes unstable and tends
to hing vertically, so that e guy is necessary to control this tendency once the
pile is moved from the horizontal position by the head gear.

The longitudinel reinforcing must be designed to carry tension
stresses in the pile caused by haudling or driving, In this.case the tension
stresses due to handling were very low and the latter factor became of major import-
ancé. The quantity of steel for this purpose has been determined by experience .
with concrete piles of various design, and e minimum of 2% of the total area is .
recognised as a satisfuctory amount, ~ In this case it amounts to 2,457, and consist
of eight 1-1/8" diam, round rods spaced at the cormers of the octagon and bent in to
fit the form of the pile at the shoe and butt walded to the cast ateel shoe, as
shown on sheet 65L~ 1),

Generally speaking reinforuing ia not required to resist ohear
stresses in the pile due to bending under its own weight, it is however necessery
to resist impuct stresses, to give resilionce, to resist the bursting pressure of
the concrete and to. prevent buckling of the wuin rodey there is nothing gained by
increasing the volume of the luteral reinforcement: beyoud that required to resist
. these forces. : The lateral roini'orcembnt is fixed by regulatlons in an empircal
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maxmer, but an appnoation ot Mcr'. theory and tbe uluo of nhoar stuu,
which has been derived from it, enables the volume of the lateral reinforecing

necessary to resiet the bursting pressure of the comcrete - its most important
function = to be calculated in terns of the working conprusﬂ.m stress. <

: . Considering the shearing plane of a short conorotc colum to b.
i.nclined ot 60° to the plane of loading, assume such a square colum of side a
and height 38a to be part of the core of @ pile, If the maximum working stress

is ¢,1bs per sq. inch then for @ 260°and f = 30" the vork.:l:ng shear stress E

= »30 ¢ approx, - C Mbs [s3. m

Figure T

Tangential stress on plane

'BDSca:‘,nécou‘_Q-ucAzg : '..4-33’6.

There is therefore a shearing ntrua on plano BD of ,133¢ greater than the
material can sustazin with a factor of larety of 3, This prnducn a tangential
force = ,133 ¢ a3 1bs.

Resolving this force vertically and horizontally, the vertical
component can be carried s a compression in the concrete; the horizontal :
component must be resisted by the hoop reinforecing if the factor of safety. av-lmt
shear within the core is not to be rcduced below R

- 'The hor:l.:onta.l cupoaent of the nlipping forco
= 0.133 ¢ a Abs,

- _Assume the links to form a square imtoe,d of an octogan, the side of the irm e
being the same as the distance across the flats of the octogan, . For a column
hooped with these square links there mre links in two plenes to support the above
forcey therefore the required tntai sectional area of links on one plano

1133 ¢ a2 8q. inchel
® 51 15000

But the totel length of links = ® 4 a inches

therefore volume of links ~ © » 4 cad x ,133
' ; , 2 x 18,000
The volume of the core ABCD = 3a3 cu, inches.

therefore volume of links as a percontaso of the core

2 4c ol .133
2 % 185000 x {3 &

= .00085 Cs

For ¢ & 730 lbs per sq. inch the percenmtage :\.s +63% and the gpacing of §" diam, .
links to give this percentage for the pile is approximately 4.5", By this :
method an indication is given of the guantity of hoop reinforecing required, but
the actual quantity used was fixed after an inspection of verious designs for ‘
concrete piles which had proved satisfactory in practice. = The hoop reinforcing
is wrapped round the main rods in the form of a spiral, the spacing being decrezs-
ed at the head and the shoe, to allow for the higher stresses at these points due
to the effects of driving. At intervals of 4 feet br:ldlee are located; thesg

ngtezk Navier's thewy proves that the tangential strm on tho pla.ne of rupture of
a brittle compression specimen is compounded of the shearing stress plus a frictio
stress, the latter depending on the engle of internal friction of the mterial

and that the ansle of the ylane of rupture with the vertical axia is'e = 45%+ /2
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tion and rve the unction a&s the
gg‘eprg ng. lﬁtaﬁwiﬂ g% %ﬁg hoopa}-:gnggrcfng uﬁ% Seatures ©
Lo pile debign are ihm on dra'ing 65L - 14, s o

The greater part of the meterial through hich the p:ues vty b.
dmven was of & sandy nature snd this suggescted that the water jet might be unod
to adventages,  The water jet is eminently suitable for sinking piles in elean .
sand, a material which affords considerable resistance to penetration by piles
‘under the hammer alones its effieciency, however, is very much reduced if the sand
contains river shingle or layers of clay which will block the jet. The
difficulties due to the presence of shingle can be overcome by increasing the
volume and pressure of the flow of water through the jet, in ome instance pilel

n eep b m o n
BiseinteL s < v it Srolt S dov, oty et g b
pressure is sufficient to facilitate the pemetration of the pile provided the
material is in any wey suiteble for the method, and this quentity was adopted in

this case, Sometimes the water is carried through the centre of the pile and
through a nozzle formed in the shoe, or &s an alternative tub ‘jets can be used
externally and operaisl one each side of the piles . The chief factor claimed
in favour of this arran ;-leat ‘ds that a tendency for the pile teo run at the shoe
can be corrected by breaking wp the material at the shoe of the pile with the
hend jet, While this is to some extent true, any movement of the pile due to
this process will generally jamb the haud jet between the pile and the meterial
obstructing its path, and necessitate theluse of a winch to withdraw it. In
mud or sand, free from shingle, either arrangement is satisfactory. - In design=
ing the piles for the Leven Bridso it was recognised that the driving would be

diffieult and proviuon was therefore mdo for the cemtrel jet pipe, which eould
be used in conjunction with external jets if necessary, It is 2;" diameter with
a right engle bend 5 fect from the head of the pile and connected to. a nozzle .
of #* diem, formed in the cast stecl shoe,  Altiough this arrangement has been
used to advantage on other works it did not give good results ef the Leven, and
- after some experimenting the return outlets were blocked up and the cemiral out-
let increased to 1" diam, This decreased the pressure to some extent but where
+the meterial was really uuitable for Jetting. the piles would sink steadily under
their own weight, .

!IQTE z! ﬁ.

Excopting No. 1 pier which is supported by a slab foundation, all
the piers are supported by piles. As the effect of the sea wutor on steel reine
forcing is perticularly severe; in the Leven River, the design of the piers was
arrenged to avoid breaking into the piles below high water level for the purpose
of connecting the piles by a.curtein wall, - A concrete waling 27 foet x 3 feet
x 9".thick was precast with holes to f£it the three piles and slipped flown over
the piles to & point below low water level. - It was supported at this level by -
timber clamps fixed at the correct level on the piles by a diver, The 8" ;
curtain wall was then cast upwards from the waling, monolithic with the cross bear
The cress beam, details of which are givan on 65L = 15, is designed to distribute
the loads from the four main members of the saperstructure Yo the three pilesy ¢
provision is made for recesses to carry bearing platés, the levels of which are

conveniently adjusted by means of the lower nuts carried by the holding down bolts
- see 65L - 12,

ABUDUNTS o

' The design of the abutnent calls tor 1ittle comment. - A% stated
prmonaly the eastern abutaemt = gee 65L-11 = is of the spill type and is suppor
ed by a spreed foundation, = Account was taken of the end reaction from the first
span and of the pressure of the £illing on the curtain wall in examining the
gtability of the structure. A feature of the design is the method of supporting
the pyloms from the main abutment foundation in order to evoid any difficuliies -
due to settlement of the rillin;. The western abuiment ‘is similar except for thi
foot that it is supported by three piles of the same dimensions as those used for
the piers. The piles are comnected by a concrete waling and curtain well which
reaches to high water levels = Above this the design is the semo as for the
ecastera abutmont. « R ' 4

’ A timber retaininx wall had prenouely been erected on the vestem
bank of the rﬁar opposite the wharfs and it was decided to continue this wall



b & a

round the face of the wos‘bern hridge abutment and. reclaim the area encloaed. o
two-fold purpose was thus served, a foundation for the westeran approach wes. pro—-
vided, and the scour in the river increamsed,  Continuous dredging is mecessary
40 remove sand deposited in the chamnel by tidal water and thus maintuin the re--
quired depth of water for shipa proceeding to the wharf imiediately below the
‘bridge, and this fact required considerstion in arriving at the most suitable
‘form of abutment, . The pressure of the filling on the sides of the curtain well
of the abulment also provided longitudinal ltability not only to the abutment but
t0 the bridge as a whole. Ry

BUPERSTRU Be |

' The superstructure provides a roadway 20 feet wide and two foot-:
paths each 4 feet wide, the overall width is 31 feet. It is on a slight grade,
being 21" lower at the nstern end, which improves the npproech grade to this end
of the bridge.  The bridge has a parabolic camber with a mid ordinate of 12%,
the deck is also cambered transversely to facilitate drainage.  As stated pre-
viously various types < superstructure were examined and a decision made in
favour of the composite leam type which showed a marked saving over other arrange=
ments., The loading adopted for design pur;poaod we.s the standard used by the
Department for a bridge providing two traffic lanes and comsists of & crusher

train of a total veight of 34; tons in one lane end @ 10 ton motor truck in the
other. The loads were uct taken to be in the centre of the respective traffic =
lanes but were placed in the position to give the meximum reaction to any one of .
‘the supporting mesbers and this reaction inereased by 154 to allow for impuct
effect, ' The distribution of live load:s to beams carrying a conerete deck slab
of comsiderable stiffness presents a problem of which very little information is
availuble and in the interests of accuracy and economy an effort wus made to
analyse this distributing effect of the slab, Aun account of this work will be
found in the paper published in the Joume.l and the calculation of the stiresses
- in the members of the superstructure of the Leven Bridge is given as an example
of the method of procedure for the design of composite slab end girder structures.
In arriving et a suitable thickness of deck slab and size of steel member it will.
be found best 10 select what appears to be a suitable uection, & simple matier
after some experience with thege designs and then take out the stresses due to the
dead and live loads, The section can then be adjusted to give the required .
working stress in the steel and concrete. This method was adopted in arriving
at the dimensions of themembers of the superi.ructure for the Leven Bridge and for
which the design calculations are given in the paper referred to. As this section
of the work is covered in the paper, to which reference should be madey it will - -
not be repeated here, In conjunction with the work on distribution deseribed in
the paper for which a 1/6th scals model of ome span of the bridge wus comStructed
and tested it .is interesting to refer to the resulis of a similar test to which
the first span of the Leven Bridge wa.s subjected the results of vhich are y.ven
. in Appendix 11, - ; ‘
By assuming that the stresses in the steel are undrorm through—
out the section, a favourable omdition for moximum loadings Prof. Burn has derived
the propping memeut recessary for this stress distribution and shown thet the
stresses in the concrete and steel can be expressed by simple. foruulae which are
‘independent of the propping system. The method provides a convenient means for
desizning @ sultable aection qu‘&okly. . The fonmlae are obtuned as follows.

' The proper'ti.ea ot the -ection may be oalmlated by replaci.ng the
concrete by ite equ:lvalent rtwl area. In figure 111.

) .~ Dand E ere the centroids of areas AY end Az
Bl Q B Lt U with individusl moments of inertias 1i and 1g.
“ 4 A ' o e is the centroid of the whole area then
;\'.;.1 : ﬁq‘m’m";:, hl.Azh £ hz Alh |

Aty & ; RLog A1+&z v _
The moment of inertxa of the whole is ' - : LNt e

{ = 11+12 +A7 By mg ng? .
= Litlp#4y Ag b

Aiféa :



Suppose the moments at some point in the span (generally the centre)

are;- ,
S, HD due to doad loads | =)
Mp due to formwork. . - ) : ; e :
My .due to live loads ) f.uken o P“#i'e' :
UP due to propping system ) e

Then the steel alone has to carry e bending moment Np My - up which
will genorally be negative es the propping moment excecds the others. ‘ |

- If Ny end Vp " are the fibre distances to the top and bottom of the
steely, the former negative end the latter positive and 1g thc moment of 1nertia

of the joist the tensile stresases are~-

At top of stoel (HD*MF'LP) %‘ At bottom of steel (HD+MF Vp ) Vz
2 , 82 PE N

Generally the former is tmsion (poaitive) and the laiter conprnsion (negative).

When the conerete is set the props and formwork are removed, which is in effect

equivalent to applying a’ poaitin momen't Up<MP %o the composite section,  If the
'Ltve load is then applied, the totai beucging acting on the section is

Mp = KpHiL,

If the steel fibre dintanm ere Vg3 and Vg to tho top and bottom and
1 is the moment of inertia ot the colbolita uction, the tmih l‘tmsea are

At top of steel. (uP = lip +lg ) 3

A ‘nottom of stool (mp-u,-mc ) V4

Adding . the strosses before and after propping the total ateel stresses are
&b top of steel (Mp+lp ~iip ) vl (Mp = Mp +37,) v3 ‘

At bottom of steel mn-rn - P) g (MP. Mgl )
e | lo

By equatins the above exprewiw the proppmg monet: 4o give ‘equal streue-
throughout the steel can be: found

(ip slig) (Vg e¥y . V=V ) Hp (Vz“'l ) e (V4 Yy )
o ¥ it e e
But Vg =V = 74-V3 = d the dopth of t'hé stocd
o o (N ) -1 )-
P F o, 2 .__.2.. .rq_
g

1-

Givinghp- Mp . Yp e IS

Subatltuting Hp = Hp from this exprusion in e&ther of the exprossion- a.bovo
gives the fina]. cteel stresses when cqua.lised. by e

MpVai My Wa o Mp Bigl v
= D2+L 4,_'_ DI:E_ cIA ’4
s c c‘f 8

(n reductzon of this expreuion 7
f5 = (ﬁnfﬁe‘).u : Vy = Vg 2
Ic - I. " LN :
The final conerete strosses aro those renulung forn the moment Lip.up LL
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lied to the: co;nposite- see:bian. If‘ v and Vf enara.lly both nesatlve) are the
re distances to the top and hotton of the slab, the concrete stresses are

top of slab - (Mp - luphL) vs

botiem " (i - Kpdly ) 76
e ’ n 1

substitu ing in these for tho value of tap = My required ‘o ‘equal'ise the steel
stresses , : s QR
fo (top) - (mnm % et T

_ U ig )

C

fo (bottom) - (M¥+E§) Sl
. alle - = IS) A

Although the actual shear. force between the steel and concrete is
given-in the Journal ‘also the bending Ment in the deck slab, the actual nature
of the reinforcing is not commented on, - The shear reinforeing is shown on 65L-
17 and © nsists of square reinforcing rods bent into the shape of hooks as
illustrated and electrically welded tothe top flange of the steel joist.  The
distribution of shear force & along the lomgitudinel member is shown disgramatic-
ally in Fig, 20C, and it is shown that the horizontal shear force at the top of
the steel seciion is for this section 4031734 The force for waich the stirrups
‘must be designed is found in this way and the usual practice of bending the
stirrups up &t an angle of 45° in two directions and designing them to carry this
horizontal force as a tension stress on the cross sectional eres was followed,

" end " square stirrups were used and the apaci.ng ntiod to prw.tde the
necessary nznforcunent. :

-

“The’ 24 x T R.S.Jol.ats requ;l.red lyuoing o make the length of 61fds
This splice was designed es a butt weld the webs and flanges being bevelled before
welding and cover plotes applied in the web to give an excess strength of 257 at
the splice over the strength of the joist itself., These plates were spaced to
distribute as far as possible the stresses in the web due to the attachment of the
plate to the webs, liore recent information indicates the importance of shaping
cover plates to reduce fatigue stresses due to alternating loads, experiments
having shown thet the strength of a member under this claaa of loading may even Dbe
reduced by attaching cover plates of improper design, ~ The’ cover plate on the
lower flunge is attached by a continuous weld designcd to prevent the effect of
weatbering and which gives ample strength; in this comnection it is of interest
$0 note that intermitient welding is subject to far higher futigue stressés under'
alternating loading than the continuous weld run and for this reason should be
avoided. The lemgth of this cover plate was determined by examining the stresses
on the section without the cover plate at points some distance from the centro
line, Provision is made for expa.naiom and contraction due to tempersture chnnges
in each gpun, On each pzer there are four rocker bearings carrying the ends of
the joists of the mext.,  The design of the bearings ism shown on 65L-12 and 65L-13
The reaction at each bearing is 26} tona and is transferred to & reinforcing mat. .
of 5" dimu, reinforeing rods cast in the concrete of the pier; ' a 10" length of a
standard 100 1b, rail with welded stiffeners was used for the fixed bearing, & one
inch diameter pin serving to fix the joist to the bearing.  The size of the
rocker of the movable bearing was obtained by using the formula P =600 D .where. .
P = load in lbs per lineal inch of rocker, D = dismeter of roller required. = The
rocker and also the shoe and bearing plate are of cast steel, tho height of the ..
bearing plates could be conveniently and ageurately fixed by adjusting the I‘wer
set of nuts on the holding down bolts before grouting in the plates and screwing
down the top set of nuis, A -ﬁ-" o‘kiﬁ‘mer is plaood between the flanges of the
joist directly over each hearz.ng. . :

The elasbicity of thc support.ms beams was teken into acéount in
designing the reinforcing for the deck slab and the live and dead load bending
moments for different parts of the slah calculated by the method outlined in
Section 4 of the Journal paper, ' The variation in stiffness of the beams for
different parts of the span aceounts for the variation in live load bending moment
which are expressed in terms of WL ~iand suanarised in the graph of Figure 11,
Mention is made of the method of distributing this moment over the effective
width of the slab. ’I'hie was dotcﬂﬂned as follows,



0. ; AR B A R LA

Foonm test results an effective ddth. e. of slabs on r;zid luppoz‘t- we find that 3

et the support. e » .71, In the following table ‘the pesitive bending moment in- -
the centre span of the deck slab due to a concentrated load is given in terms of
Wl - the velue of the woment is obtained by takingmoments of the external forces
which are the reactions, as obtuined from the corrected reaction diagram, due to
the applied load W,  The ratio of these moments to the moment at the support is
calculated and it is assumed that the offeotiva widih of the slab inorea.aee in
proportion to this ratioe. <

M . Ratio 1 : Effective Width

i at support - g
Support 17503 ' » % o7x 93- - 65"
G‘Pan +213 " e 1.32 «7x113 g &
&/8 %26 1,59 JIx148 ¢ = 104"
74 SRS (| L PR M A0 s ane
4 L4084 ¥ 2,31 <7x215 z 151"

e for different parts of ihe deck slab was ohtained by this means
and the quentity of stecl reinforcing ‘proportioned in terms of this efiective
width and the dead and live load moments, An inspection of the quantities
obtained enabled the reinforecing system detailed on drawing 65L-18 to be evolved,
At the centre of the deck sleb the meximum concrete stress in thetop of the slab
is 680 lbs, per sg. inch dueto longitudinel bemding giving a principle stress in
the vieinity of 1090 lbs, per sq, in¢h, The concrete mix was designed for anc .
ultimate strength of 3600 lbs,per sq. inch at 28 duys and thefollowing results
actually obtained, :

Mix Age | _ Average strongth : Hwaber of Blocks
144 14 - 3267 1bs, per 8qeinch 24

21 2219

28 4394 - | 14

An average of 5,93 cub.ft, of cm was used per cub,yd, of
concrete, : :

The deck slab is cast directly into a 7" x 3;" chamnel at the end
of each spen, = Some foru of cross member is necessery at this point to carry
wheel loads at the edge of the slab the assumption being made that the member
tokes half and the slab half - a 7" x 3" cheamel is found 'to serve this purpose.
and forms a convenient finish to the slab, The chamnel is bent to conform to
the transverse camber of the deck and supported on stools made up from 4" plate
and welded to the top flenge of the joist. Since the steel girders in this
composile type of bridge are rigidly comnected to the deck slab ithere is mo need
to provide bracing to carry wind loads end the practice hus been followed with this
bridge.  The concrete deck of thebridge carries a bitumastic wearing surfact §*
thick, the footwags are built up above the road level and surfaced with precast -
conorete slabs 2% thick, This type of footway allows of & saving in dead load to
be made., A light fence as protection from catile crossing the bridge is provided

‘bebween the fool and roadwey on the upsirean side of the bridge only. The mein.

ferce conslsts of reinforced precast concrete poats carrying a concrete cop on

the top of two 13" diameter pipe rails, The method of attaching the coping
simple manner and at the same time to provide a means of adjusting minor errors

in alignment of the posts.. ~The general principle of preczsting fence units etc.

has much to commend it as it provides = simple method of disposing of small
quantities of conecrete left in the mixer from time to time and eliminates delay

in constructing the fence when the rest. of ‘the bridge is ‘completed, Lights are

provided on each side of thebridge at th¢ abutments and the second and fifth piers;

the standards are of concrete and are precast,

‘* is designed to allow for expansion in the cop:l.ng
: ¢

.The site for the new Leven Bridge has been the subject of keen dis=
cussion and although the siie evemtually adopted has advantages from the point of
view of local traffic between the parts of the town on the two banks of the river,
it has serious disedvantages in that existing roads and reilways made it impossible
to fix the position of the bridge to provide a good approuch on the eastern side’ .
at a reasonable cost, ' Local interests pressed for the bfidge to be made a con-
tinnation of Reiby Street. - This proposal however was considered inadvisable owin



to the proximity of shipping end the damger-of bosts striking the bridge in the
gtrong tide, Feiling this site the nearest practicable one to it was suggesied
as the most Qooo;‘r‘bs_.‘blo‘., At any pointfgrther-upatream 2 level crossing in the

whorf reilwey line was ncoessary in place of the overhend crossing at the Reiby st,
site. L’iith’thiueuondition_,forya level crossing, and that the m a?proao{ ‘
grade end minimum curvaturé on the approach road should e 1 in 20 and lj chains

- respestively, the position of the bridge became & matter of lotation. : A sub=. -

sidiary approaching southerly direction at the castern end was also provided, but.
this was of minor importance, - On the western side the approach is straight with
eapy grades end involved the removal of a number of buildings and the construction
of & new street to comnect with the Main Coast Road approximately i mile frow the
western abutment. ' ‘ - '

Details of the arrangements of the approach on the Western side ag.
originally planned are shown on 65L-4,5 & 6, After construction work was com~
menced some alterations were made to provide easier grades at the entrance to
Reiby Street, and these are shown on 65L-8 & 22, - The stome filling in the banks -
of the approach rozds was carried up 2 feel above high waber merk to obviate any
chance of erosion of the filling by the tidal waters,

3, SONSTRUCTION.

Owing to difficulties comnected with the practice of carrying out
bridge foundation work by comiract, it has become the established practice in the
Department to do this work by day labour, in fact contracts are only let for work
wiich can be specified defintely and for which a rcasonable price is tendered.

The Leven Bridge however received speeial comsideration as far as the comtract
vergus -day labour question was concerned owing to the faet that particularly
acourate and careful work of an unfamiliar nature wis required in the prection
of the superstructure and also that the falsework required in commection with the
substructure work could be made to serve also for the superstructure, These and
other comsiderations influenced the Department in = decision to carry out the whole
-of the comstruction work by day labour, coniracis being let only for the supply
of materinls, The work was therefore orgasnised to allow camstruction of the
substructure to comumence from the eastern side followed by the construstion of the
superstructure from the seme end as the piers ware made ready for the beams. by thi
means the comstiruction period wes considerably reduced occupying only 10j months
" from its comuencement on Jomudry 9th 1934 to the official opening on November 26th

‘ Two methods of driving the conerete piles of the substructure sug-
gested themselves, one to drive the piles from & flooting plant and the other from
& Tixed falsework, ' The former idee was rejected owing to the difficulty due to -
@ 10 feet rise end fall of tide and the sirong current; a timber falsework was
therefore erected to carry the mein pile driving frame end equipment, the piles in
the falsework being driven in a convenient position to carry the screw jucks which
supplied the propping forces necessary for the erection of the composite beams of
the superstiructure. - The falsework wes designed to carry the load from the jacks
and support the pile frame as it was moved from pier to pier, At each pier the
falsework was strengthened considerably to allow for the extra weight of a pile,

the heaviest weighing 13 toms, and also to resist the effects of driving,
! : : . |

- The method of hamdling and driving the piles was influenced to somo
extent by the fact that although the piles were heavy end of comsiderable lemgth ..
necessitating heavy equipment the totel number to be driven was only 18§ it was .
obvious thereforey thet the cost of the actusl driving would be of minor importence
compared with the cost of equipment and the cost of erecting end moving it so that
speed in hendling end driving could well be sacrificed if the cost of plant wos =
- thereby reduced, The piles were cast on the western bink of the river, rolled om
to & punt and the punt fleated across to the falsework, A steel pilefrsme 5 feet
high carrying a 4 ton drop hammer and g double drum'friction winch, opercted by a
60 H.F, elcctric motor, was erected on the falsewcvk and gear rigged $o 1ift the
pile off the punt from the frame: itself using one drum of the winch'to®1ift thepile
and the other for the gear to piteh it. As the punt was available free of charge
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the cost of the pile drivnzg plant was thus reduced to a mnimum

Electric pover wus. su ed from & 69600 volt liao and tmnfomed to
415 volis by a transfgmer at themr)uelding bay on the western side of the river.
An insulcted 3 phase line wos run across the river parallel. to the bridge from
this point end tapped et various points to supply power to the eleciric motor
driving the winch on the pile frame and to a welding machine used at a later stage
on the bridge deck, A second wel machine of sufficient up&dty to provido
for two welders was located at the w ding bay itself.

Other machinery used on the work was part of the norml plant carried
by the Department and ma.ngod as self-contained units,

leterial,

Contracts were let for the supply of all materials delivered to
Ulverstone,  Sand, cement andtimber were delivered by rail and the steel by boat
to the wharf, This steel was picked up from the wharf by the pumt, shipped
across the river and transported on a light rail track Yo the welding bay, where
it was stacked ready for fabrication, The steam crane on the punt was of suf-
ficient cepacity to load the steel beams from the wharf end directly to trucks
after transportation to the western side of the river. A timber derrick of
4 ton capacity, hand operated; was provided in the welding bay for unleading this
steel from the trucks and also for moving the beams about in the process of -
fabrication, The same derrick served to load the beams on to trucks on a line
- ruaaing ecross the falsework used for placing the beam in position on the bridge.

Falsework.

The falsework, as stated previously, served the duel purpose of
carrying the pile driving gear for .the concrete piles and the screw jucks which
provided the propping forees at the centre and the quarter points of each span,
The weight of the driving equipment was approximately 30 toms, exclusive of the
pile which had a maximum weight of 13 tons, the prop load to each beam was 13.30
tons at the cenire and 8,57 tons at the quarter points of each speny - the general
arrangement of the falsework to carry these londs is shown on plan 65L-16, but
some additionzl piles were driven to facilitate the removal of the frame from
pier to pier, All the piles in the falsework were driven from the punt by a gang
of four men at an average rate of 7 per day, some difficulty was experienced in
keeping them sccurstely in pdsition owing to the strong current and this accounted
for some delay., = The piles were all driven about 10 foet with a 30 cwt. drop
hemmer, They were not shod but simply pointed with an axe, (ne set of piles
in the sixth bay was omitted to allow for river traffic to use this opening and
wes nol driven until the falsework had been rmond from tho second bay to allow
boats to pass under the bridgo lt this point.

A second gang wofk-d across the rinr bracing the piles of the :uu- :
work and sawing off the piles to the correct level. The falsework between the
piers was not all braced at-once to allow the frame to be shifted, two bays were
constructed to allow for this operation and after the frame had been moved the
timber was transferred to the next unbraced bay and so on. Eventually when the
falsework hoed to be removedy the braces were wibolted and ‘taken ashore and & small
charge placed in a hole bored in the pile at ground level by a diver. The gharge
was exploded by a submarine detonator andthe pile removed,  This was found to be
& simpler method than drawing the pile or uﬂ.ng it off, A few of the piles were
with-drawm, however, and used a second time, -

Boring.

: When the or:l.g:l.nnl onmimti.m ot tho bridge site was mado test boru :
at one chain intervals were put down along the centre line of the bridge. A hand
boring plant consisting of ahollowdrill through which water was pumped at & pressure
of approximetely 100 lbs per sqe. inch, was used for this purpose., Where the
material was of a sandy nature or contained fine shingle & steel casing wes used
to prevent the drill from jaming, Different bits were used onm the drill accord-
ing to the nature of the material, but the calyx bit was generally found to be
most suitable, - This preliminary boring was done from @ punty it served to indi-
cate in a zmeral way the nature of the material in the r!l.'ni' bed and from the
informetion obtained the best type of substructure could be selected with confid-
ence, It might also be menthmed that the results ohtu.&nod indicated tho



" Sepepitiatd inparbalies umm« equipment utmm foundation
“material for bridges, A provious atteupt to bore the river on a site close to ;

-the on¢ adopted apperéntly showed solid roek ‘within a fow feet .of the surface =
‘an s onet mum :ar 'duuh wasuitablo ‘qnipant wes repponsibles

i'rqtho wump obtaiaeduarnult of this work the concrets
pn. mbﬂructunm adopted but there was so much variation in the materiel of -
the river bed that additiomal boring to debermine the actual lengthe of piles
,mummmnmm “the positid $ had

iu deiven: ‘nn mtiu'"i difh".*ﬁﬁmd mtod a thormgh M@ﬁm in thig.
 ease tho infornation being of value botli in deteruining the lengtus of tho piles

#

The serpentine was atmppiag at this pler as shown on 65L-9 and
at low tide was about & ‘foot out of the wuter, It was only necessary to oxcavute
deop enough to m pouxbu;tf qf’;w due to scour and this work wag

done betwoen tides, um:mumuiuamem thoommuwinorder

and placed a& pmu cmm units, Provided the reinforeing 1s not 400 |\
hoavy the steel yard is the best agé to do this work, as the time of nbr:l.catim
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can be reducod by thst means partieularly 1: a mmher or umu ni.'tl have to bo
made, There is very little to choose botween tying and welding for holding: the
reinforcing in position.  If a grid is to be moved about it will be a simpler.

job to use the welding - it should be noted too that additional reinforcing is.
often necossary to emable the grid to be moved without damage = but fabrication ..
with the tie wire is as cheap and is to be preferred in that the section of the
reinforcing rod is not reduced as is gemerally the case with the welded connection,
A combination of tying end welding was used on the Leven Bridge according to the
nature and situation of‘tho wrk.

Eiles = Msnufacture.

The main rods for the puo reinforcing ;ridl were bought in 30 feet
lengths and had therefore at least one join in the length of the piles A buti
weld was used for this join and in addition. some rods that had been cut to waste
were put in at the splice, - The main rods were spaced on jigs end the hoop -
reinforcing and stirrups, which had previously been bent to shape were slipped
on and tack welded at the correct spacing along the length of the pile. The \
ends of the main rods were buti welded to the casi stool shoe care being taken to
£ix the shoe symmetrically om the end of the rods, - The whole of the fabrication

of the reinforeing grids was done by electric welding speciel electrodes suitable

for striking an are quickly being used. This is important because with some
classes of electrods practically ms much time is taken up trying to strike an are
as in actual welding, Care is necessary to see that the grids are not damaged
when they are moved into the forms before concreting, either they should be
designed to resist the stresses involved when they are lifted at one or two points
only or adequate supports along the whole length of the grid should be provided
during every atage of their transfer from the nlding bay to the forms,

NP A mting be.y for the piles was located on the reclaimed lend
on the western bank of the riverjy the reclaimed motericl wis m mixture of sand
and river shingle and therefore provided an excellent foundation, 9" x 3"
timbers previously used for the cofferdam round the eastern abutment were founded
‘on the sand at 2 feet cenires and levelled with a surveyors level, 6" x 4"
timbers at 2 feet centres were then placed at right angles on theése and the
forus for the piles built up on this foundstion., The boxing for each pile was
made 26 & separate unit although the opposite sides of the vertieal posts between
the piles carried the boxing for acuaceut piles.

The concrete aggro;-.tea used for the piles and all other parts-
of the work consisted of crushed beach shingle and sand obteined from the Blyth
River 10 miles away., The course aggregate was crushed from the particularly
hard round stone which abqunds on the N.W.Goast beaches, only pieces which would
be retained on a 6" screen being useds It was crushed to 2" to #* “crusher run"
for everything except the piles for which the speciﬁcatim called for crusher run
metel of 13" to 4*. Although the reinforcing in the piles was closely spaced it
was found possible to use the large agiregate and as higher strength was possible
with this, et least a proportion was used and the surplus 13" aggregate placed:
elsewhere, The sand is recogniued as of first class quality and calls for littlo
comments The mixture used was approximetely 1:1J:3} a.nd considering that no.
mechonical aids for tamping were aveilable the high strengths indicated by the
test blocks are very satisfactory. A ‘number of eylindrical blocks either 10" x 5%
or 12" x 6" were cast whenever concrete was placed and details of the mix, age, '

compressive strength ete. reeorded, A synopsis of the results of test blocks
taken from the piles is given on P. 2. :

« The slump test was not used in any of the work as the mixing,
placing etc. was in the hands of experienced men who were conversent not only with
the methods in use but also with the aggregates.  The quantity of water was cut
to & minimum and particular attemtion given to tamping end ramuing the conerete
into the forms. The latter feature no doubt accounts to some extenmt for the high
strengths obtd ned but extensive testing on & large number of other bridges with
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" Cyarious aggregates and proceedure in mixing and placing has indicoted that the
crusher run course aggregates and Blythe River sand used on the Leven Rridge

are the best obtainable locally and if these are used under close supervisiony ..

28 day strengths of 4,000 lbs per sg, inch with & nominal 1:2:4 mix can be
gueranteed. The piles were covered with jute bags after the concrete was placod .
and hosed three times a day for a week after caetlng. :

As only a linited number of piles were required there was no neces~
sity to shift them until they were to be driven, Owing to their length and
weight particular care was necessary to avoid the development of tension cracks

in the concrete due to handling stresses, the punt previously used for driving
the timber piles of the falsework was fitted with supporting bearers and skids
placed from the edge of the pile casting bay to the bearers on the punt. - Two
hand winches were rigged on the side of the punt farthest from the pile and when
the tide brought the top of the bearers to the same level as the bearers on the
casting bay the pile was rolled on to the punt by winding in wire ropes run from
the winches <o the pile, a turm being taken round the latier, = To prevent the
pile from buuping as it was rolled towards the punt two additional guye were
taken from the pile to be moved to the adjacent pile on the casting bay., The
guys were pusced round this pile and payed out &s the other was rolled forward
by the winch ropes, The general arrangement is clearly indicated in one of the
photos. of Appemdix 111. As the lengths of ‘the piles had previously been deter- -
mined from the borings and the piles cast on the casting bay in the order they

would be required for driving neo difficulty was experienced in obtuining the pile
required without the services of & Hfting crane. \

A pile having been transzerred to the punt the latter wa.s
warped across the river and moored ageinst the falsework at the pier over ‘which
the pile freme was situated. . As stated in the section on design, a 24 x 7"

steel joist was used as a stiff back for lifting the piles; it was kept on the
punt and lifted on the uppermost face of the octagonal pile by a rope from the
pile frame !herc it was secured by four wire ropes long enough to pass completely
round the pile and stiff back twice and spaced at intervals along the length of
the pile, Each rope was clamped back on itself and tightened by driving timber -
wedges under the rope at the top flange of the stiff back, FPieces of timber two
inches thick were placed between the pile and stiff baek to allew the head gear
which was attacked to the pile alonme to be fixed without fauling the stiff. back.
These details can be seen in photo No 26; i

The steel p!.le t‘tamo. 65 feet in height and 168t x 201t at the bam
was erected ou two 24 x 7" steel joists 50 fect in length placed symetrically .
on either side of the centre line of No 2 Pier, Rails were welded to the top-
flanges of these joists and steel shoés put on the rails under the main members of
the base of the frame, ' The winch and gear operating it was mounted on the back
‘of the frame iteelf and by rigging the necessary geur the whole frame could be
trawersed on the rails by winding in a rope running from the friction winch on .
the frame to the joists supporting it. Originally this frame was equiped with .
‘wheels which were attached to the base of the frame and served to itraverse it on
rails but experience has shown that it is more n&ilfaotvry when driving piles
to have the freme solidly supported and’ depend on sliding it whem it has to be
moved, The frame then was traversed to the downstream side of the falsework and
after 1lifting end fixing the monkey and dolley at the top of the frame one gear
was attached to the bridge for lifting the pile, and the second directly to the
head of the pile for pitehing j.*t. Three heavy strops were passed
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B

timu mmmmg effect h-mhgru.m d.thamvy
Mmrthh-ithanzm for the same energy of blowy and the risk of
the yih is considerably greater with a light hamuer and o M.sh velocity tham with

Bumer ol  W4P V¥ Kb ofter inpact Kok 105t by
wed gt , impaci.
tons feet tons ﬂ/ou. ft/sece £t tons pA

20 14 3548 2e6 1.43 el 92,9

1
E ‘10 15 4543 344 2466 18,3 8647
4 5 17 17.9 4.2 4470 L“ded 7645
6 3,33 19 14,6 4.6 Ga3l 31.5 6845
8

2620 21 12.6 4.8 762 38,1 619

& houvy hwmer and e smedl f2ll, . The fiqures elso show that auy pile formule
based directly on the product of hamuer weight end fall is misleadinge Fige ¢
shows o graph of driving emergy plotted aguinst the weight of {the hawser expressed
a8 u percentage of the weight of the pile, Ia practice the driving energy is
decroused by the emergy required to overcome friction end the elastic compression
in the pile iteelf so thet the resulting effeciive driving cuergy at the pile
point is indicated by some such curve as the dotted oney wnich shows that over a
certain range of weight ratioc of hammer and pile there can be no driving, and tht
1ncrue.u in the weight of the hammer has & very great effect.

: The Brix pile formulae is a driving resistence formula -hich taku
acwunt of the weight of the pile but no allowance is mude for work done in com-
precoing the dolley and packing or in compressing the pile itself but to offset
this the available cnergy of the drop hammer after impact is neglected.  This
foruuls gives good results for sets greater tham 3, Hiley has gone a step
further and mukes ellowance for these items, also ror loss of emergy due to
errors in centring the pile and due to lengitudinal vibratioms,
The formulase is
Roe 2k, x  _WrPL?

8 + £ wW+P
P

whero altimete driviang resistence (toms)

oquivalent hedght of free foll of hamuer,

set per blow im driviag (inches)

equivalent compression in pile and dolleys -

coefficient of resfitution of dolliey. .

A 4 ton hommer wes used at the Leven and tha pilas drivoa to e
set of 1 iueh for the lust 7 blows with a 4 foot drop; imserting in the formula

the other constants applicuble for the conditions of driving

] -3 M’xﬁg% X o24.
ot 4 W1 !

s 100 tons.

nh o x
L4 NN

It is recogwised thot this formulac g;tvu a rc.uublo osthato of the
driving resistance for all values of the setwhich more recent work hes shown to
tondy i cnything, to the conservalive side for swall values, A8 the piles were
driven to & rock bottom with the mssistence of the water jed, and the set measure
before the effects of the wuter had entirely disappecred it -was considered that
there weg no Justification im driving the piles to & swaller aset than the average
madopted of .14 * for each of the last seven blows, The pilee were oll driven
to the sume sel alihough the shorter piles would :I.ndieato a -oaevhnt hishw driv-
1ng resistonce from the formula,

Particular cure was necessary to seo thut the clollcy rotamed 8-
lynmtrzoal position on the hoad of the pile. The dolley wus of cast steel with
& blue gum block in the top section and packing between the-central diaphrem and
the head of the pile. The most effective arrangement of the packing was found
to consist of two layers of pine deparated by one of hurdwood with woodwool
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eufficient rolless being used to.redice the bending moment in the pile to the
required limit, and brought opposite the pile [reame by which it was urtod from
its supports and pitched ready Ior driving.. . s

An acourate driving rocord was hm iar eaoh pi].o showing the
number of blows, height of dropy jet pressure at various stages of the driving
and 80 on, Curves have been piotted from these results showing peaetration of
pile per fool 1b of energy delivered for various sizes of jet but the material

wag of such a varigated nature thet no useful conclusions can be detived fram
thm, About 2,000 blows of 3 fect drop ‘was en average value for the number

of blows required before the specificd set was obtained but very often helf the
blows were spént in negotiating thin layors of ghingle or:boulderss The water
jet was kept in action until the pile had reached a perietration sufficient to
bring it on to a sound foundation as indicated by the test bore, it was then
turned off end the driving continued under the hammer alome, For some cases,
where the point of the pile had not reached solid pock, the additional peneiration
after the water was turned off was only a few inches, which illustrates the
ot.‘toctivemssa of the jet. ;

. A number of the piles developed small crackl during the driving
perticularly in the early stages of the work, The hard driving required to
force the pile through the surface shingle was rupomiblo for some of these but
the chief cause was from the restraint placed on the piles to prevent them
from running, This can be overcome im most instemces by the use of external
jets but here they were only of limited value, Even if the pile is allowed
to follow a direction other than the vertical without restriction damage can be
expected near thc head of the pile owing to the fact that the freme is fixed,
~Both the position and the d:trootion of the guides would need to be adjustable
to overcome this trouble,  However the cracks were not serious and had it not
‘been for the large cover alloud on the steel would probably mot have been
visable, regular inspection both above and below water level shows that most of
these have now disappeared. In no case was it considered necessary to sleeve
the pile, ' : PEL T : -

Any length of pile projecting above the level of the felsework wes
removed by chipping the concrete away from the main reinforcing rods with gads
and then cutting the rode with an oxy torch. The piece was then easily pulled
off, Instead of casting the comcrete walings on the shore as was originally
intended these were cast diréctly over the three piles of the pier, a piete of
the curiain wall ebout three feect in height being cast on the waling between the
piles, Sufficient clearance was left round the piles to allow the waling to be
lowered by two chain blocks om to three timber eclamps placed at the required
level, one on each pile, by a diver. = The space between the waling end the piles
was filled with concrete placed through the water at lowtide and the curtain well -
extended and ¢ast monolithic with the cross beam, When the concrete was sét the
clamps were removed from the piles and transferred to the next pier.  Considerable
adventage was geined by pre-casting some of the curta n wall on the slab as only
the spring tides were low enough to allow work et this level to be done in the
dry. The yéimforcing grids for the cross beams were fabricated in the steel
yard but for convenience in handling were made in two pieces. 13" diam, rods
were welded to those of the saue size in the piles to run into the crossbeams to
ensure adequate bond between these mambers, The holding down bolts for the beare
ing plates were cast in position in the top of the pier the lower of the two nuts
on each bolt providing a particularly convenient method of adjusting the levels of
the plates. The level of the plate having been obtained it was removed and the
space underneath filled with cement mortar, on replacing the plate and screwing
down the top aet of nuts the ‘excess mortar was squeezed round the aidea of the
plat.o

Wo

. The whole of the atrixctura.l and reinforeing steel required for the
_oupcra’truc'ture was stacked adjacent t6 the crane im the steel yard, A welding
bey was constructed on & timber foundatioh and two lengths of the steel beams
set up in position on the bay ready for splicing. The beams were cut to length
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o.nd the anda propa?od t‘or wolding by a mechaninlly o;erated oxy-acctyleno
torchy the cubs were hend fimished before being welded,  The cover platu, N
splice plates etc, wers all cut o shapé with the torch and welded in position
while the beams were on the welding bay, uThe syuire stirrups were bent by hand
with the use of & jig and set in position by a template, first just 'being tacked :
in position and Tinally welded afterwards, It was-found advantageous . ..
to use extra fluxed electrodes for this work the E.i,F, electrodes of this type
glving “satisfaction, For all other work excepting the reinforecing grids
for whigh rods designed for ease in striking the arc were used, the New Era
electrodes manufactured by the EJi.F. Co. were used, . The stirrups were put
on whily the beam was still on the welding bay, no difficulty being encountered
in handling the beams afterwards. On completion of this phase of the work the
member was placed on two bogey trucks carried by & line running across the
falsework and haule? into position on the various spans, By fabricating the
steel work end Mmetpm' beams of each span in position as each pier
was completed the ‘difficultics attached to moving the beams over the tops of a
number of piers were avoeided, Only one track was used for teking out the
beams, greasod timber plagced on the top of the piers serving as a base to slide
the beams from this track to their respective laterel positiens in the spen.

Having welded the fixed benring in position on the baaring plate
11; wes 8 uinwle matter to drop this end of the beam into position and thus sei
the other end om the rocker, = The four beams were then comnected by the 7 x 3%
channel by weldiag the chaamel to the stools which were already in position on
the webs of the joist., When the deck concrete had set the bolts were removed
and theholes filled up with weld metal, In addition to these bolts reinforc-
ugrodnnrouldodtothenanpofmhmnmawportmdtoamtmat ,
a point ten or fifteen fect from the pier, a few of these braces wug lufficim
to t’ix the diraction of the beams umtil the cmcﬂto was set. e

! Heavy timbor besms meross the top of each set of four piles

. provided the propping forces éaleouldted imithe section on design, The four
Jjacke at the centre of the spun were placed ia position first and the beams
Jacked up the required amount; the eunds of the beums were held on the bearing
plates by steel clamps ettached to the concrete cap of the pier and all measure-
ments teken from & datum level established by streteliing 22 gauge piano wires
_between the piers a fow inches direetly benme=th each beams  The jacks at the
quarter points were brought into comtact with the botiom Mo of the beams
and then thedistaence between datum and the flange at each jack checked and
tabulated for reference. These measureaents were checked at imtervals while
the deck concrete was being placed and any alterations necessery were nade b{n
adjusting the jacks., It was found better to set the. ,jacks a little higher

the first instance as the load was sufficient to cause a loss in height of about
f‘ in the supports, in any case it was easier to lower the Jack then 1o rodsé

t. All the jacks were of the screw type of 15 tons load eapacity.,

The boxing for the under nde of the deck was made up in thn form
of shuttors froam §* hardwood flooring supported from bearers placed on the lower
flanges of the beum. By handling the shutters sarefully and painting with
0il each time they were used the one complete set lasted for the seven ‘gpans,
as a result the cost of this work was kept et a minimum, = The jacks were not
renoved until the test blocks indigated e strength of 3.000 1bs per sqe. inch -
in the deck oonorete, the precast fence posts were then set in position and
cast. into the kerb., In each pemel of the fence a bresk was.smiade in the kerb--
to relieve the compressive strength at the Yop of the kerb due to bending under
live loads If the pipe rail is throaded through the holes in the posts before .
the Kerb is cast it saves any diffieulty in doing this afterwards due to nlight
errors in aligmment, The posts. in phe toww fence wers a.lno set up in
position before auy of the kerb was cast, '-

48 cub!.c yards ot concrete were pla«d :b: each spam of the deck
in one operation. Two petrol drivea concrete mixers and a gang of twenty mem
placed this conaraie in about seven hours, the whcaa of the work being done
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from the eastern side to avoid litting 'the concrete from the 1evel ot ‘I:ho talae-
work to the level of the deck which would have been necessary from the other. end..
The mixing plant wes moved out on to the deck after two Spens had been cast in..
order to reduce the distance over. which the concrete ‘had to be barrowed.  Al~
though the reinforeing systen in the deck slab was fairly complicated no ditfienlt;
was experienced in placing conecrete containing 2" metaly use was made of hen.ry
tamping rods to assist in placing the concrete the continuel ramming of these
heavy roda givinx a yery aatinfaﬂory .,ob. -

As successive npm of the deck m. cast the beams were cleaned
and painted and the teaporary falsework removed. 4 primer knowm commercially
as "Fishoilene" was applied to the stecl first and them followed by a coat of
eluninium paint, This paint is exclusively used by the Department for either
high or pony type through trusses owing to the excellent lighting effect given
the trusses by reflection from car lights and as it has given aatiahctory
gervice as a p.int it is also used for steelwork i.n other bridaea. “

MCHES .

The stone. filling of the oa.rtom npproach was placed by contrac't,
also -some of the earth filling at both emnds of the bridge, These contracts were
schedule rate comtracts the metericl being paid for at so much per eubic yard
measured wither in position or in trucks as specified, Other than some stone for
the retaining wall on the eastern side and for the road foundation which was

_obtained by comtract the whole of the remsining work was done by day labour, ' :
This proved a convenient method as it formed a stock job for a number of labourers
which were only required on the bridge deck when concrete was being placeds  The
work of demolition of buildings, road eonstruction ef.c. was all straight forward
and oalls for little ccmant.

o8 T 8

An accurate co:‘ting system was maintuinod throughout the whole of
the period of comstruction as it was realised that the information obtained would

be of particular value in estimating the cost of fulure work., This information
however is not available for inclusion in this thesis, but it is of interest to

note that the actual cost of the bridge was slightly less than the estimate,

AEFENDIX 1l

> As the design of the longitudinal menbers and the reinforcing of tho
deok slab was based on the test results obtained from the 1/6th seale modol of
the bridge it was of iuterest 1o check these resuils by making a similar test on
the bridge after it has been comstructed, The first span was selected for this
test and the 4 ton hammer applied as o concentrated load at points on the centre
line of the span the deflections of the lomgitudiml members for each position
of the load VYeing measured by p.uges.

- The gauges were set np. the hammer moved into the firet position and .
the resulting Jdeflections indicated by the gauges recorded. Owing to the weight
of the hammer and the consequent difficuliy in moving it about it was necessary
to reduce this movement to o minimum, the¢ hammer wes theréfore moved aci'oss the
deck in sleps, the gauges being read at gﬁh position, and finally removed from
the span, It was found them that the zero error in the gauges was sufficient to:
render the previous readings valueless, This error was traced to the effect of
atmospheric temperature chunges above and below the deck, the deflections produced
by the normal temperature changes in a few hours being greater than t{hose due to
the hammer itself, This difficuliy was partly overcome by setting the gamges at
zero, loading the hammer in ome particular position and then removing the hammer
from the span to check up any zere error, This process was slow but aufficient
informetion was obtained by this means to indicate the form of the influence lines
for reactions. The influence line diagram plotted from the results is sub-
stantially the same as that obitained from & similar test on the model the results
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of which are given 1n Table 11. :ln the Jom'nal m ﬁagrm are superimposed
in Fisuro S _ .

I.ry uttla uofnl 1nf9mtion can be o‘b't;aired frm & 'hat vh.i.ch

'imlvos the undo{,u load &t a number of points, the complicated distribution

of these loads remdering the results unintelligabley this fact accounts for the
use of the concentrated load in the above test. It might be noted that the ....
deflections measured for this type of structure for a given load are invariebly
less than those indicated by deflection formula, The cluticity of the otmcturc
under load was & feature o£ the Leven Bﬁdgo tut.

: 0t Ancattenpt was made to obtain some check on the doﬂuotim oaund
by atmospheric temperature changes. Figure 6. shows & graph of deflections
of the two inside beams plotted against time and shows how the deck sleb rises
as the surface concrete expands due to the inereased temperature, It is worth
noting that these deflections exceed those due to the 4 ton hammer used for the
distribution test but whether they involve any strese in the meterial of the '
supersiructure depends on the distribution of temperature through the concrete

~deck and steel beams, If the temperature distribution between the dock surface

and the bottom of the steel beam is linear them there is no stress but if the
temperature distribution from the top to the bottom of the sleb is linear and
the temperature in the stesl constent - @ more probable arrangement - then

tomperature stresses are involved and these can be calculated, Observations
indicate that the differenmce in. tmpero.tnro batvoen the tnp and bottou of the

"slabnightbeumnohuwre
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The Demgn and Construction of Composite Slab
| | and Girder Bridges.

By ALLAN WaLToN KNIGHT, B.Sc. B.E.

’

Funior.*

Summary. —The paper deals with the design of composite slab and girder bridges under the following headings :—

1. Introduction ; 2. Notation; 3. Properties of the longitudinal member ; 4. Application to bridge design; 5. Construction of com-
posite beam bridges ; 6. Economics of the structure ; 7. Conclusion and 8. Acknowledgment.

An Appendix deals with the question of continuous beams on elastic supports

1. INTRODUCTION.

In an attempt to develop economic methods for the
design and construction of single and double track road
bridges; close attention has been paid to this phase of the
Public Works Department’s activities in connection with
the replacement of. the wooden bridges throughout Tas-
mania by permanent structures.

The introduction of concrete slab decks for bridges
has made a thorough investigation into the methods of
design developed for timber decks and later applied ‘to
concrete decks essential. Despite the apparent simplicity
of the problem, it becomes, in reality, extremely complicated
owing to the complex nature of the distribution of a slab
deck to elastic beams acting as supports.

In a papert by G. D. Balsille, A.M.I.E.Aust., a de-

*This paper No. 470, originated in the Tasmania Division of The Institution
and will be presented before the Engmccnng Conference in Hobart in February,
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'I'See THE JOURNAL, Vol. s, No 2, February, 1933, p. 60.

o

scnptlon was given of the emstmg data and methods avail-
able for the design of simple bridges with concrete decks.
In a second paper dealing with the distributing effect of
the slab, read before the Tasmania Division of The In-

“stitution, an experimental method of obtaining the re-

actions -to longitudinal supporting members for various
ratios of stiffness of slab to beams was.described.

Though closely allied to the distribution probfems
of the above papers, this paper is mainly a discussion of
matters concerning the design and construction of a new
type of bridge which consists of steel beams, in the direction

. of the span, carrying a concrete deck, which, with the steel,

forms composite beams, the horizontal shearing forces in
the section being provided for by the introduction of suit-
able steel reinforcement. The main features of the type
of bridge to be described, as compared with other forms
of road bndges, are :—

(1) The increased economy due to:

(a) the more effective use of the concrete of the deck slab;



In trusses of moderate span where the height is insufhicient
to allow of top sway bracing being used, the top chords must have
sufficient transverse stiffness to prevent failure by buckling. This
stiffness is provided partly by the member itself and partly by the
web members, which provide an elastic resxstance at each panel
point.

First taking the case where the top chord is Cons1dered as hinged
at the panel points, and suppose that the web system offers equal
elastic resistance at each panel point, given by W = Cy, where y
is the displacement.

If P be the thrust in the top chord, ! the panel length, and
Y15 ¥2 and y; displacements at three successive panel points, then

P
Wz=7(2yz — 3y — ¥ =Cu,

C—~—< yx‘*‘)’z)

By making successive deflections equal in magnitude and of opposue
sign the maximum stiffness required becomes C =4 P/l. In
practice, this would be multiplied by a factor to provide a suitable
margin of safety.

When the top chord is continuous, the stiffness required at
the supports is obviously less than when the joints are hinged.
It does not necessarily follow, however, that the lowest buckling
load’ occurs when the panel point deflections are alternately e
and gpposne, since this mvolves the greatest bending of t,
chor

An exact analysis is difficult, but an approxi
the buckling load may be made by assuming t
of the web members uniformly distributed
of being concentrated at the panel poi

If the elastic resistance per unjs-fength is w = c y, it can be

shown that the member bends j
half wave of this curve be L,

so that

top

estimate of
elastic resistance
g the chord instead

e buckling load is found to be :—
7*El cL?

L Ex

feasonably assumed that the length of the half wave
‘that the buckling load is a minimum. This length

It may
will be

2 sine curve. If the length of a

VLo lliday UL UUICITILIL al Wllititdll pPaliel pulllito, LlIC aUUVe Itodlb
may be applied in the design of open type bridges with some further
margin of safety if the maximum thrust is used and the highest
vertical members taken in determining the stiffness.

In calculating stiffness, flexure of cross members as well as

- of posts should be taken into account, and’it is advisable to neglect

the stiffness due to diagonal web members, which will generally be
small.

It must not be forgotten that the results given concern th
ling or critical loads, and that adequate factors of safety 1
be applied. .

APPENDIX II.
By G. D. BaL
ublic Works Department in the

ded bridges has pointed to the fol-
s 1—

The experience gained by
design and construction of
lowing tentative conclusi

TRUSSES VERSUS Low TRUSSES.

to the greater homogeneity of welded work and its
for transmitting vibration owing to the lack of “ damping
> effect due to slip of joints, it would appear that stiffness of
trusses should be given more- consideration than in riveted work.
This points to the adoption of the high truss in welded work when the
field is now taken by the low truss in riveted work. The reduction of
dead weight of some 209% to 309, of steel weight also lessens the
inertia of the structure as a whole, and for similar live loading calls
for a greater moment of inertia.

It is possible that the field of high trusses will extend, certainly

to the 100 feet span with 20 feet panel, and probably down to the
90 feet span with 18 feet panel, and p0831bly down to the 8o feet

~span with 16 feet panel.

- ECONOMICAL PANEL LENGTH.

Economy points to the adoption of the larger panel.
Truss work is costly, but the floor system is relatively cheap,

particularly where the floorbeams can be carried on top of the bottom

o

-
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~ (b) the uniform tensile stress throughout the steel and
(c) the smtabxhty of rolled, as against more costly fabncated
© ° sections, for relatively long spans. :
(2) The absence of unsightly deflections.

2. NOTATION

I moment of inertia (inches ‘)
Z . modulus of resistance . (inches %)
E; . Young’s modulus for steel - ‘
E,-  Young’s modulus for concrete

. Eg .

n ratio A
fshear shear stress (Ib. per sq. in.)

o steel stress (lb. per sq. in.) .
fe concrete stress (Ib. per sq. in.) *

bending’ moment (inch tons)
P propping force (tons)

S vertical shear. force (tons):

s horizontal shear force (tons)

¥ distance from neutral axis to any layer (inches)

w, weight of beam, cover plate and stirrups (tons per ft: run)
Wy weight of formwork and déck slab (tons per ft. run) .
wy; - weight of formwork alone (tons per ft. run)

3 deflection (inches)

'3. PROPERTIES OF THE LONGITUDINAL MEMBER.

In théi'type of bridge which consists of a concrete slab

supported by steel joists, a type which is very economical
owing to the simplicity of the formwork, the concrete slab
itself acts as a beam in the direction of the span with the
piers or abutments as supports. Experiments have shown

that the adhesion between the concrete and the upper face -

of the flanges of the joists is practically negligible, thus it
can be assumed that the joists and slab bend independently
of one another. The modulus of the section as a whole is
therefore the sum of the moduli of the steel and concrete
sections. The introduction of suitable shear reinforcing
at the surface of contact of the steel and concrete serves to
transform the section composed of two independent parts
as described above to a composite section of greatly in-
creased strength. This is the basic principle involved in
the design of the particular type of bridge with which this
paper is concerned.

Thus the longitudinal member consists of a steel beam
connected to a slab of concrete, and its form must be such
as to allow it to act as the main supporting member and at
the same time as the deck slab. As far as the steel section
is concerned, a rolled steel joist is suitable both on the
grounds of its suitability for supporting the formwork and of
economy. Steel stirrups electrically welded to the top
flange provide the shear reinforcing.

The concrete section must be symmetrical, the thxck-

ness of the concrete being proportioned from considerations
of deck slab design. Small variations in the thickness of
the deck slab have only a small effect on the concrete stress
due to longitudinal bending owing to the fact that this
variation in thickness alters the value of y. (max.) for the
section. If it is necessary to reduce the maximum concrete
stress the width of the section of the slab attached to each

beam must be increased. The introduction of a concrete

haunch between the joist flange and the slab greatly increases
the modulus of the composite section and more than offsets
the increased costof formwork. The fact that a symmetrical
section is required necessitating cantilever supports to the
formwork for the outside members is to some extent an
advantage in that the distribution of dead load to the longi-
tudinal members is approximately the same for each. - It
therefore obviates the necessity of special methods of

construction necessary- to -ensure that the - distribution .
of the dead load of the liquid mass. of concrete’is the same
as for the concrete in the form of a stiff slab—the form
_for which ‘the most economical design of the longitudinal
“members can be obtained.

A typical :section is shown in F1g 1. It consists of a
24 1in. X 7% in. x°90 lb. rolled steel joist carrying a 6 in. x £ in..
cover plate welded to the bottom flange, a 7} in. concrete
haunch with side slopes of 45° and a 7 in. slab with a width
of 93 in. per joist. The moment-of inertia of the composite
section is calculated by replacing the concrete by the equival-
ent area of steel (taking 7z, the ratio of Young’s modulus
of steel. to concrete as 12). o ,

For the composite section

Height of neutral axis = 27.05 in.
Moment of inertia = 15,470 in.*
Section modulus for steel stress = 5§72 in.?
For steel alone
Height of neutral axis = ¥0.9§ in.
Moment of inertia = 3032 in.*
Z for top fibre = 219.7
Z for bottom fibre = 276.9
93°
V.
Im| - : S .\:“—
" YR ¢ T) %
o o .
NS | 247490/ RS.T
K
K .
= N &x %% cover plofe

. |
Fig. 1.—Typical Section.

The variation in the value of # for different classes
of concrete has a considerable effect on the strength of the
section and for any particular design it is desirable to make
a close estimate of its expected value. For lower values
of n there is a relative increase in the strength of the con-

‘crete to the strength of the steel, the neutral axis of the

section moves away from the slab, tending to increase the
maximum concrete stress. Since, however, the Z value
of the section is increased and the stress is carried by a
higher strength concrete the effect. is not detrimental.
Later in the paper a graph is given showing the variation
in stresses for different values of » for a parncular system
of loadmg apphed to a given section.

TABLE 1.
The value of n is taken.as 12.

Beam Slab |- Y, 1 {z| z Ze.s.
o cs. | rs.go| Zreij.

24in. x 7§in; x golb.

2-9in. x 1in. C.P. |go0in x 7in{ 27.28|21176| 775| 405 | 1.9I

22in. x 74in. x 751b. 2 26.13| 9076 348| 153 2.27
20in. X 63in. x 651b. > 24.55| 7054|287 123 2.34
18in. X 6in. x §5lb. 35 23.00| 5291|230| 94 2.45
16in. x 6in. X 50lb. s 21.53| 4214(196| 77 | 2.55
15in. X 6in. x 45lb. 35 20.82| 3779|182| 66 2.76

14in. x 5%in. x 40lb. 3 19.87| 3056|154 54 2.85

It is interesting to note the marked increase in strength
of the composite section over the. steel. section alone as
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illustrated by Table I. Unless special steel reinforcing is
provided to carry the shear stresses no. tee-beam action
1s developed so that in these cases the effect of the concrete
is neglected. The longitudinal members consist of rolled
steel joists carrying 7 in. x 9o in. concrete slabs on haunches.

Shear stresses in the composite section can be cal-
culated in the usual manner by the equation,

s [¥m
Sfshear =" Th, bydy
1

In view of what follows, it should be noted that when
the section is propped, the shear must be' calculated. in two
parts.

(1) due to reversed prop loads; and
(2) due to live loads.

By evaluating equation (1) for any particular section,
the horizontal shear stress on any plane is obtained in terms
of the vertical shear. . : :

_ The maximum shear stress in the concrete occurs
at the junction of the concrete and steel, owing to the mini-
mum breadth occurring there and to the neutral axis being
close to the top of the section. |

The amount of steel reinforcing required in the con-
crete portion of the section is therefore determined by the
shear on this plane and although the shear for planes above
this is progressively less, it is not practicable to reduce this
amount owing to the necessity of obtaining sufficient bond
for. the steel. ‘

4. THE APPLICATION TO BRIDGE DESIGN:

It will be obvious that, if the formwork for the con- ,

crete is carried from the steel joists, when the concrete
is placed dead loads will be carried by the steel alone.
In order to make the composite section effective for dead
as well as for live loads it is necessary to support the steel
joists in some way until the concrete has set. A further
advantage can be ‘gained by the use of temporary supports
in that a negative bending moment can be applied to the
steel by propping it in a suitable manner to give an initial
camber. :

Aftér the concrete has set and the props are removed
the resulting stresses in the steel are tension throughout,

and by careful adjustment of the amount of initial upward"
deflection it is possible to make the steel stresses under

maximum  load conditions practically uniform throughout,
thus utilizing the steel to the best possible advantage.

Additional shear stresses are thereby introduced, but
the saving in steel in the joist more than offsets the ad-
ditional shear steel required.

The first step in the design of a longitudinal member
for a bridge is the determination of the bending-moments
and shear forces acting on it. This involves a knowledge
of the dead and live loads acting on the structure ; "in this
respect this type of bridge is no different to any other form

of concrete slab and girder bridge, in that an accurate .

determination of the distribution presents a problem of
very great difficulty.

Actually the structure consists of an elastic slab on
elastic supports, the elasticity of the slab being approxi-
mately constant throughout the span length, and the elas-
ticity of the supports. varying from zero at the piers to a
maximum at the centre of the span. Under such varying

conditions the load distribution is very different for different

parts of the span and although at first sight it might not
appear necessary to go to such refinements in design as
to take account of these differences, yet in so far as the
design of the deck slab is concerned a close investigation
of the problem shows it to be very necessary in that even a
slight departure from the condition of rigid supports might
cause a total reversal of bending moment in the slab.

One of the difficulties of the general problem of load
distribution by slab decks supported by beams is the lack
of consistent information regarding the stiffness of rein-
forced slabs. If accurate information of this nature were
available, or if it could be determined by analytical methods,
there would be little difficulty in arriving at a reasonably
accurate design. Because of this lack of information, it is
desirable to resort to models of a proposed structure, but
unless such models are almost exact replicas of the actual
structure the introduction of new variables complicates
the results to such an extent that they can only be used as
a general guide, and are unsatisfactory from the point of
view of design. The reason why there is very little useful
information on the subject is to be found in this wide
divergence of test pieces from the conditions obtained in
the actual structure.

- The distribution of the loads to each of the main
longitudinal members varies, of course, with their number.
The number of beams required depends on the width and
to a lesser extent on the span of the bridge. It is found
that a spacing of between 6 and 9 feet is convenient so that
for ordinary widths of road bridge 2, 3, 4 or 5 longitudinal
members are required. Since it is advantageous both
from the points of view of design and construction to have
similar members, it is economical to arrange them so that
the maximum bending moment to each is, as far as possible,
the same.

On account of its close connections to the problem

in hand, extensive reference will be found, in what follows,
to the reactions of a continuous beam on elastic supports.
The appendix gives an outline of the general method in-
volved in obtaining the reactions and support bending
moments for an elastic beam on any number of supports
and also the solution for the 3, 4 and § beam types. The 2
beam type is statically determinate in this connection al-
tll1ol;1gh this is not the case when the beam is replaced by a
slab. '

In order to illustrate the method of design, the four
beam bridge shown in section in Fig. 2 will be examined.
The span is 60 feet; the live load consisting of a crusher
train of 344 tons total weight and a passing 10 ton truck.

is also shown in the figure. A live load of 8o 1b. per sq. ft:-

is allowed on the foot paths. The 7 in. concrete deck slab

carries a 20 ft. roadway and two 4 ft. footpaths. The

longitudinal members are spaced at 7 ft. 9 in. centres and

5% tons 1 bans Glatons 2 atons 2 tans 2t thidons 14 tons
=z’ o’ 9 14’ 14° l 8’ I "
7oms ks
e |

LIVE LOADING

</ footpath 20/ raadway 4/t fool path

stk | PIC S Y A J_ 7-9° A!A.a-'ro/é' [

CROSS -SECTION
Fig. 2.—Cross Section of Four Beam Bridge.
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are similar to the sections for which the properties are
calculated earlier in the paper. The stresses in the outside
members and the moments in the deck slab will be calculated.

As a preliminary step in the design of this bridge,
influence lines for reactions are obtained analytically for
a beam on four elastic supports for various values of the

stiffness of slab . .
Stiffness of Supports the stiffness of the slab being

defined as the central concentrated load required to give
unit deflections over a span of 2/, where / = spacing of the
longitudinal members, and the stiffness of the support as
the load required to give unit deflection of the longitudinal
member over the span length, i.e., 60 feet. From various
experimental information available, the values of x for the
structure can be -estimated. By using the corresponding
reaction influence lines, obtainable from the equations of
the appendix, the maximum reactions to the longitudinal
members can be obtained for the dead and live load systems.
It will be noticed that an approximation is involved here in
that although the analytical solution for reaction influence
lines is for a beam on elastic supports, these equations are
actually applied to a slab on elastic supports. It is necessary

ratio x =

“to make this approximation since the analytical solution

for the slab on elastic supports is not available. The ‘re-
sults, however, are sufficiently accurate for a preliminary
design of the cross section of the longitudinal member to
carry the loads at satisfactory working stresses. In order
to check the validity of the methods used in determining
the load distribution to the beams, a § scale model of this
bridge has been built and extensive deflection experiments
made on it. It consists of 4 in. electrically welded plate
girders with 1} in. x % in. flanges and 3% in. x } in. webs.
The lower flange carries a I in. x } in. cover plate. A deck
slab 1% in. thick with 10 and 12 gauge wire as deck rein-
forcing is cast on-the beams. The concrete haunches are
1} in. high with 45° side slopes.

kL.
vnif load ,
A 8 Cc 0
V4 ’ -
Fig. 3.
TABLE II.
Position of Load. Reacts.ion
k A B C D
— 0.25 0.752 0.291 0.048 — 0.095
0.0 0.683 0.309 0.078 — 0.070
0.5 . 0.477 0.369 0.161 — 0.007
1.0 0.326 0.370 0.232 " 0.072
1.5 0.180 0.320 0.320 o.180
2.0 - 0.072 0.232 0.370 0.326
2.5 - —0.007 0.161 0.369 0.477
3.0 _—o0.070 0.078 0.309 0.683
3.25 - |'—0.095 |. 0.048 0.291 0.752

Note.—Position of load is expressed in terms of A/ measured

from support 4. See Fig. 3.

Table II. gives the reactions for the centre span section
of the model, obtained by measuring deflections under each

-of the four longitudinal members as a single concentrated

load is moved in steps across the deck slab. Individual
deflection readings are expressed as a proportion of the sum
of the four readings, the result being taken as a measure of

the reaction from the slab to the particular beam for which
the deflection is measured. This is not necessarily .correct
as the load distribution probably varies for the different
beams. The results obtained, however, appear to indicate
that in this case the assumption is allowable.

The influence lines for reactions obtained in this
way for the centre line section of the span are shown in
Fig. 4. Plotted on the same diagram for a value of x = 9
are the reaction influence lines for a beam on elastic supports.
The figure serves to illustrate the distributing effect of
the slab as compared with the beam.

! ‘\w\ ?Z
LA
A UAN

4/ <

7 /AN

BT, imentl resully from slab st thus> —

Calelsled results for & beam on elastic subports thus>  ————
Fig. 4.—[nﬂuehce Lines for Reactions, ¥ Span.

Although this experimental method of determining
reactions would prove satisfactory for a beam.on elastic
supports it is not a true indication of the distribution of
the load by a slab, as no account is taken of torsional moments
which are negligible for the beam but considerable for
the slab. The method of adjusting the results to allow
for this torsion is illustrated by the following example.
Test results from the model give the following reactions for
a unit load over the left hand beam on the centre line section
of the span. :

RA = 0683 Rp = 0.309 Rc = 0.078 Rp = — 0.070

The forces acting on the system are shown in Fig. 5.
Unit losd
. 085 085 085
| A ~ A
A 8 cl (24
, :
683 -309 078 ~-o70

Fig. s.
Any.such system of fofces must be in equilibrium.
Resolving the forces in-a vertical direction :—
0.683 + 0.309 + 0.078 — 0.070 = O. '
Taking moments about A

0.309 X I + 0.078 X 2 —0.070 X 3 = MT

0.309 + 0.156.— 0.210 = MT .
0.22§ = Mt taking / = unity.

M7 is the moment which must be introduced to the system

to give equilibrium. Actually it is supplied by the torsionil

resistance of the vertical facés of any transverse strip of
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the slab and therefore not shown as a reaction by the de-
flection measurements. This torsional moment in a slab
under load constitutes one of the fundamental differences
between a slab and a beam. If the above reactions are
adjusted in terms of this moment they will correspond to
the reactions obtained for a beam under the same condition
of loading. ‘

Assuming My evenly distributed over the sides of
a transverse strip of the slab, the moment for a length !/

0.255

" of the strip = = 0.085 acting in the direction shown

in Fig. 5. Each of these component moments can be
resolved into a pair of equal and opposite forces of 0.085
acting at the adjacent supports. Summing the forces at
each support the adjusted reactions are obtained :—

RA = 0.683 4 0.085 = 0.768

Rp = 0.309 — 0.085 -+ 0.085 = 0.309
Rc = 0.078 — 0.085 + 0.085 = 0.078
Rp = — 0.070 — 0.085 = — 0.155

Adjusting the corresponding reactions, in this way,
for each position of the load, a new set is obtained ; this
set is shown plotted in Fig. 6. Also plotted on the same
diagram are the reactions as calculated from the analytical
equations for the four beam bridge for a value of x = 9.
(This value of x is obtained by substituting values of re-
actions taken from the adjusted test results in the appro-
priate equations and solving for x). :

What, discrepancy there is between the two sets of
curves may be partly due to the assumption that the torsional
moment is evenly distributed. o

b
E%\ I
AN TN

N

‘C\\\ D
N

N

R

MOTES | ated from analytical equafians (% -9) fuse—e—s—=

Observed deflechions corvecled for Torsion, thus: —e—e—e
Fig. 6.—Reaction Influence Lines.

Reaction influence line curves obtained experimentally
for the sections at }, + and § of the span length confirm the
supposition that the stiffness of the slab is approximately
constant throughout the whole span whereas the stiffness
of the longitudinal member varies from zero at the abut-
ments to a maximum at the centre of the span. It is a

simple matter to calculate the stiffness of the longitudinal -

member at any particular point ; the value of x at the centre
is 9. It therefore follows that x varies approximately -as
the reciprocal of the stiffness of the longitudinal member,
i.e., is 0, 0.494, 1.723, 5.062 and 9 at the abutment, ;, §,
1 and % span points respectively.

Actually - the values obtained .experimentally were
0, 1.5, 3, 5.7 and 9 and reaction influence lines for the above
values of x.are plotted in Figs. 7 to 10. They serve to show

the high distributing effect of the slab over the greater
portion of the span, also the sudden change in distribution
for a slight departure from the condition of rigid supports
and the more gradual change in distribution when the value
of x becomes appreciable. These changes in distribution
are of extreme importance as far as the design of the deck
slab itself is concerned. o

ABUTMENT SUPPORT (px+0)

A

JEAVARRVEEN
NERm.

I

\—/

A B €
\_/

Fig. 7.—Reaction Influence Lines.

The live load bending moments in the slab can now
be calculated. The maximum moment curves obtained by
drawing envelopes over the series of bending moment
diagrams obtained by moving two unit loads spaced at
6 feet centres from the outside beam to the centre of the
deck in steps can be obtained for the sections of the slab
for which the values of x are noted above. The bending:
moment for any point, in terms of &7 where & is a wheel
load, is simply obtained by taking moments of the external
forces as obtained from the corrected reaction diagram.
(If the value of x is known, the reaction diagram can be
determined analytically.) '

Fig. 11 shows a diagram of the maximum live load.
moments for the inside and outside slab spans and the
inside supports plotted against the span length. A positive:
moment is defined as one producing compression in the
top of the slab. The coefficient of maximum moment in.
the inside spans increases from 0.I49 at the abutment
support to 0.566 at & span and in the outside span from.
0.166 to 0.476. The support moment coefficient .varies -
from —o0.174 at the support to —o0.I50 at } span. An
interesting feature of this diagram is the curve showing the
ratio of maximum negative to maximum positive moment:
in- the slab. This ratio is practically constant at 0.28 over
7 of the span length ; the ratio of steel area required in the
top and bottom of the slab for live load moment is, of course,.
the same. The moments shown in the graph must be dis-
tributed over the effective width of the slab and added: to.
the dead load moments (which are constant for any section.
of the span) to obtain the moments for design purposes.

The introduction of the idea of effective width is
necessary in order to form a practical basis for the design
of the reinforcement. Extensive tests (see Vol. 7 No. I
Public Roads) indicate that the effective width of a slab.
can be expressed in terms of the slab width, which in this
case is the distance between the longitudinal members.
The results of these tests are applicable at.the abutment
where under a distributed load the slab has a point of
contraflexure at each support but for other points in the
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span where, owing to the elasticity of the supporting mem-
bers, the slab tends to bend in a smooth curve throughout
its full width, the slab ‘width mentioned above is increased
with a consequent increase in the. effective width. By
‘comparison of the bending moment diagrams for a unit

load on the slab at the abutment and at the centre of the

span it is found that the effective width at the centre is
approximately twice that at the abutments.

4 »
- [
) §
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% a2
2F F8
] &
2 ) ,
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‘Fig. 11.—Maximum Moments in Slab, Live Load Coefficients of .WI.

The above analysis demonstrates the possible errors
involved in assuming the longitudinal members of a bridge
deck rigigl. So much for the deck slab.

By using Fig. 4, the dead and live load reactions to the
longitudinal members can be obtained by ordinary influence
line methods. It is not necessary to consider the variation
of the distribution near the abutment supports as over the

" greater portion of the slab (the portion where the loads

produce the greatest moments) this variation is only slight.
Having obtained the maximum wheel load . reactions on
any member by the above method the bending moment
and shear forces acting on the member can be calculated
and hence the stresses in the member due to these moment:
and shears. ' :

To illustrate the method of calculation of the stresses,
it is proposed to work out for the section already referred to,
the dead load stresses due to the weight of the structure and
the propping system and the live load stresses for the loading

adopted as a standard for bridge design in the Public Works -

Department and shown in Fig. 2. The points which need

consideration in deciding what form of propping system
should be adopted are worth noting.

‘The propping forces required, even for long spans, are
relatively small so that it is not a matter of dividing the
load among a number of props. The important considera-
tion is the stress distribution throughout the section in the
direction of the span. It is possible to express analytically
the stresses in terms of the live loads and the propping
forces ; the latter can then be évaluated for any particular
distribution and applied -by a suitable adjustment of the
prop levels. In the example the system adopted consists
of p}‘odpcing the initial stresses in- the steel joist by the
application  of a single propping force at the centre of the
span. Two additional props are then placed in contact
with the cambered beam at the quarter points and main-
tained at this level while the formwork is fixed in position
and the concrete placed. It will be seen that the stresses
produced are not a maximum at the centre but at two
points, one on either side of the centre ; it is necessary to
adjust the propping forces to suit the properties of the
section so that a reasonably good distribution is obtained.

The value of the initial stresses to be placed in the
steel joist are fixed arbitrarily but although any initial value
can be obtained by adjustment of the prop levels, this value
will be modified by the loads due to first the formwork and
later the concrete of the deck. Suppose the upward de-
flection is required to produce a compressive stress of
approximately 3 tons per sq. in. in the steel. If this stress
is produced by a single prop at the centre of the span:

P : .
then § = MI—-, wbere P = propping force. ... .(2)
_ My Pby
andf ="7F==7T
. 1l 3 X 2240 (60 X 12)? .
S = = =
12Ey 12 X 30 X 10°% X 10.95 o-884in.

The downward deflection due to the dead load of steel joist,
stirrups and cover plate is given by
5 = 5. w_l“= § X 0.046 X 60 (60 X 12)® X 2240'
384 EI 384 X 30 X 10% X 3032
= 0.329in.

and the corresponding stress is 0.893 tons per sq. in., tension.
If an upward camber equal the sum of these deflections i.e.
0.884 -+ 0.329 = 1.2I3 in. is introduced by the central prop
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an initial stress of 3 + 0.893 X g — 0.893 = 3.224 tons per

sq. in. is obtained. The force on the central prop required

to produce this deflection is given by

48E,T5-
13

48 X 30 X 10° X 3032 X 1213

= (60 X 12)® X 2240 = 6. 334 tons

P =

(by transposing equation (2))

Two additional props are now introduced at the quarter
points and placed in_contact with the lower flange of the

joist. The support bending moments and reactions- for-
the system of loading shown in Fig. 12 are as follows o

%j w, per fool run

.
T

A '8 C
4
Trw,t P.f
- Fig. 12.
'where w, = weight of beam, cover plate and surrups per foot
. = 0.046 tons.
Ma = Mg = o
— =_._éz£_ _ 6334 _
.MBAMD 3 5 5. XI5 —
=2 -
3—’% = 42336 ft. tons.
P . 3978 4
Mc = ——.2l — 2w ?= —§%— X 30 — 2 X 0.046 X 152

.

== 74.310 ft. tons.

- . P 4wl . 6334 , 4 X 0.046 X IS
Ra =Re=-om + 5= + 2
. = — 1.787 tons.
Rc = P = 6.334 tons.

The shear and bending -moment diagrams for this
system are shown in Fig. 13.
The three props are maintained at their original level while

the formwork and deck reinforcing-is placed in posmon ,

and the deck slab cast. For this condition the joist acts
as a continuous beam of four equal spans, of length [ feet,
carrying a distributed load of w; tons per foot run.

0046 Tons per Y

The support bending moments and reactions are

Ma = Mg =o0

. Mp = Mp = 3/28w,l* = 2% X 0.500 X I5% = 12.054 ft. tons

' =1 2 - X 2= .
Mc = ” w,l e X 0.500 X I§ 8.036 ft. tons

11 . 11 o
RA = Rg = 5;”’.21 = 33 % o.5oe X115 = 2.9.46 tons
LB = Rp = ngl = % X 0.500 X 15 = 8.571 tons
Rc = iiwzl = I—z X 0.500 X 15 = 6.964 tons
where w, = 0.469 + 0.031 = 0.500 tons per ft run
! = 15 feet.

The bending moment and shear diagrams for this
system" are shown in Fig. 14.

Superimposing these bending moments and shearing
forces on those of the previous system, the following total
moments and reactions are obtained on the steel before
removal of the props or formwork.

Mp = Mg = Opgq. §f-50

Mp = Mp = 45935 + 12.054 = 54:384-ft. tons
Mc = 74.310 + 8.036 = 82.346 ft..tons
Ra = Rg = — 1.787 + 2.946. = 1.159 tons
Rp = Rp = 8.571 tons :

Rc == 6.334 + 6.964 = 13.298 tons

The total moment acting on the steel is shown in Fig.
15 (obtained by summing the diagrams of Figs. 13 and 14).

,

The maximum steel stresses at the centre of the span
before removal of the props are therefore given by

My = 82346><1380><12

fa= T vy 4..498 tons per sq. in.
82.346 (— 10.95) X 12 .
fo2 = 23 3032 5 = — 3.569 tons per sq. In.

The corresponding stress diagram is shown in Fig. 16a.
. When the concrete has set, the formwork and the props
at the points B, Cand D can be removed. - The stresses re-
sulting from the removal of the above falsework will be
carried by the composite section. Suppose the formwork
weighs, w, tons per foot run and that it is removed before

0 .fon‘l'an:)frﬁ
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the props. Then moments and reactions at the supports
due to its removal are: :

Ma =Mg =o0 i
_ _ _é N LR -3 2"‘___ )
Mp =Mp = 28“"[ 23, X 0.031 X I§ 0.747 ft. tons
S - _ X °
Mc = I4wgl 7 X0.031I X I§ 0.498 ft. tons,
Ra =R —-—.i—l | =—21 v 0031 x 15 =—o0.182tons
KA = RE = — jgWsl = —59 <.0.03 VS— .
R '=RD=——§w31 =—-% X 0.031 X I§5 = —0.53Itons
Rc = ——;—iwsl = —‘? X 0.031 X I§ = —0.432tons
“Thus the prop loads removed are
Rp = Rp = 8.570 — 0.531. = 8.039 tons
Rc = 13.298 —0.432 = 12.866 tons

- They are-shown diagramatically in Fig. 17 together
with the reactions at A and E caused by their removal.

Lfor:;
14272 lons ) ) /4 4[72 s

4 T8 7] E

&039.fons 12-86G forns 8.039 fons
Fig. 17.

. The reversed bending moments (obtained by ta;king
moments of the forces of Fig. 17) are therefore

Ma = Mg = o
Mg = Mp = —14.472 X 15 = — 217.080 ft. tons
Mc = —14.472 X 30 + 8.039 X 15 = — 313.575 ft. tons

~ They are shown plotted in Fig.- 18,

400

300+

0 . -
' - . : !
A E

Fig, 18. —Re'versed Bending Moments Carried by Composite Beam
when Props are Removed. -

It remains to calculate the live' load’ bending momient
before the total stresses in the section can be calculated.
The live loads are placed in the centre of their respective
traffic lanes and the wheel reaction ordinates read from the
influence line diagram of Fig. 4. Multiplying the ordinates
by the moments produced by the corresponding train of
wheel loads on a 60 ft. span, i.e., 150 ft.-tons for the crusher
train and 62.5 ft.-tons for the truck, the maximium moment
to each longitudinal member is obtained. This morient
is increased by 15%, for impact but as no allowance is méide

for the distributing effect in the direction of the span’ of

the slab on the concentrated loads, the impact allowance is
actually in the vicinity of 259, to 30%. It is assumed that
the live load on the foot path is negligible when the full
vehicular live load is on the bridge.

Thus for the outside beams at.the ccntrc section’ of
the span:

Live load moment =
— LIS { 150 (0493 + 0.243) + 625 (0.131 = 0.004) }

= —1.15{ 110.50 + 7.98}
= — 136.252 ft. tons.

Hence the total moment for this section is '
Mg = — 313.575 — 0.498 — 136.252 = — 450.325 ft. tons’

and the stresses due to this moment acting on the composite
section .are :

- M,y | —450.325 X 12 X iz.zo X 2240
Femax) = Jp= = 15471 X 12 = — 7956
1b. per sq. in.
. _ —450.325 X 12 (—2.30) X 2240
Selminy) = 15471 X 12 = 149.8
1b. per sq. in.
Solmi ~ My _ —450325 X 12(_23’0)4080 tons pef s
s(min.) = 7 = . 15471 .803 p q.
- 1N.
folmax) = — 450325 X 12 (— 27.048) = 9.448 tons per sq. in.’

15471 ,
“These stresses are shown plotted in Fig. 16b. These

stresses can be superimposed oifi the steel stresses before’
removal of the props, giving final stresses at the centre of
the span of .

fc(max) = —795.6 Ib. per sq. in. (compression)

felmin) = 149.8 Ib. per sq. in. (tension)

fs (top of steel section) = 4.498 + 0.803 = 5.301 tons per sq. in.

. (tension)

fs (bottorn of steel) = — 3.569 '+ 9.448 = 5.879 tons per sq.
in. (tension)

_The corresponding stress diégram is plotted in Fig. 16¢.

The central deflection under dead and live load- con-.
ditions is obtainable from the steel stresses at this point

thus
0.95
R oI) X 60>< 12)% 2240
e (5879 —5.3 /475 ( ) 4_0075in
12Ey 12 X 30 X 10% X 10.95 ’ :

(approximately for the actual conditions of loading)

The deflection is downwards because the stress is greater
in the bottom flange than in the top. If an accurate de- °
termination of this deflection is required the deflection-
for each stage of the loading should be calculated and the
results summed.

It is desirable to examine the steel stresses adjacént
to the centre of the span under full load conditions. - Whén’
propped and the concrete is placed Mc = 82.346 ft. tons
-and Mg = Mp = 54.384 ft. tons. There is a distributed



18 ' COMPOSITE SLAB AND GIRDER BRIDGES.—Knight.

load of 0.546 tons per foot throughout. Hence the bending

moment at x feet from C may be represented by the general

equation.
M= 151—: X 82.346 + 2 % 54384—

'=.82.346 — 5.950x + o. 273x2

6x(Is—x)

Multiplying by 12 to reduce the units to inch tons and .

dividing by the section modulus of the steel alone,i.e.,

3032 3032
3.80 219.71 at the top flange, and —=—=— 1095

at the bottom:

— 276.89

fs (top flange) = = 4.498 — 0.3254x + 0.01491x* °

Se (bottom ﬂange) = — 3.569 + 0.2582x —o.01 183x2

. M
z

The moment at x feet from the span centre line when
props and formwork are removed is

M= — {313575 + 0.498 — 6.4164% + 223 x(Is—x)} ,
= — {314.073 — 6.1844x — 0.0155x%} |
Js (top flange) = ? = — {314.073 — 6.1844x — 0.0155x% X
x 12 _(— 2.208) _ 0.5598 — 0.01102X — 0.0000276x*
15471 .

fs (bottom flange) = — {314 073 — 6. 1844v — 00155x2} X
12 (— 27.048) _ . 2
—"—1547I =6 L50Y2 — 0.1297x oooo325x

Combining these with thé previous stress equations

the total .dead load steel stresses are given by the equations .

fs (top flange) = 5.0581 —.0.3364x + O. 01494x2
fs (bottom ﬂange) = 3.0202 + 0.1284x — 0.01216x2

Assummg the maximum moment curve for live loads
is a parabola, the moment at any point x ft. from the span
. P . x2
centre line is 136.252 (1——302>
and the corresponding stress equations are fs (top flange)

. L . . 12 (— 2.298)
= -~ < 136.252 — 0.151 2}'—
- { 30.25 5139x 15471
= 0.2429 — 0.000270x?2 . :
f, (bottom flange) = — -{136.252 — 0.15139x2} IZ(I—,TZ_/—/I'OW

=.2.8586 —o.oo3x76x2.

Combining with the dead load stress equations we

obtain the final stress equations.
fs (top flange) = 5.3010 — 0.3364x + O. 014669x2
fs (bottom ﬂange) = 5.8788 + 0.1284x — 0.01533x%

Fig. 19 shows the live and dead load steel stresses
for points adjacent to the centre of the span.

DESIGN OF SHEAR REINFORCING.

Since there is no shear in the composite section before

removal of the formwork .and props, the shear when they -

are removed is that due to these loads reversed, -and is
_shown plotted from the load diagram in Fig. 20a. The
shear due to the live load must be added to the above.
Assuming each longitudinal member to carry the_ same
proportion of shear force due to the live load as of bending

. 127.2
moment,i.e.,
> 300

=o. 424 for the crusher train and 232

125 .

= 0.074 for the passing truck ; then maximum live load
shear at end of span : .

=(u+g—g><6-75+g°><475+@><2+—0><2+~><125)

6
0.424 + ( 7+3x g—) 0.074
N ) 0
= (21.030 X 0.424) + (9.3 X 0.074) = 9.605 tons
and with the heaviest load at the centre the shear at this point

= <55>< +IIX—+675X——+475X6—>0.424

. 16
+ (7x2+3x5) oon
= (10.079 X 0.424) + (4.300 X 0.074) = 4.592 tons.
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Fig. 19.—Steel Stresses for Points Adjacent to Centre Line of Span..
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The live load shear can be assumed linear between these-
points. The corresponding shear diagram is shown in

" Fig. 20b and the total shear diagram in Fig. 20c.

The horizontal shear in the composite beam section is
given in terms of the vertical shear of Flg 20a by formulae -

(1) ie.: N

TN
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) S * Ym
.S = fshears = T bydy
Y .

It is necessary to reinforce the concrete in the section

- for the horizontal shear. The shear force s is a maximum
at the plane of contact of the top flange and the concrete

haunch; evaluating the equation for this plane =~ -

S (93‘ 12.20 s < 5-20
s=" ¢ 22 1. ydy + ( 1.008 + 0.1667y>
15471 112./‘5. =2.30

- (520 ) S : 1
[ ydy J} = Isa71 {472.08 + 18.52f =

Ordinary round steel reinforcing rods welded in the
form of stirrups to the top flange of the joist, form a con-
venient type of reinforcement for this purpose, either the
size or the spacing being varied to provide the required
amount. The rods are bent up into the top of the slab
and provided with hooks in-order to develop the necessary
bond. As to whether the rods should be designed for shear
or tension stress depends on the angle at which they are
inclined to the joist. The practice in. the Public Works
Department is to bend the rods up at an angle of 45° in
two directions and design them for a tension stress on the
cross sectional area of the rod.

Sufficient reinforcement must be provided to carry the
shear in the concrete at the vertical sections between the
" flange and the stem of the tee beam formed by the composite
section. It will be found that the deck reinforcing is
sufficient for this purpose without the introduction of any
extra material.

Since the process of welding the stirrups on one flange
only tends to distort the joist it is convenient, in cases
where the steel section requires strengthening by cover
plates, to place the plate or plates on the lower flange only.
Not only is this the most effective position to place the extra
steel but it tends to correct the distortion effect noted above.
There is some difficulty in welding round steel to a flat
surface such as the flange of a joist ; for this reason square
reinforcing steel may be preferred, in which case this diffi-
culty does not arise. ' ‘

5. CONSTRUCTION OF COMPOSITE BEaM BRIDGES.

The general procedure to be followed in constructing
the bridge superstructure has been outlined in the section
dealing with the design. Having decided on the points at
which the longitudinal meribers are to be propped and

points, it remains actually to provide these forces. Since
the propping force is fixed by an accurate adjustment of
the level of a prop it is important that the prop should be
of such a form that its original level once fixed is main-
. tained during the progress of the work.

The method of supporting the props will vary with the
natural conditions of the site but it can definitely be said
that an arrangement whereby the prop level can be adjusted
50 as to maintain the correct propping force is essential.
Screw jacks of suitable capacity supported either on piles

-—- . or timber bents have proved satisfactory for this purpose,
as any sinking of the prop due to the weight of the concrete
deck slab can be adjusted as the work proceeds.

having calculated the propping forces required at these -

In order to measure the initial camber placed in the
joist, and to ensure that this camber is maintained, a suitable
means of measuring the level of the top flange of the joist
must be adopted. It is deésirable that such measurements

should be made to %th of an inch; for this purpose a

surveyor’s level is of little use, particularly as the sight
distance might be considerable. A simple method which
has been used with success is. to stretch a steel piano wire
between adjacent piers an inch or so from the lower flange
of each joist, clear of any falsework; if the wire is kept
at the same tension by attaching a suitable weight to one
end and passing it over a pulley attached to the pier, all
deflections can be measured from this wire.

The necessity for wind and sway bracing is obviated
when the composite beam type of construction is used, the
concrete deck slab resisting these forces. Some form of
bracing, however, is desirable during construction when
the span length is greater than about 45 feet. The intro-
duction of bracing which has a stiffening effect in the trans-
verse direction leads to a complicated state of affairs as far
as distribution_is concerned, making it extremely difficult to
compute the maximum moments and shearing forces carried
by each longitudinal member. Disregarding the effect of
the bracing on the main members there still remains the
fact that the elasticity of these members under load is
responsible for far higher stresses in the bracing than those
for which it is usually designed. - :

The phenomena of plastic flow in concrete must be
considered in designing this type of bridge. If this were
appreciable it- might be expected that the dead load com-
pression in the concrete would be relieved at the expensé
of extra stress in the steel joist. Various experiments on
plastic flow of concrete have given results which indicate
that its effect is seriously to increase the stresses in rein-
forcing steel particularly in reinforced concrete columns,
but as far as the 34 ft. span experimental bridge of this
type is concerned the effects of plastic flow are small. De-
flection measurements made over a period of 9 months
gave the results shown in. Fig. 21.

Any creep in the concrete would result in an increased
deflection in the beams with a consequent increase in dead
load steel stresses proportional to this deflection. Since
the steel joist alone is comparatively slender an appreciable
deflection is necessary to give any serious increase in stress
in the steel ; for the maximum sag measured in the above
bridge the corresponding steel stress amounted to 1.046
tons per sq. in. The fact that at one stage the sag appeared
to be decreasing is possibly due to a redistribution of stresses
in the section due to the change in the modulus of elasticity
of the concrete as its strength increases with age. On
the other hand it may be due to temperature changes.

The use of pneumatic rammers for placing the concrete,
water '
cement
dual effect of increasing its ultimate strength and at the
same time minimizing the plastic low. Provided the stress

enabling a reduction in the ratio, should have the

_in the steel joist due to plastic flow in the concrete can be

estimated it is a simple matter to provide an equal and
opposite stress in the steel by means of the props, thus
neutralizing the effect.” Results to date indicate that the
effects of plastic flow in this class of structure are unim-
portant.

Plastic flow is probably closely connected with the
value of Young’s modulus for the material and in this con-
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Fig. 21.

nection it is interesting to refer to Fig. 22 which shows the
maximum steel and concrete working stresses (for the section
treated throughout the paper) under full live and dead load,
plotted against various values of 7, the ratio of Young’s
modulus of steel/concrete. The factor of safety in the
steel and concrete is also plotted against n. E for the
concrete was takén to be proportional to its ultimate strength
which in the light of at least some test data appears reason-
able.

The steel stresses show a slight decrease for lower
values of n, though this might not be the case with all
sections examined, but there is an appreciable decrease in
the concrete stresses and a marked increase in the factor
of safety. A study of this graph shows the importance
of a reasonably close determination of Young’s modulus
for the concrete used in the deck slab.
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Fig. 22.—Effect of n on Steel and Concrete Stresses.
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It might be noted that, in determining the type of
wearing surface to be used on the deck, one formed by
an increase in the thickness of the deck slab is a better
proposition than a layer of some other material (other than
a thin coating of a plastic material to reduce impact effect)
since the extra concrete serves to increase the strength of the
longitudinal member. The practice of placing a thick
wearing surface on road bridge decks is to be condemned
as it results in a saving of perhaps 1 inch in deck slab thick-
ness at the expense of 3 inches of surface material with a

consequent increase in dead load moment. This effect .

is of course more pronounced on long spans.
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A feature of this type of bridge is its stiffness as meas-
ured by test compared with the calculated stiffness. . The
explanation is probably due to an underestimation of Young’s
modulus of the concrete and also to lack of knowledge re-
garding the distributing effect of the slab through which
the test load is applied. Recent tests show that the error
due to the latter reason would be quite sufficient to account
for the discrepancy between the calculated and the actual
values under test.

The rigid connection of the beams to the deck slab
appears to increase the resistance of the bridge to impact
effect, a noticeable feature of the structure being its elasticity
under loads causing these effects.
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6. EcoNOMICS OF THE STRUCTURE.

A perusal of the section moduli of the composite sections
of Table I. will indicate the economy in these sections as
compared with the ordinary rolled sections. The only
figures of cost available are those for the steel superstructure
for the 34 feet single span experimental bridge which gave
a saving of 29.59%, over ordinary methods, and an estimated

saving of 359 on the steelwork of the superstructure of

a 427 ft. bridge of 7-spans.
7. CONCLUSION.

In conclusion, mention should be made of the question
of slab bridge deck design which has been discussed in
conjunction with the other matters of the paper. A review
of the development of design methods for slabs for bridge
decks shows a certain lack of appreciation of the problem
in hand. Although it is an accepted principle never to
place continuous  structures on non-rigid supports it has
frequently been done with bridge decks without any pro-
vision being made for the changes in bending moment
which are bound to occur. A certain amount of research
on the distributing effect of slabs supported by a number
of beams has been undertaken, but little attention has been
paid to the effect of this distribution on the slab itself with
the result that the design of deck slabs along the lines ac-
cepted as standard practice involves at one and the same
time a waste of reinforcing steel and a low factor of safety.
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APPENDIX.

By PRrOF. A. BURN.
THE CONTINUOUS BEAM ON ELASTIC SUPPORTS.

The usual equations for a continuous beam are derived on the
assumption that the supports do not deflect. It may not be generally
realized that when the supports are elastic, as for example when a
beam is supported on a number of other beams, the reactions at the
supports and the bending moments in the beam are very different
to those occurring with rigid supports.

The following analysis gives a general method of treatment,
and also the solutions for the special case of a uniform beam with
a number of equal spans on 3, 4 and 5 supports.

The general method is based on the identity of the slope over
a support for adjacent spans.
in terms of the load on the span, the end moments, and the end
deflections, and equating values gives an equation involving the load
on two spans, three moments and three deflections.

For elastic supports, the deflections are the reactions divided
by the stiffness of the supports, the latter being defined as the load
to produce unit deflection.

Each reaction in turn can be expressed in terms of the loads

on two adjacent spans and the three moments at the end of those
spans.

The end slope in one span is expressed _

On substitution, 2 five moment equation is obtained. The °

five moment, equations for all interior supports together with the
end moment conditions provide sufficient equations to enable the
support moments to be determined.

Expression for End Slopes.—In the most general case where the
beam is of variable cross section the use of the M/EI diagram gives
the simplest expression for the slopes due to bending moments.
Adopting the notation used by R. C. Robin in his paper on Statically
Indeterminate Frames (THE JOURNAL, May, 1933) and writing the
slopes for a span A B:—

1 —
!

!+ MpA,

. Yg —
x‘—MBAg—xI'—I—Aw——L”-F—-B—I—A—
I—x, xw  Yp—JYa

) _AWT+~I—

The last terms are the additional slopes resulting from the deflections

A = — MaA,

iB = MAA

YVa and VB of the supports.

‘Expression for Reactions.—1f A, B, and C are three consecutive
supports of spans /, and /,, and 7B is the reaction which would occur
at B-if the spans were discontinuous, then

M — M M —M
Rp = rp + MB A, Ms C
IH I,
and if 4B is the stiffness of the support B
Rp
B =

Case of Equal Spans and Uniform Beam.—Referring to Fig. 23,
the load on each span is &/ from the nearest support to the left, with

the appropriate suffix.

For all spans, x, = x, = I/,
, i
A = 4. =57
G+ R C WRGQ—RI
X0 ————-—3 A, = —%El
For the second span:—
L Msl | Mcl_ Wik, (I—k.)u-a-kz)z yo—YB
ic = +ggr t 3 6EI
For the third span :— _
e __Mcl__Mpl Wak (1 —k)@2—k)l*  ¥p—YcC
C = " 3Er T 6EI 8EI T
Reactions.— :
Rp = bW, + (1 — ky) W, 4 2MB—Ma— Mc

!
2-Mc — Mg — Mp
]
2 Mp — Mc — Mg
/

Rc = kW, + (1 — ky) Wy +

Rp = kW, + (1 — k) W, +

Dividing these by u gives the deflections.

In order to simplify the final equation the symbols, K1, = &
(1—k)(2—k) and KR = k(1 — k) (1 + k) will be used. These
quantities occur very frequently in problems on continuous beams
and a table of values for intervals of o.1 is therefore given.

k = (o1 |02 |03 |04 |05 ’0.6 ’6.7 0.8 ’0.9
Ky, = 0.171 o.288‘ 0.357‘ 0.384’ 0.375\0.336‘0.273 0.192’0.099
KR == |0.099 0.192’ 0.273 0.384| 0.357| 0.288| 0.171

0.336’ 0.375

For distributed loads over a whole span the average values of &
and K are used, namely 2 = % and K = } for interior spans.

The Stiffness of the Beam will be defined as v = 61—? . This de-
finition arose from consideration of the case of 3 supports and the
load to give unit deflection at.the centre with the centre support
removed. It has proved the most convenient measure for other
cases as well. ~Omitting intermediate steps, multiplying the slopes by

6—115—1 equating and rearranging with x = Z leads to the equation :—

x Ma + (1 — 4%) MB + (4 + 6x) Mc + (1 — 4x) Mp + x Mg =
KRr,W,l + KiasWal +x1 (kW + (1 —3k) W, + 3k —2) W3+

+ (1 — k) Wi
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.+ This is the five moment equation for the umform beam on
equal spans .with equal stiffness _of . -supports.

For plotting influence lines a unit load on one span only is
taken, so that the right side of the equatxon 1s simplified by the
omission .of other terms.

End conditions are that the end moments are zero except when
there is a load on an overhung end, in wl’uch case the actual value
of this end moment can be mserted )

Overhung ends are invariably’ shorter than the main spans,
but for construction of influence lines they may be taken of the
same length, and only the required range of % used.

Some doubt may be felt as to the applicability of the five moment
equation above when _there are less than five supports, or for end
spans. Since however the terms in Mp and MEg only appear as a
result of substltutmg for the reactions R and Rp, correct results
are obtained by putting Ma = o when B is the first support and
Mg = o when D is the last support.

In the case of an overhung end which is considered as the first
span, Ma = o and the term k,2; on the right must be retained when
the cantilever carries a load. Mg then has the value (x — %,) W,

Solutions for- Three Supports.—Referring to Fig. 24. Load
on Ist span:—MpB = (1 — k,) W,l, Ma =0, Mp =0, Mg = o.
The elastic equation is :—

(1 —4x) (1 — k) Wil + (4 + 6x) MC = xk, Wl

- _ ki — 1 + x(4—3k)
giving Mc = Tt 6x Wil

Load on 2nd span :— Ma = Mg = Mp = Mg = o.
The elastic equation is :(— .
(4 + 6x) Mc = Wil { KR, + x (1 — 3k3) }

KRre + x (1 — 3ky)

4 + 6x W
These results are plotted as 1nﬂuence hnes for x =0, x = 0.5 and
x = 1.0 in Fig. 25.

In general the reactions are best deduced from the moments

by means of the expression already given. In this case the values
reduce to the following. :

With the load on the overhung span AB :—

giving M¢c =

— I¢ —
%}3 - e—k) + (1 k‘.}) = 6xx\4 3k1)
Rc _ x—30—Fk) ‘
W, 2 + 3x
Rp _ 0 — k2 —x(4—3k)
W, 4 + 6x

With the load on the second span :(—

RB KR, + x (1 — 3k,)
Wz“(’_k) 4+ 6x
RC_‘KR2+2k2+x

W, 2 + 3x -
512: KRy +x (1 — 3ky)

W, 4 + 6x

Solution for Four Supports.—Referring to Fig. 26, two five
moment equations are required in this case, together with the end
conditions.

Loads W, W, W, only need be considered.

Mpa = Mg = MF = o, B”‘(I—kl)Wl
The elastic equations are then :—
(1 — a3 (5 k) W (4 69 M + (1 — ) Mo _
= KWyl + KLWal + xl { kW, + (1 — 3k W, +
. + (3k3 — 2) Wi}
x (1 — k) Wyl + (1 —4x) Mc + (4 + 6x) Mp ' .
= KrsWil + xl { kW, + (1 — 3k) W5 }
The solutions for Mc and Mp are, for load on 1st span, the
overhung end only :—
Mc _ (5x +4)x—1)—k, (14x* + 7x—4)

Wil (2x + 5) (10x + 3)
Mp _ (1ox? — 12x + 1) — K, (6x% — 11x + 1)
Wi (2x + 5) (10x + 3)

- For load on second span BC :—
Mc - (KRs + x) (6x 1 4) — kox {14x + 13)
W (2x + 5) (z0x + 3)
Mp _ (KR: + x) (4x — 1) — kox (6x — 7)

w,l (zx + 5) (1ox + 3)

For load on third span CD:—
Mp _ (KRs + ) (4x—1) + (K3 —2%) (4 + 6%) + 3kx (2x + 5)
Wil . : (2x 4+ 5) (10% + 3)
Mc _ (KRs 4+ %) (6x 4):+ (Kps —2x) (4% —.1) — 3ksx (2x +5)
Wl @x + 5) (10x + 3)

General expressions for reactions will not be given,in this case.
They can be deduced as in the case of thre¢ supports. -

Salutwn for Five Supports. —Proceedmg in the same way three

equations’ can- be written down and solved for Mc, Mp and MEg. -

The results are as follows :—
Mc _ (4x—1)(15%2 + 52 + 15)——k1 (40x® + 137x* — 7x — 15)

Wil 2(5x + 4) (5x* + 34x + 7)

I_VLD _ (ox*—12x + 1) —k; (5% —11x + 1)

Wi coo2(5x% +34x +7) 7

‘Mg (4x — 1) (5% — 16x + 1) — &, (10x® — 57x% ++ TI9x — 1)
Wi . 2 (5% +¢4) (5x + 34x +7)

] For’ load on second span BC:— :
Mc — (KR2 %) 2% + 5) (10x + 3) — kox (40x* + 157% + 49)

Wl 2 (5% -+ 4) (5%% +34x +7) -

Mp . (KRz + %) (4x — 1) — kax (5x —7)

Wol . 2(5x* +34x + )

Mg _ (KRy + %) (10x% — 12x + 1) — kox (10x — 47% + 7)
Wi 2 (5% +4)(5%* + 34x + 7)

For load on third span CD :—
Mc _ (KRs + %) (@x —1) (5% + 4)
Wl 2(5x + 4)(sx* + 34x + 7)

+

(KLa — 2x) (2% 4 5) (10x + 3) + kyx (10x% + 123x.+ §3)

. 2 (5% + 4) (5¥* + 34x + 7)
Mp _ KRy +0(7x +4)
Wl 2 (5x% +34x.+ 7) '
(KL3 —2x) (4x — 1) — Ryx (§5x + 16)
2 (5%° + 34x + 7)
Mg _ (KRo + 0(4x —1)(5x +4) |
Wl 2 (5% + 4) (5x* + 34x + 7)
(KLs — 2x) (10x% — 12X + 1) — kyx (I0x® + 13x — 30)
2 (5x + 4) (5x* + 34x + 7)

For more than five supports, involving more than three simultaneous
equations, solutions in terms of x, the stiffness ratio, become so
clumsy that it is better not to set them out but to solve the equations
directly with numerical coefficients for particular values of the

_stiffness ratio as required.

Solutions for Uniformly Dzstrlbuted Dead Loads.—If the beam
has cantilever ends, it is of course necessary to know their length.
It will be assumed in the solutions given below that the length of the
cantilevers is half the length of the interior spans.

Case of Three Supports. —Usmg the general. equation,
MAMME—O,MB—MD— 8,W1=:—W4, W, = wl =
= Wa;kx =bk=Fks =%:k4 =41 KR, = KL; = §.

Substituting these values :—

wi? . Ll .
(1 —4x) T+ GreMc=— +xwl{§f—t—1+1)

giving

_3x 1 whk
T3 t+t2 8
Case of Four Supports.—Similar treatment gives .
2"
o = e =
B _2x+3, wb’
and Mc= Mp = ot s <
2
Case of Five Supports—Mp .= My = %
5x% 4 24x + 4 | wi?
Mc = Mg = 32X 7 it
C=ME T Gty 8
2 2
.  oMp = X tIxt s ol

5x% + 34x + 7 8

/|
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“THE DESIGN AND CONSTRUCTION OF COMPOSITE SLAB AND
GIRDER BRIDGES WITH PARTICULAR REFERENCE TO THE LEVEN BRIDGE

AT ULVERSTONE",

1., INTRODUGTION

The theory on which this particular type of structure is based is

given in the January issue of the "Journal of the Institute of Engineers" in a
paper entitled "The design and construction of composite slab and girder bridges"
and reference will be made to the subject matter of this paper. The paper can
be regarded as part of this thesis.

Experiments on test pieces desiéned to investigate the possibility
of reinforcing a structure consisting of a concrete deck slab supported by steel

joists for shear between the top of the steel section and the concrete, were first
conducted and indicated that the theoretical expectations were realised in practice
A 34ft span two beam bridge with a 10ft roadway was designed and comstructed for
testing the type of structure on a larger scale (Commonwealth Engineer, April 1933)
Later a 1/6 scale model of one span of the proposed Leven bridge was also con~
structed for testing purposes, but rather from the point of view of load distrib-
ution between the beams than from strength considerationms,

Two, three, four and five beam highway bridges of this type have
now been gonsttucted-and itiie’of. interdst to note that the structural and

economic a.dva.n'ba.ge to be ga.:.ned is likely to lead to a very extensive use in the
future of this class of construction,

ihe Subject matter of the thesis, outlines the principles of tfie
design and construction of composite beam bridges in general, and describes the
Leven Bridge, which is a four beam bridge of this type, having 7 spans each 61 feet
long. The deck of the Leven bridge carries a roadway 20ft between the kerbs,
with a 4ft footway on each side., Reference is made, in describing the work, to
the Journal paper and to the working drawings for the bridge.

The Leven River rises in the vicinity of Mt, Pearce about 35 miles
from the coast, and flows into Bass Strait at Ulverstone on the North West Coast
of Tasmania; the Coast Highway passes through the town less then a mile from the
sea, The existing bridge is a timber structure 49 years old, and is in such a
state of decay that it was considered to have reached the end of its useful life.
Consideration was therefore given to the renewal of the structure which is a vital
link in the communication system in this part of the State, A survey, of the
locality, was therefore made and consideration given to five sites on which the
bridge could be renewed; these are shown on Drawing 65L-2. Eventually the site
marked 1.B, was selected by the Parlismentary Gommittee investigating the proposals
and a decision made to renew the bridge with a permanent structure at an estimated
cost of £13,700, exclusive of land resupption, Bore holes 66 feet apart were put
down on the centre line of this site and indicated that a suitable foundation
could not be obtained less than 35 feet below the river bed, A 10ft rise end
fall of tide had also to be reckoned with. A number of designs were examined
for the superstructure, including a three span high through truss bridge, several
arrangements of welded pony trusses, and several arrangements of welded plate
girdersy, Of these proposals a 7 span cantilever welded plate girder bridge was
recomnended as most suitable; the above designs were all prepared for a 18f%
roadway and one 4ft footway, Later, however, an exemination of the-composite slal
end girder type showed a marked saving over the latter bridge, but as the necessar:
funds had already been voted by Parliament, it was decided to increase the roadway
width to 20feet, and add another footway, as it was estimated that the additional
work could be undertaken for the difference in costs of the two types.
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2« DESIGN.

SUBSTRUCTURE.

An examination of 65L~-9 will show the varigated nature of the ' ...
material forming the river bed and shows the difficulty of obtaining a type of
substructure suitable for the full width of the river. On the eastern side ser-
pentine carrying hard kernels of the original basalt was out-cropping, and extended
to a considerable depth, At the eastern abutment four to five feet of clay and
mud covered the serpentine, but at No.l pier the rock was bare. The serpentine
disappeared on the western side of No.2 pier, and in midstream the formation was
mud and sand followed by clay, more sand, and finally the micacious schist at a
depth of about 36 feet. Towards the western bank the blue clay disappeared

altogether, and the material overlying the rock was almost wholly sand. The sand
however was mixed with river shingle, which in some cases reached the dimensions

of boulders, the shingle was more pronounced in some ﬁarts than in others, and in
places occured in layers several feet thick. Near the western abutment the sand
and shingle was cemented with a rich yellow-coloured clay which, however, respom-
ded easily to the action of the water jet.

The eastern abutment was designed as an ordinary spill abutment,
the concrete foundation being spread and founded on the serpentine,

The main columns, as shown in 65L-11, are octagonal in cross
section, 22" between the flats supported by a slab 7ft X 33ft, and connected at
the top by a cross beam 30" X 15", To avoid any chance of damage by settlement
of the earth filling, which is 9 feet high at the abutment, the pylons are directly
-connected to this cap and carried on the main foundation., The base of the slab
is 7 feet below ground level and 12 feet below high water level,

The first pier is also supported by a spread foundation placed
directly on the serpentine, The concrete slab 26ft X 5ft X 2f%t carries three
octagonal columns of the same dimensions as those of the abutment, but the columns
are connected by an 8" curtain wall and a cap 26ft X 30" X 15"; +the details of
construction are given in 65L-9.

" The remainder of the piers and the western abutment are supported
by 22 octagonal concrete piles, There are three piles in each pier, connected

at low water level by a concrete waling and above this waling by an 8" concrete
curtain wall capped in the same manner as No l. pier,

The longest piles were 65 feet in length and weighed 13 tons. The
manufacture, handling and driving of these piles constitued the major portion of
the substructure work., Various other types of substructure were investigated, the
form finally adopted being regarded as the most economical for the site conditions
indicated by the survey borings,

DESIGY OF CONCRETE PILES.

Design Stresses.

A compressive stress in the concrete of 337 of the ultimate strength
as indicated by test blocks was allowed. The handling and driving stresses are
usually the most severe for piles, it is only with piles having a considerable
unsupported length above ground, that the working stresses require investigation on
account of long column action; in such cases the unsupported length can usually
be reduced by suitable bracing. The concrete mix was designed to give an ultimate
strength of 5,000 1lbs. per square inch, at 28 days, which gives an allowable work-

ing stress of 1,500 lbs, per square inch. The average strength of test blocks
for the piles was actually as follows,

Mix Age Average Strength No. of blocks
1:12:35 21 days 5,100 1bs. sq. inch 16

" 28 5,247 * w  w 16

" 66 " 5 ,808 7" 1" " 16

66 days was the average age of the piles at driving.
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Modular Ratio.

Since strain is not proportional to stress for concrete, the value
of the modular ratio depends on the stress at which the slope of the siress strain

curve is measured, The L,C,C, regulations (1915) give the formula =

n = 9,000 where ¢ z allowable compressive.stress,
c

Dr, Faber {Proc. Inst. C.E.- vol. 225) suggests that Young's Modulas for concrete
is approximately equel ultimate stremgth X 1,000, For 5,000 1lb concrete and

Eg « 30,000,000 n by the above method is 6 in both cases. This value was there-
fore assumed in calculating the modulas of the pile section.

Tension Stress.

There is a diversity of opinion as to the allowable tension stresses
for design of reinforced concrete piles, Usually a steel stress up to 24,000 lbs.
per sq. inch due to handling loads is allowed, but in other works a maximum tension

stress of 100 1bs, per sq. inch in the concrete is specified which for n = 6 limits
the steel stress to 600 %bs. per sq. inch, a marked variation, For this particular

work the latter figure was adhered to for the reasons given later,

The stresses for which a pile must be designed are as follows,

1. Bending and shear stresses due to handling.
2, Compression, shear and possibly buckling stresses due to driving.
3. “Compression stress under working load. :

The relative importance of these items depends to a large extent on
the nature of the material through which the pile is to be driven. If this material
provides any serious resistance to the pile in the early stages of the driving it
is safe to say that the stresses foo item 2., will be the most severe, and, therefore,
the ones which should be given most consideration in design., Unfertunately the
values of these stresses are difficult to determine, and this is apparently the
reason for the development of marious empirical rules for pile design. The formula
commonly quoted for determining the size of the pile is the column formula,

P w Ac.fe.+A4g.n.fec.

where P = safe load in lbs.
Ac = net core area of concrete in square inches,
Ag = area of main reinforcing steel in square inches,
fc = allowable compressive stress of concrete.
n = modulus of elasticity steel .

concrete
Use was made of this formula together with the reduction formula

r = 1,75 =~ _L
20d.
where L = unsupported length in feet,
d =~ least dimension of the core section in inches.
r ~ the coefficient by which f, in the short column formula must be
reduced to give the safe stress for long columns,

The value of L can only be fixed by making allowance for the supporting effect of the
material into which the pile is driven and of the curtain wall and cap of the pier,
It should be noted that P, the safe load referred to in the formula is the maximum
load which the pile can reasonably be expected to carry without damage; as it is
necessary to allow a factor of safety on this load, against settlement of the pile,
of from 2 to 5 according to the nature of the ground, the value of P used in the
formula should be 2 to 5 times the working load. Allowing 15% for impact on live
loads, the total working load per pile is 65 toms. The test bores indicated that a
“rock foundation could be reached, it was therefore considered safe to adopt & factor
of safety of 2, for which the concrete stress on the pile section udopted is approx-
imately 730 lbs. per square inch, The Leven Bridge is only a short distance from
the sea, it was therefore necessary to provide adequate concrete cover on the steel

rods, to protect the steel from the effect of sea water. A minimum of 23" on the
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mein rods was adopted for this., For the above section the allowable unsupported
length is 25 feet and as this is not exceeded, consideration of the pile as a long
column is unnecessary.

Observations made while driving piles for the Leven Bridge, and on
other piling works, suggests that the concrete cover of the main rods has an

important bearing on the allowable tension steel stresses caused by lifting and
pitching the piles., It is obvious that concrete must fail if the tension stress

exceeds its ultimate value, which, for first <lass concrete, is about 500 1lbs,

per square inch, bit the result of this failure may not be apparent at the tension
face of the concrete if the cracks are very small, owing to their distribution by
the reinforcing effect of steel rods in close proximity to the concrete surface.
If, however, the rods are some distance from the surface their effect in distrub-
uting the cracks in the concrete at the surface is negligable, with the result that
one large crack of perhaps a serious nature developes in the place of many small
ones that are not of serious consequence, An appreciation of this point is
necessary in fixing the steel stresses by which the handling system is regulated,

In this case a maximum tension stress of 100 lbs per sq. inch in
the concrete, and consequently n times this in the steel, was selected and a method
of handling devised to keep the stress within this limit. In computing the modulus
of the pile section, the concrete was taken to be effective in tension giving a
value of Z = 25h4 A stiff back, which consisted of a 24°X 7 X 90lb R.S.J. 61ft
long, was strapped to the pile to give additional support, and in calculating
stresses the bending moments weré assumed wc. be distributed.in proportion to the '
monerte’ of inertiz-ofithe-to -soctionss. Various'orraagenents of 1fiing genr vere
inventigatsd and finAdlly thoet shewn ivi the gkelch wes wdopteds For'sons of Lho-
shorter »ilce ike stiffbock was dispensed with and the some gear used on the pile
alono,

- S e )
— E°..i‘_"*fl(“i;,““f“‘“:“‘ e
A 8B
FIGURE 1,

]

For a given height h, which was actually 40 feet, the uniform
tension T in the bridle can be resolved to find the vertical forces at A.B., and C,
the sum of which equals the weight of the pile and stiff back. The distribution
of bending moment can then be simply obtained and the position of A, and C, fixed
by trial and error to give an equal positive and negative moment in the pile,
Immediately the pile is swung to an inclined position it becomes unstable and tends
to hang vortically, so that a guy is necessary to control this tendency once the
pile is moved from the horizontal position by the head gear. -

The longitudinal reinforcing must be designed to carry tension
stresses in the pile caused by handling or driving. In this case the temsion
stresses due to handling were very low and the latter factor became of major import-
ancé, The quantity of steel for this purpose has been determined by experience
with concrete piles of various design, and a minimum of 2% of the total area is
recognised as a satisfactory amount. In this case it amounts to 2.45%, and consists
of eight 1-1/8" diam. round rods spaced at the corners of the octagon and bent in to
fit the form of the pile at the shoe and butt welded to the cast steel shoe, as
showm on sheet 65L- ll.

Generally speaking reinforeing is not required to resist shear
stresses in the pile due to bending under its own weight, it is however necessary
to resist impact stresses, to give resilience, to resist the bursting pressure of
the concrete and to prevent buckling of the main rode; there is nothing gained by
increasing the volume of the lateral reinforcement beyond that required to resigt
these forces. The lateral reinforcement is fixed by regulations in an empircal
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manner, but an application of Navier's theory#ﬁnd the value of shear stress,
which has been derived from it, enables the volume of the lateral reinforcing
necessary to resist the bursting pressure of the concrete - its most iumportant
function - to be calculated in terms of the working compression stiress.

Considoriag the chearing plane of a short concrete colwmn to be

inclined at 60° to the plane of loading, assume such a square column of side a
and height 3a to be part of the core of a pile. If the maximum working stress
is c.1bs per sq. inch then for @ = 60° and @ = 30° the working shear stress

= ,30C ¢ approx.

C /b5 /54, 142
a
A n B
|
a3 600/L__4_
- /;7b72 7
o c
Tangential stress on plane
BD=c¢csin B cos ©@mwc Jg— = ,433 c.
4

There is therefore a shearing stress on plane BD of ,133¢ grester than the
material can sustain with a factor of safety of 3, This produces a tangential
force = ,133 ¢ a >3 1lbs.

Resolving this force vertically and horizontally, the vertical
component can be carried as & compression in the concrete; +the horizontal
component must be resisted by the hoop reinforcing if the factor of safety against
shear within the core is not to be reduced below 3,

The horizontal component of the slipping force
= 0,133 ¢ a 2 1bs.

Assume the links to form a square instead of an octogan, the side of the square
being the same as the distance across the flats of the octogan. For a column
hooped with these square links there are links in two planes to support the above
force, therefore the required total sectional area of links on one plane

= ,133 ¢ a2 8q. inches
2 x 18,000
But the total length of links =2 4 a inches
therefore volume of links = 4c¢adx ,133
2 % 18,000
The volume of the core ABCD = {3 a3 cu. inches.

therefore volume of links as a percentage of the core

4 ¢ 23 x ,133 x 100
2 x 18,000 x y 3 ad

.00085 c.

For ¢ = 730 lbs per sq. inch the percemtage is .62] and the spacing of &" diam.
links to give this percentage for the pile is approximately 4,5". By this
method an indication is given of the quantity of hoop reinforecing required, but
the actual quantity used was fixed after an inspection of various designs for
concrete piles which had proved satisfactory in practice. The hoop reinforcing
is wrapped round the main rods in the form of a spiral, the spacing being decreas-
oed at the head and the shoe, to allow for the higher stresses at these points due
to the effects of driving, At intervals of 4 feet bridles are located; +these

Note. Navier's theory proves that the tangential stress on the plane of rupture of
a brittle compression specimen is compounded of the shearing stress plus a frictio:
stress, the latter depending on the angle of internal friction of the material {,
and that the angle of the plane of rupture with the vertical axis is & = 45% g/
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ired to facilitate fabrication and also serve the same function as the
%ggprgggﬁ§grcing. Theadgtails of the hoop reinforcing and other features of

the pile design are showm on drawing 65L - 14.

The greater part -of the material through which the piles were to be
driven was of a sandy nature and this suggested that the water jet might be used
to advantage, The water jet is eminently suitable for sinking piles in clean
sand, & material which affords considerable resistance to penetration by piles
under the hammer alone, its efficiency, however, is very much reduced if the sand
contains river shingle or layers of clay which will block the jet. The
difficulties due to the presence of shingle can be overcome by increasing the
volume and pressure of the flow of water through the jet, in one instance piles
penetrafed through a rock filling twenty feet deep by this means. Under normal
circumstances a volume of 10,000 gallons per hour at 150 lbs. per sq. inch
pressure is sufficient to facilitate the penetration of the pile provided the
material is in any way suitable for the method, and this quantity was adopted in
this case., Sometimes the water is carried through the centre of the pile and
through a nozzle formed in the shoe, or as an alternative two jets can be used
externally and operated one each side of the pile., The chief factor claimed
in favour of this arrangement is that a tendency for the pile to run at the shoe
can be corrected by breaking up the material at the shoe of the pile with the
hand jet. While this is to some extent true, any movement of the pile due to
this process will generally jamb the hand jet between the pile and the material
obstructing its path, and necessitate the use of a winch to withdraw it. In
mud or sand, free from shingle, either arrangement is satisfactory. In design~
ing the piles for the Leven Bridge it was recognised that the driving would be
difficult and provision was therefore made for the centrel jet pipe, which could
be used in conjunction with external jets if necessary. It is 21" diameter with
e right angle bend 5 feet from the head of the pile and connected to a nozzle
of #" diam., formed in the cast steel shoe. Although this arrangement has been
used to advantage on other works it did not give good results at the Leven, and
after some experimenting the return outlets were blocked up and the central out-
let increased to 1" diam. This decreased the pressure to some extent but where
the material was really suitable for jetting, the piles would sink steadily under
their own weight.

P.I'ER S,

Excepting No. 1 pier which is supported by a slab foundation, all
the piers are supported by piles. As the effect of the sea water on steel rein-
forcing is particularly severe, in the Leven River, the design of the piers was
arranged to avoid breaking into the piles below high water level for the purpose
of connecting the piles by a curtain wall, A concrete waling 27 feet x 3 feet
x 9" thick was precast with holes to fit the three piles and slipped down over
the piles to a point below low water level., It was supported at this level by
timber clemps fixed at the correct level on the piles by a diver. The 8"
curtain wall was then cast upwards from the waling, monolithic with the cross bean
The cross beam, details of which are given on 65L -~ 15, is designed to distribute
the loads from the four main members of the superstructure to the three pilesj
provision is made for recesses to, carry beering plates, the lecvéls of which are
conveniently adjusted by means of the lower nuts carried by the holding down bolts
- s8ee 65L - 12,

ABUTMENTS .

The design of the abutment calls for little comment. As stated
previously the eastern abutment - see 65L-11 -~ is of the spill type and is support
ed by & spread foundation. Account was taken of the end reaction from the first
span and of the pressure of the filling on the curtain wall in examining the
stability of the structure., A feature of the design is hhe method of supporting
the pylons from the main abutment foundation in order to avoid any difficulties
due to settlement of the filling, The western abutment is similar except for the
fact that it is supported by three piles of the same dimensions as those used for
the piers. The piles are connected by a concrete waling and curtain wall which

reaches to high water level. Above this the design is the same as for the
eastern abutment,

A timber retaining wall had previously been erected on the western
bank of the river apposite the wharfs and it was decided to continue this wall
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round the face of the western bridge abutment and recleim the area enclosed, A
two=-fold purpose was thus served, a foundation for the western approach was pro-
vided, and the scour in the river increased, Coantinuous dredging ie necessary
to remove sand deposited in the chemnel by tidal water aad thus mointein the re-
quired depth of water for ships procceding to the vharf imzediately below the
b!‘ldge, and this fact required comsideration in arriving at the most suitable
form of uoutment., The nressure of the filling on the sides of the curtain wall
of the abutment also provided longitudinal stability not only to the abutment but
to the bridge as a whole.

SUPERSTRUCTURE.

The superstructure provides a roadway 20 feet wide end two foot-
paths each 4 feet wide, the overall width is 31 feet. It is om a slight grade,
being 21" lover at the wostern end, which improves the approach grade to this end
of the bridge. The bridge has a parabolic camber with a mid ordinate of 12",
the deck is also cambered transversely to facilitate drainage. As stated pre-
viously various types of superstructure were examined and a decision made in
fovour of the composite beam type which showed o worked saving over other arrange-
ments., The loading adopted for dosign purposed wWus the smando cd used by the
Department for a bridge providing two traffic lunes aad consists of a crusher
train of a total weight of 347 toms in oms leme and o 10 ton notor truck in the
other. The locds were not taken to be in the centre of the respective traffic
lcnes but were ploced in the position to give the maxiinum recction to any one of
the supporting members and this reaction incrcased by 157 to allow for impact
effect., The distribution of live loads to beams carrying a comcrete dock rlab
of considerable stiffness nresents a problem of which very little informotion is
available and in the interests of accuracy and economy an effort was made to
analyse this distributing offect of the slab, .n account of this work will be
found in the paper publighed in the Journal, and the calculation of the stressec
in the members of the superstructure of tho Leven Bridge is given as an exawnple
of ‘the method of procedure for the degign of ccmposite slab and girder structures.
In arriving at & suitable thickness of deck slab and size of stoel member it will
be found best to select what appeers to be o suitable section, a simple maiter
ofter somc cxperience with these designs and then tcke out the stresses due to the
cead and live loads, The section can then be adjusted to give the required
wworking stress in the steel and concrete. This method was adopted in arriving
at the dimemnsions of themembers of the superstructure for the Leven Bridge and for
whicn the design calculations are given in the paper referred to, A3 this section
of the work is covered in the paper, to which reference should be made, it will
not be repeated here., Ia conjunction with the work on distribution doscribed in
the poper for which a 1/6th scale model of one span of the bridge was constructed
wid 2eoted 16 is interesting to refer to the results of a similar test to which
the first cpan of the Leven Bridge was subjected the results of which are given
in Appendix 11,

By assuming that the stresses in the steel are uniform through-
out the section, a fevourable condition for maximum loading, Prof. Burn has derived
the propping moment necessary for this stress distribution and showmn that the
stresses in the concrete and steel can be expressed by simple formulae which are
independent of the propping system. The method provides a convenient means for
designing a suitable section quickly. The formulae are obtained as follows.

The properties of the section may be calculated by replacing the
concrete by its equivalent steel area, In figure 111.
- D and E are the centroids of areas A] and A2
. with individual moments of inertia 13 and 13,
If F is the centroid of the whole arsa then

AN
}_‘ /Zﬁﬂezzr

Ay +Ap Ay + A2

Y

The moment of inertia of the whole is
1 - ll+12+ A.l hl 2+A2 hgz
= li+l2+41 A ne

Ayt Ay
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Suppose the moments at £07¢ point in the span (generally the centre)
are: =
lp due to dead loads
"=  lue to formwork
M;, due to live loads
1P due to propping system

All taken as positive.

R

Then the steel alone has to carry o bending moment llp 4 Mp « Lp vhich
will genmerally be negative as the propping moment exceeds the others.

If V1 and Vg are the fibre distances to the top end bottom of the

steel, the former negative and the latter positive and 1lg the moment of inertia
of the joist the temsile stresses are:-

At top of steel (Up+liy-Hip) Vi % bottom of sbeol (Lp4lip <up ) Vg
IS

g e o e

-~
~

Generally the former is tenmsion (positive) end the latter compression (negaiive).
Then the concrete is set the props end formwork are removed, which is in effect

vquivalont to applying e positive moment Mp-MF to the composite section., I the
live load is then applied, the total bending moment acting on the section is

If the steel fibre distances are V3 and Vs %o the top and bottom and
1, is the moment of inertia of the composite section, the tensilc stresses are

//
At top of steel (iip = Mp +-Mé ) Vg
At bottom of steel (MP“MF*EE ) Va
1
c

Adding the stresses before and after propping the total steel siresses are
At top of steel (lip+lp ~lip ) Vi +(lip - Hp+1l) V3
D ”n » o~ - 8 - ~ » ¢
At bottom of steel [Liy+Lip = lip) _Yiz_dihp- Uptll, ) Vg
1 1
=g ¢

By equating {ne ~bove expressions the propping moment to give equal stresses
throughout the steel cen be found ‘
(p <iip) (Vy -V  Vg=V3 ) 1 ( VorV1 ), 1 (Ve = V3)

1g 1, i

! lc
But Vo = Vy = Vg=V = d the depth of the sdbeel
2 1 4=V3

. .e (I\‘IP-EF) ( l = l )- uD +—I£K
1 1
S C

1, 1

Giving lip = Up , Lp I + 1 Ig
Le = g

Substituting Mp - lip from this expression in either of the expressions above
gives the final steel stresses when equalised.

1

= MpVp M Vs Lp Lo+ liy Ig §v4_ Vg
IS Ic Ic - Is Ic IS

On reduction of this expression
fgs = ( MD 'l'MQ ) . V4_ - Vz /
i Ic- Is

The final concrete stresses are those resulting form the moment MPEMR4.ML
&
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applied to the composite seotiom, I V and Vg (generally both negatlve) are the
fibre distances to the top and %ott the sfab, the concréte stresses are

top of slab (Mp - lipslip, ) Vs
5 S

bottom " . (Mp - Mgl ) Ve
By kg

substituting in these for the value of Mp =~ Mp required to equalise the steel
gtresses
fc (top) = (Mp+My ) Vs

0 (Lg =1y )

fo (bottom) m (Mp <+ My ) Vg
.15 PRI 55

Although the actual shear force between the steel and concrete is
given in the Journal also the bending moment in the deck slab, the actual nature
of the reinforcing is not commented on, ° The shear reinforeing is shown on 65L=
‘17 and eonsists of square reinforcing rods bent into the shape of hooks as
illustrated and electrically welded tothetop flange of the steel joist. The
distribution of shear force S along the longitudinal member is shown diagramatic-
ally in Fig, 20C, and it is shown that the horizontal shear force at the top .of
the steel section is for this section .03175., The force for which the stirrups
must be designed is found in this way and the usual practice of bemding the
stirrups up at an angle of 45° in two directions and designing them to carry this
horizontal force as a tension stress on the cross sectional area was followed,

4" and " square stirrups were used and the spacing varied to provide the
necessary reinforcement,

The 24 x 73" R.S.Joists required splicing to make the length of Glft.
This splice was designed as a butt weld the webs and flanges being bevelled before
welding and cover pletes applied in the web to give an excess strength of 257 at
the splice over the strength of the joist itself. These plates were spaced to
distribute as far as possible the stresses in the web due to the attachment of the
plate to the webs, More recent information indicatés the importance of shaping
cover plates to reduce fatigue stresses due to alternating loads, experiments '
having shown that the strength of a member under this class of loading may even be
reduced by attaching cover plates of improper design,  The cover plate on the
lower flange is attached by a continuous weld designed to prevent the effect of
weatbBering and which gives ample strength; in this comnection it is of interest
to note that intermittent welding is subject to far higher fatigue stresses under
alternating loading than the continuous weld run and for this reason should be
avoided. - The length of this cover plate was determined by examining the stresses
on the section without the cover plate at points some distance from the centre
line, Provision is made for expansion and contraction due to temperature ‘changes
in each span.  On each pier there are four rocker bearings carrying the ends of
the joists of the next. ' The design of the bearings is shown on 65L-12 and 651-1:
The reaction at each bearing is 263 tons and is transferred to a reinforcing mat
of 4" diam. reinforcing rods cast in the concrete of the pier; a 10" length of a
standard 100 1b, rail with welded stiffeners was used for the fixed bearing, a one
inch diameter pin serving to fix the joist to the bearing, - The size of the - |
rocker of the movable bearing was obtained by using the formula P =600 D where - -
P = load in 1bs per lineal inch of rocker, D'= diameter of roller required. The
rocker and also the shoe and bearing plate are of cast steel, the height ‘of the'-
bearing plates could be conveniently and accurately fixed by adjusting’ the lower
set of nuts on the holding down bolts before grouting in the plates and screwing
down the top set of nuts, A 1" stiffener is placed between the flanges of the
joist dlrectly over each bearlng.

: The elasticity of the supporting beams was taken into acount in

designing the reinforeing for the deck slab and the live and dead load bending
moments for different parts of the slah calculated by the method outlined in
Section 4 of the Journal paper., The variation in stiffness of the beams for
different parts of the span accounts for the variation in live load bending moment
which are expressed in terms of Wl - amd summarised in the graph of Figure 11,
Mention is made of the method of dlstrlbutlng this moment over the effectiye
width «©f the slab, ' This was determined as follows,.
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Fpom test results an effective width, e, of slabs on rigid supports we find that
at the support e = .71, In the following table the positive bending moment in
the centre span of the deck slab due to a concentrated load is given in terms of
Wl - the value of the moment is obtained by takingmoments of the external forces
which are the reactions, as obtained from the corrected reaction diagram, due to
the applied load W, The ratio of these moments to the moment at the support is
calculated and it is assumed that the effective width of the slab increases in
proportion to this ratio.

M Ratio M Effective Width

} M at support e
Support .175W1 1 «7x 93 = 65"
1/16 spen  ,213 " 1.22 .7x113 = 79"
i/s o276 " 1,59 .7x148 = 104"
1/4 .362 v 2.06 «7x192 = 134"
1/2 " 404 2,31 «7Tx215 = 151

e for different parts of the deck slab was obtained by this means
and the quantity of steel reinforcing proportioned in terms of this effective
width and the dead and live load moments, An inspection of the quantities
obtained enabled the reinforcing system detailed on drawing 65L-18 to be evolved,
At the centre of the deck slab the maximum concrete stress in thetop of the slab
is 680 lbs, per sq. inch dueto longitudinal bending giving a principle stress in
the vicinity of 1090 1lbs, per sq. inch. The concrete mix was designed for an’
ultimate strength of 3600 lbs.per sq. inch at 28 days and thefollowing results
actually obtained.

Mix Age Average Strength Humber of Blocks
1:2:4 14 3267 1bs, per sg.inch 24
21 4219 " 14
28 4294 " 14

An average of 5,93 cub,ft. of cement was ﬁsed per cub,yd, of
concrete,

The deck slab is cast directly into a 7" x 3}" channel at the end
of each span, Some form of cross member is necessary at this point to carry
wheel loads at the edge of the slab the assumption being made that the member
takes half and the slab half - a 7" x 33" channel is found to serve this purpose
and forms a convenient finish to the slab. The channel is bent to conform to
the transverse camber of the deck and supported on stools made up from 4" plate
and welded to the top flange of the joist. Since the steel girders in this
composite type of bridge are rigidly connected to the deck slab there is no need
to provide bracing to carry wind loads and the practice has been followed with this
bridge. The concrete deck of thebridge carries a bitumastic wearing surfact 4"
thick, the footwags are built up above the road level and surfaced with precast
concrete slabs 2" thick, This type of footway allows of a saving in dead load to
be made, A light fence as protection from cattle crossing the bridge is provided
between the foot and roadway on the upstream side of the bridge only. The main
fence congists of reinforced precast concrete posts carrying a concrete coping on
the top of two 13" diameter pipe rails, The method of attaching the coping®in a
simple manner and at the same time to provide a means of adjusting minor errors
in alignment of the posts. The general principle of precasting fence units etc.
has much to commend it as it provides a simple method of disposing of small
quantities of concrete left in the mixer from time to time and eliminates delay
in constructing the fence when the rest of the bridge is completed, Lights are
provided on each side of thebridge at the abutments and the second and fifth piers;
the stendards are of concrete and are precast.

¥ is desipned to allow for expansion in the coping

APPROACHES,

The site for the new Leven Bridge has been the subject of keen dis-
cussion and although the site eventually adopted has adventages from the point of
view of local traffic between the parts of the town on the two banks of the river,
it has serious disadvantagew in that existing roads and railways made it impossible
to fix the position of the bridge to provide a good approach on the eastern side
et a reasonable cost., Local ixterests pressed for the;bridge to be made a_con-
tinuation of Reiby Street. This proposal however was considered inadvisable owing
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to the proximity of shipping and the denger of boats striking the bridge in the
strong tide. Failing this site the ncarest practicable one to it was suggested
os the most asceptable, At any point further upstreom a level crossing in the
vharf roilway line was necessary in place of the overhead crossing at the Reiby St.
site. With this condition for a level crossing, and thet the maximum approach
grade end minimum curvature on the approach road should be 1 in 20 ancd 1} cheine
respectively, the position of the bridge became a matior of location. A sub-
sidiaryapnrocel ino codtherly direction at the eastern end was also provided, but
this was of minor importance. On the western side the approach is straight with
easy grades and involved the removal of a number of buildings and the comstruction
of & new strect to connect with the lein Coast Road approximately 3 mile from the
western abutment.

Details of the arrangements of the approach on the \Jestern side as
originally planned arc showm on 65L-4,5 & 6. After consiruction work was con-
menced some alterations were made to provide easier grades at the entrance to
Reiby Stroet, and these are shown on 65L-8 & 22, The stone filling in the banks
of the approach roads was carried up 2 feet above high water mark to obviate any
chance of erosion of the. filling by the tidal waters.

3, CONSTRUCTION.

1. GENERAL,.

Owing to difficulties connectcd with the practice of carrying out
bridge fcundation work by cortract, it has become the established practice in the
Department to do this work by day labour, in fact coatracts arc omly let for work
which czn be specified defintely and for which a reasonable price is tendered.

The Levon Bridge however received special consideration as faor as the contract
versus Jay labour question was concerned owing to the fact that particularly
accurcte and careful work of an unfemiliar nature wes required in the prection

of the superstructure and alsoc that the falscwork roquired in connection with the
substructure work could be made to serve also for the superstructure. Thesc and
other considerations influenced the Dopartment in a docision to carry out the whole
of the comstruction work by day labour, contracts veing let only for the supply

of materials, The work was therefore orgonised to allov construction of the
pubstructure to commence from the eastern side followed by the construction of the
superstructure from the same end as the piers were made ready for the beams, by thi
mcans the comstruction period was considerably reduced occupying only 10, months
from its comnencement on Joauary 9th 1934 to the official opening on November 26th
1934. ‘

Two methods of driving the concrete piles of the substiructuro sug-
cested themselves, one to drive the piles from a floating plant and the other from
a fixed falsework, The former idea was rejected owing to the difficulty due to
a 10 feet rise and fall of tide and the strong current; a timber falsework was
therefore erected to carry the main pile driviag frome and equipment, the piles in
the falsework being driven im a ccavenient position to carry the screw jocks which
supplied tnec vropping forces necessary for the erection of the composite bears of
the superstructure, The falsework uas designed to cearry the load from the jacks
and support the pile frame as it was moved from pier to pier, At each pier the
falsework wvas sirongthened comsiderably to allow for the extra weight of o pile,
the heaviest weighing 13 tons, and also to resist tho offects of driving.

Ploat.

The method of handling wnd driving the piles was influenced to some
oxtent by the fact that although the piles were heavy and of considerable length
necessitoting hecvy equipment the total aumber %o be driven was ouly 18; it wes
obvious therefore, that the cost of the actual driving would bo of minor importance
compared with the cost of equivment and the cost of erecting and moving it so that
speed ir handling and driving could wcll be sacrificed if the cost of vlant wos
tncrety rcduced, The viles were cadt oa the western bank of the river, rolled on
to o punt ond the punt flocted across Go the falsework., 4 steel pile frore 65 fect
high cerrying a 4 ton drop hamuer and a double drum friction winch, opcriied by o
69 H.P;pc}?ctr;c£metor, was erecﬁed on ﬁhg falsewc?k and gear rigged to lift the
giig gié ;ggﬁg“?;r3€;f E%E%fggﬁq;;ﬁacig»;éigg cue drun af?#hcfwiﬁéﬂjﬁdfl%ft”thégpil

. SLLLOr. G, g DRGEN 2ot LUt punt Loe pynilable froe of YIRS
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the cost of the pile Ariving plagt was thus reduced to u minimum,

Electric power was supplied from a 6,600 volt line and transformed to
415 volts by a transformer at the welding bay on the western side of the river,
An insulated 3 phose line was run across the river parallel to the bridge from
this point end tapped at various points to supply power to the electric motor
driving the winch on the pile frame and to a welding machine used at a later stage
on the bridge deck, A second welding machine of sufficient capacity to provide
for two welders was located at the welding bay itself,

Other machinery used on the work was part of the normal plant carried
by the Department and arranged as self-contained units,

Material.

Contracts were let for the supply of all materials delivered to
Ulverstone., Sand, cement andtimber were delivered by rail and the steel by boat
to the wharf, This steel was picked up from the wharf by the punt, shipped
across the river and transpqerted on a light rail track to the welding bay, where
it was stacked ready for fabrication. The steam crane on the punt was of suf-
ficient capacity to load the steel beams from the wharf and directly to trucks
after transportation to the western side of the river, A timber derrick of
4 ton capacity, hand operated, was provided in the welding bay for unloading this
steel from the trucks and also for moving the beams about in the process of
fabrication, The same derrick served to load the beams on to trucks on a line
rumning across the falsework used for placing the beam in position on the bridge.

Falsework.

The falsework, as stated previously, served the dual purpose of
carrying the pile driving gear for the concrete piles and the screw jacks which
provided the propping forces at the centre and the quarter points of each span,
The weight of the driving equipment was approximately 30 tons, exclusive of the
pile which had a maximum weight of 13 tons, the prop load to each beam was 13.30
tons at the centre and 8,57 tons at the quarter points of each span; the general
arrangement of the falsework to carry these loads is shown on plan 65L-16, but
some additional piles were driven to facilitate the removal of the frame from
pier to pier. All the piles in the falsework were driven from the punt by a gang
of four men at an average rate of 7 per day, some difficulty was experienced in

keeping them accurately in position owing to the strong current and this accounted
for some delay, The piles were all driven about 10 feét with a 30 cwt, drop
hammer. They were not shod but simply pointed with an axe. One set of piles

in the sixth bay was omitted to allow for river traffic to use this opening and

was not driven until the falsework had been removed from the second bay to allow
boats to pass under the bridge at this point,

A second gang worked across the river bracing the piles of the false-
work and sawing off the piles to the correct level., The falsework between the
piers was not all braced at-once to allow the frame to be shifted, two bays were
constructed to allow for this operation and after the frame had been moved the
timber was transferred to the next unbraced bay and so on. Eventually when the
falsework had to be removed, the braces were unbolted and taken ashore and a small
charge placed in & hole bored in the pile at ground level by a diver. The charge
was exploded by a submarine detonator andthe pile removed. This was found to be
a simpler méthod then drawing the pile or sawing it off., A few of the piles were
with-drawvm, however, and used a second time,

Boring.

When the original exsmination of the bridge site was made test bores
at one chain intervals were put down along the centre line of the bridge. A hend
boring plant consistingof a hollcw drill through which water was pumped at a pressure
of approximately 100 1lbs per sq. inch, was used for this purpose. Where the
material was of a sandy nature or contained fine shingle a steel casing was used
to prevent the drill from jaming, Different bits were used on the drill accord-
ing to the nature of the material, but the calyx bit was generally found to be
most suitable, This preliminary boring was done from a punt; it served to indi-
cate in a general way the nature of the material in the river bed and from the
information obtained the best type of substructure could be selected with confid-
ence. It might also be mentioned thet the results obteined indicated the
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recognised importance of using suitable equipment in testing the foundation
material for bridges. A previous attempt to bore the river on a site close to
the one adopted apparently showed solid rock within a few feet of the surface -
an erroneous conclusion, for which unsuitable equipment was responsible.

From the evidence obtained as a result of this work the concrete
pile substructure was adopted but there was so much variation in the material of
the river bed that additional boring to determine the actual lengths of piles
required was undertaken after the position of the piers had been fixed. At
least two test bores were put down at each pier, one in the position of the up-
steeam pile, and the other in the position of the down-stream pile, If any
marked difference was obtained another bore was put down between these two i,e,
on the centre line of the bridge. All these holes reached a solid rock bottom,

‘accurate records being kept of the various strate and plotted for each bore.

Although this information was accurate it was not easy to know just how far & 28"
pile could be expected to penmetrate before reaching the required set. It was
decided to make use of the water jet to facilitate driving in sandy materials and
taking this fact into account the lengths of the piles were fixed on the assump-
tion that they would reach their set when the head was level with the falsework
and s0 allow the frame to be moved to the next pier, However if there was any
doubt as to the length of pile required they were made longer rather than find
when they came to be driven that they were too short,  Generally speaking the
lengths adopted were satisfactory. At No2, pier the piles could not be driven
through the serpentine and about 15 feet had to be cut from each of the three
piles.  On all the other piers they drove approximately to the expected depth,
in one or two instances the guides ofthe frame were extended and the pile driven
a foot or so below the falsework before the set was obtained,

The extent of the boring that can be undertaken to advantage in
and concrete pile work varies with the nature of the material through which the
piles are to be driven and the uniformity in levels of any layer to which the poinm
is driven.  The nature of the ground warranted a thorough investigation in this
case the information being of value both in determining the lengths of the piles
and during the driving. The same hand plant was used as for the preliminary
boring but in this case the work was done from the falsework and a reciprocating
jetting pump of 3,500 gallons per hour capacity at 150 1lbs per sq. inch pressure
was used. The cost including all items amounted to &4 per foot of bore hole.

SUBSTRUCTURE .

1, Eastern Abutment.

At high tide the water was 5 feet deep at the eastemn abutment and
7 feet of soft clay and mud overlay the level of the foundation. A cofferdam
33 x 7' was comstructed by driving 9" x 3" hardwood timbers round the outside of
the foundation with e 10 ewt drop hemmer from a timber frame. The cofferdam was
suitably braced and the material excavated by hand from the inside. A 3"
centrifugel pump unit was used to keep the cofferdam dry while the tide was high
but tewards the end ofoperations it become almost watertight due to swelling of
the timber and the effect of clay being forced into the cracks from the outside,
The excavation was carried about a foot into the serpentine and the concrete slab
foundation then cast., Steel reinforcing dowels were cast into the slab to fix
the columns and curtain wall and these members built up from the slab in the
usual way.

No 1 Pier.

The serpentine was outcropping at this pier as showm on 65L-9 and
at low tide was about 2 feet out of the water. It was only necessary to excavate
deep enough to prevent any possibility of damage due to scour and this work wes
done between tides, As many men as possible were put on the excavetion in order
to reduce to a minimum the number of times the hole had to be dewatered, The
foundation slab was cast and the columns and curtain walls constructed without
any trouble, The.reinforcing grids were electrical welded in the steel yard
and placed in position as complete units, Provided the reinforeing is not too .
heavy the steel yard is the best place to do this work, as the time of fabricatio:
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can be reduced by that means particularly if a number of similar units have to be
made, There is very little to choose between tying and welding for helding the
reinforcing in position. If a grid is to be moved about it will be a simpler

job to use the welding - it should be noted too that additional reinforcing is
often necessary to enable the grid to be moved without damage - but fabrication
with the tie wire is as cheap and is to be preferred in that the section of the
reinforcing rod is not reduced as is generally the case with the welded connection,
A combination of tying and welding was used on the Leven Bridge according to the
nature and situation ofthe work.,

Piles - Manufacture.

The main rods for the pile reinforcing grids were bought in 30 feed
lengths and had therefore at least one join in the length of the pile, A butt
weld was used for this join and in addition some rods that had been cut to waste
were put in at the splice. The main rods were spaced on jigs and the hoop
reinforcing and stirrups, which had previously been bent to shape were slipped
on and tack welded at the correct spacing along the length of the pile. ' The
ends of the main rods were butt welded to the cast steel shoe care being taken to
fix the shoe symmetrically on the end of the rods. The whole of the fabrication
of the reinforcing grids was done by electric welding special electrodes suitable
for striking an arc quickly being used, This is important because with some
classes of electrods practically as much time is taken up trying to strike an arc
as in actual welding, Care is necessary to see that the grids are not damaged
when they are moved into the forms before concreting, either they should be
designed to resist the stresses involved when they are lifted at one or two points
only or adequate supports along the whole length of the grid should be provided

during every stage of their transfer from the welding bay to the forms,

The casting bay for the piles was located on the reclaimed land
on the western bank of the river; the reclaimed material was a mixture of sand
and river shingle and therefore provided an excellent foundation, 9" x 3"
timbers previously used for the cofferdam round the eastern abutment were founded
on the sand at 2 feet centres and levelled with a surveyors level, 6" x 4"
timbers at 2 feet centres were then placed at right angles on these and the
forms for the piles built up on this foundation. The boxing for each pile was
made as a separate unit although the opposite sides of the vertical posts betwaen
the piles carried the boxing for adjacent piles, ;

- The concrete aggregates used for the piles and all other partd

of the work consisted of crushed beach shingle and sand obtained from the Blyth
River 1C miles away. The course aggregate was crushed from the particularly

hard round stone which abounds on the N,W.Coast beaches, only pieces which would
be retained on a 6" screen being used, It was crushed to 2" to 3" "crusher run"
for everything except the piles for which the specification called for crusher run
metal of 13" to 3". Although the reinforcing in the piles was closely spaced it
was found possible to use the large aggregate and as higher strength was possible
with this, at least a. proportion was used end the surplus 1}" aggregate placed
elsewhere. The sand is recognised as of first class quality and calls for little
comment.,  The mixture used was approximately 1:13:3} and considering that no:
mechanical aids for temping were available the high strengths indicated by the
test blocks are very satisfactory. - A number of cylindrical blocks either 10% x 5*
or 12" x 6" were cast whenever concrete was placed and details of the mix, age,
compressive strength etc, recorded. - A synopsis of the results of test blocks
teken from the piles is given on P. 2.

The slump test was not used in any of the work as the mixing,
placing etc. was in the hands of experienced men who were conversent not only with
the methods in use but also with: the aggregates. The quantity of water was cut
to a minimum and particular attention given to tamping and ramming the concrete
into the forms., = The latter feature no doubt accounts to some extent for the high
strengths obtd ned but extensive testing on a large number of other bridges with
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" “yarious aggregetes and proceedure in mixing and placing has indicated that the
crusher run course aggregates and Blythe River sand used on the Leven Bridge

are the best obtainable locally and if these are used under close supervision,

28 day strengths of 4,000 lbs per sq. inch with a nominal 1:;2:4 mix can be
guaranteed, The piles were covered with jute bags after the concrete was placed
and hosed three times a day for a week after casting, :

As only a limited number of piles were required there was no neces-
sity to shift them until they were to be driven. = Owing to¢ their length and
weight particular care was necessary to avoid the development of tension cracks
in the concrete due to handling stresses, the punt previously used for driving
the timber piles of the falsework was fitted with supporting bearers and skids
placed from the edge of the pile casting bay to the bearers on the punt. Two
hand wincheg were rigged on the side of the punt farthest from the pile and when
the tide brought the top of the bearers to the same level as the bearers on the
casting bay the pile was rolled on to the punt by winding in wire ropes run from
the winches to the pile, a tmurn being teken round the latter. To prevent the
pile from bumping as it was rolled towards the punt two additional guys were
taken from the pile to be mOved to the adjacent pile on the casting bey., The
guys were passed round this pile and payed out as the other was rolled forward
by the winch ropes, The general arrangement is clearly indicated in: one of the
photos: of Appendix 111, As the lengths of the piles had previously been deter- '
mined from the borings and the piles cast on the casting bay in the order they
would be required for driving no difficulty was experienced in obtaining the pile
required without the services of a 1lifting crane.

A pile having been transferred to the punt the latter was
warped across the river and moored against the falsework at the pier over which
the pile frame was situated, As stated in the section on design, a 24 x 7%"
steel joist was used as a stiff back for lifting the piles; it was kept on the
punt and lifted on the uppermost face of the octagonal pile by & rope from the
pile frame where it was secured by four wire ropes long enough to pass completely
round the pile and stiff back twice and spaced at intervals along the length of

the pile, Each rope was clamped back on itself and tightened by driving timber
wedges under the rope at the top flange of the stiff back, Pieces of timber two

inches thick were placed between the pile and stiff back to allow the head gear
which was attacked to the pile alone to be fixed without fouling the stiff back,
These details can be seen in photo No 26,

The steel pile frame, 65 feet in height and 16ft x R0ft at the bas
was erected on two 24 x 73" steel joists 50 feet in length placed symetrically
on either side of the centre line 'of 'No 2 Pier. Rails were welded to the ‘top
flanges of these joists and steel shoes put on the rails under the mein members of
the base of the frame,  The 'winch and gear operating it was mounted on the back
of the frame itself and by rigging the necessary gear the whole frame could be
tremersed on the rails by winding in a rope running from the friction winch on
the frame to the joists supporting it.  Originally this frame was equiped with
wheels which were attached to the base of the frome and served to traverse it on
rails but experience has shown that it is more satisfactory when driving piles
to have the frame solidly supported and depend on sliding it when it has to be
moved,  The frame then was traversed to the downstream side of the falsework and
after 1lifting and fixing the monkey and dolley at the top of the freme one gear
was attached to the bridge for lifting the pile, and the second directly to the-
head of the pile for pitching it.  Three heavy strops were passed
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mplotoly vomtho pilo and at:l.ff back and lhuklod to one - ond- of .the’ bridlo and
to-the pulleys through which the bridle passed at the points of support.- The:
weight- of the pile was then taken om the bridle gear, the -punt floated clear
and-the pile swung into the vertical position by winding in the-head-rope. Add-
itional guys were necessary on the head end point of the pile to-steady iis
metion-while 1t was being pitched., - OUn reaching the vertical posiiion ihe-weight
of -the pile waas teken on the head rope alone and the bridle and stiff back-- --.
lowered sgain to the punt, The pile was then swung into the leaders-where-it. .
was-fixed by clampsy the frame carrying the pile traversed across- the- filsework:
to-the .position for driving and the dolley fitted in position en-ihe head of-the
piley- -After the three piles had been driven at NoZ pier the frume and-support-
ing beams were moved bodily by sliding them om rails rumning aloug the-two. sides
of -the-falsework, - Three hand winches supplied the power for this purpose, the
frame being moved in stages by this means to the western abutment where it was
dismantied and taken ashore.

Piles = %M. : B e : I : : B

— e e aw

bl e 4 It haa boen poin‘tcd out elsewhene concorning tho choico of haner
fov driving concrete piles that the drop hemmer is to be preferred to the steam
hamaer--for most circumstances on the grounds of economy, - In many cases the- actuel
driving time is only a small percentage of the totel time required- for the work so
that--even a saving of half ihe driving time does not represent a. lurge.proportion:
al .saving in total time, this fact combined with the higher capital. cost of.the. .
stoam--hemuer, the large amount of steam required and ihe heavy tackle and
equipment required to handle almost double the weight of hemmer made . the . decision
in- favour of the drop hammer for the Leven Bridge piles an obvious one, --- - . -
Although there are some thirty or fourty pile formulae in existence and at least
half-a dozem in common use, the subject having received a great deal-of consid-
eration, -there is still much information to be desired on the subject. - -It - ..
“ds--net-proposed to treat the Bubject in anyway exhustively here but the points
which received comsideration in deciding the set required to emsure that the pilm
would carry a 65 ton load will be indicated, v e

——— Ewe - —— i o

g poon In the firs't plaoo tho uight of tho d.rophmcr mouary to drive
the mﬂut piles of 13 tons is required. It is important to notice the -

effect-on the efiiciency of the driving of hammers of different-weight. - -—Thoro
are two main stages in pile driving, in the first the pile is hit- by a -hammer
and set in motion, and in the second the resistonce of the eurth stops the pile.
The efiectiveness of the :unpact is a function not so much of the energy as of
the momentwi per blow,

If W = weight of hﬁner ¥
P = = ;
V = velogity of hwner at mmextt of impact
"7 v = resulting velocily of pile and hammer together
~Then- - -

momentum of ihe h&mmer beroro striking W., after tbo hxpaet the total mass
in motion is (W+P) and the nomertum is (W+P)v, - Equating the mementsa gives

- W e (U+P)v . or _1_ = W,  that ie the ratio of the
: : W-'-P ! e
relocitiu before and arter i-pact is the inverse of the nmagses in mtion.
The-kinetic energy before impuct is _WV® , and the energy of the total-moving: '

g
wass -after impact is (W+P_)12. Therefore the kinetic energy is-reduced- by the

g
impuct in the ratio _W_ , and the resulting kinetic energy of the-blow-is ..
P W+ P
W, W .. - Inactusl practice the available emorgy will. be-even less than

g -~ U+P
this.. . The. following analysis rehtu to the 13 ton pile being driven by drop
hammers of various weights from ome to ten tons, the fall being that necessary
to give a blow of 20 ft tons in each case.
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T T the figires show.that the driving effect. is. much grester with o heavy:\
hamuer thhn with a light ome for the same energy of blow, and the risk of cra
the .pile-'is- considerably greater with & light hummer and a high velocity-than with

o -

Hmer Fall We+P v v K.E, after impact K.&s lost by
weignt impact.
tons feet tons  ft/sec. ft/sec, ft tons % %

1 20 14 35.8 R.6 1.43 | T.1 92;9

£ 10 15 25.8 3.4 2466 13.3 86,7

kS g 4 17 1749 4.2 4,70 “ded 6.9

6 838 19 14,6 4.6 6,31 31.5 6845

8

<e20 21 12.6 4,8 T.62 38,1 6149

a-heuvy hemmer and & small fall,  The figqures also show that any pilé formmle
based- directly ou the product of hamuer weight and fall is misleading. --Fig. 4
shows . a- graph of driving energy plotied against the weight of the haumer expressed
a8 e--percentage of the weight of the pile. - In practice the driving energy- is
decreased by the energy required to overcome friction and the elastic- conprusion
in-the. pile itself so thai the resulting effective driving eneryy ut the-pile .
point . is indicated by some such curve as the dotied oune, which shows that over a
certain range of weight ratio of hammer and pile there can be no driving, and that

increaee in the weight of the hemmer has a very great effect, - - - .

«oe-mee o The Brix pile formula is a dr:wing resistance formula which takon—
ac.ount of the weight of the pile but no allowance is made for work done in com=
pressing the dolley and packing or in compressing the pile itself but teo- offset
this.the available energy of the drop hemmer after impact is neglected,- -This
feormula- gives good results for sets greeter than 4", Hiley has gone a step
further and makes allowance for these items, also for loss of energy due teo
errors in. centring the pile and due to longitudinal vibrations.

- The formulae is &
R = _12 ¥Wh X W+PE
8 4 & W+P
o A R _

altimete driving resistance (tons)

equivaient height of free fall of hammer.

set per blow in driving (inches)

equivalent compression in pile and dolleys - - - o
coefficient of restitution of dolleys -.---eeecr -

-A 4 ton hsmmer was used at the Leven and the pxles driven 'I;c a
se't. of l J.nch for the last 7 blows with a 4 foot dropy inserting in the formula
the other comstanis applicable for the conditions of driving

where

R
h
s
c
&€

- m

ek )

R e 12 x4 x 36 X o24.
.1“ +' .18
- m. 2 - S N N &L W SR ST Y

- P - -

e ¢ ¥ T rooopised that this fommlao givea a..roliablo eatimto of tho
driving resistance for all values of the setwhich more- reseat work has-shown. - to -
$end,- il anything, to the conservative side for suall-values. - As- the piles- were
driven to @ rock bottom with the assistance of the water- jes, and-ihne set measured
before the eflfects of the wuter had entirely disappeared- ii-was considered-that
there- wus no justification in driving the piles to a smaller set than the average
“adopted of .14 " for each of the lusi seven blows. The piles were all driven
to the same set although the shorter pile- would indicate & somewhat higher drive
inzresiat.mce from tho formula, - A Tt L e

P NSNS

o Particular care. was . necouo.ry 10 see tkmt tne dolloy- rota.ined, a..
aymatncal position on the head of the pile. - The dolley was.-of cast- steel vith
a-blue-gum block in the top section and packing between-the-ceniral diaphram and
the head of the pile. The most effective arrangement of the packing was found
to consist of two layers of pix* deparated by one of haurdwood with woodweol
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between- the pine and the head of the pile. - This woodwool was only used-to- drive
one-or two piles and was then replaced by another lot. Two lugs cast on the
sides of the dolley served to hold it in position, the lugn fitting round the
leaders of the freme., -
PR AR 'rho noule shom 1:1 the pla.ns was used. in drivins tho hrst fow piles
buz some-alterations were made g the remainder. A reciproceting pwap-is--.---
generally. used to supply the water to the jet, a safety valve being-used-to- .-
relicve the excess pressure should the jet become blocked, As it wus-intended
t0-use the pump on various other worke as a general purpose pwup a- cemtrifigal...
pwap--wae used in this case with the idea of reducing weight, It was-specially. .
designed for the job with four stages, head 350 feet znd capacity 10,000-gallons
per hour and proved entirdly satiefactory. Care however is necessary- te emnsure
that the delivery through the pile and nozzle is not unduly restricted-otherwise
~4he- quantity eof water is reduced below that required for effective jetiings The
uoit- wus belt driven by a Stutz petrol engine the whole outfit -being wounted- on
the puni, comnection being made to the pile through o fire hose and- coupling.---
The-noszle as originally designed was not satisfectory although-it- may-have been
if -a- greater supply of water hud been used, the four return outlets were. therefore
blocked up. but without any appreciable improvement, The size of the central
nozzle was then experimented withy & diameter of 13" fimally being adopted as the
best, The pump runner was of stainless steecl to resist the corrosion of the
salt water which was pumped from the river through the jet. - . .- ..
g e o i 'l‘h.o work of drhing tho pilea proved a particularly dift.‘lcu.lt pro-
9601:10: owing to the nature of the material to be negotiated. At the second pie:
with the water jet in operation the piles only nceded light. blows. from the hammer
to-reach the level of the serpentine where after a tendency to run at the-toe
“they-scon reached the specified set, - This tendency for the piles to-run was. ..
difficult to prevent without deamaging the piles, Heavy timber- frames. were ..
constructed at low water level, the piles of the = falsework being used.as. sup=
ports-und the pile driven down through: this frame, If the obstruction in the
path-of the pile was a boulder of any appreciavle size the bending-moment- induced
in #he- piley due to the restraining influence of the framey, would either cause - -
{he--concrete-to crack or else force the frame out of position. - -To relieve this
situation frequent resort was made to the hand jet the vicinity of the obstruction
being- thoroughly explored with the jet before any further driving was-atiempted,
The extra longths of the piles were. cut off at the second pier when-it-was obvious
thut-thc expected peneiration would not be attained and the pile-frame moved to-
the third pier. The surfaecezof the river bed at this pier was covered by -
several feet of sand end heavy shingle with the result that the jet water. :orced
the-sand away and left a solid mass of stone for the pile to pemetrate,. - .This
hard. paich on the surface made it difficult to keep the pile in ithe correct -
position only a small error at this stage of the driving causing- comsiderable-
difficulty luter on, The fact that it was necessary to keep the piles-within-a
few inches of the correct position was the chiesf cause of trouble-as once-- the
beat-size of the jet had been obtained no greet difficulty was- met in.obtaining-
the-penetration, This ranged between 26 and 30 feet at this pler..- At -the. ...\
fourih pier the driving was good, the penetration ranging between - 34-and- 37- fect,
At-{the fifth pier boulders caused o great deel of troubley thres days being taken
in-driving one pile.,  The pile was withdrewn several times-to- facilitate the . .-
work--of- removing the obstructions which were of such & nature that on the- down= .
etroom side of the bridge the pile only reached = pemeiration-of 20'.- 2" whereas
on--the- upstream side the penetration amounted tc 34' « 11"for the same set.  The
matericl at the sixth end seventh pier and at the western ebutment was of a more
consistent mature, mainly send carrying fine to course ah:.ngle end the dr:lging
did not give very much trouble, R L 3a b

As the {imber retaining wall on the western sideof the river was--
erected before the piles for the western abutment were driven it was necessary-
to transfer the piles from the punt to the filling behind the wall agein before
pitching them. This was done by hauling the pile off skide placed on the. punt
on to rollers carried by a 24" X 74" jodst on it's flat, the joist being supporte
80 that the rollers were just above the level of the timber sheathing..  -This -
was done on a falling tide and the piles moved at such & rate that the rise in th
level of the punt due to the removal of the weight of the pile equalled the fall
in the water level. By this means the pile was removed without difficulty,
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sufficient rollers being used to reduce the-bending moment in the pile to the
required limit, and brought opposite the pile frame by which it was lifted from
its supports and pitched ready for driving.

An accurate driving record was kapt “for each pile showing the
number of blows, height of drop, jet pressure at various stages of the driving
and s0 on, Curves have been plotted from these results showing penetration of
pile per foot 1b of energy delivered for various sizes of jet but the material
was of such a varigated nature that no useful conclusions can be derived from
them,  About 2,000 blows of 3 feet drop was an average value for the number
of blows required before the specified set was obtained but very often half the
blows were spent in negotiating thin-leyers of shingle.or-boulders. The water
jet was kept in action until the pile had reached a penetration sufficient to
bring it on to a sound foundation as indicated by the test bore, it was then
turned off and the driving continued under the hammer alone, For some cases,
where the point of the pile had not reached solid pock, the additional penetration

after the water was turned off was only & few inches, which illustrates the
effectiveness of the jet.

A number of the piles developed small cracks during the driving
perticularly in the early stages of the work, The hard driving required to
force the pile through the surface shingle was responsible for some of these but
the chief cause was from the restraint placed on the piles to prevent them
from rumning, This can be overcome im most instances by the use of external
jets but here they were only of limited value, Even if the pile is allowed
to follow a direction other than the vertical without restriction demage can be
expected near the head of the pile owing to the fact that the frame is fixed,
Both the position and the direction of the guides would need to be adjustable
to overcome this trouble, However the cracks were not serious and had it not
been for the large cover allowed on the steel would probably not have been
visable, regular inspection both above and below water level shows that most of
these have now disappeared. In no case was it considered necessary to sleeve
the pile,

Any length of pile projecting above the level of the falsework was
removed by chipping the concrete away from the main reinforcing rods with gads
and then cutting the rods with an oxy torch. The piece was then easily pulled
off, 1Instead of casting the concrete walings on the shore as was originally
intended these were cast diréctly over the three piles of the pier, a piece of
the curtain wall about three feet in height being cast on the waling between the
piles,  Sufficient clearance was left round the piles to allow the waling to be .
lowered by two chain blocks on to three timber clamps placed at the required
level, one on each pile, by a diver., The space between the waling and the piles
was filled with concrete placed through the water at lowtide and the curtain wall
extended and cast monolithic with the cross beam. When the concrete was sét the
clamps were removed from the piles and transferred to the next pier. Considerable
advantage was gained by pre-casting some of the curtain wall on the slab as only
the spring tides were low enough to allow work at this level to be done in the
dry. The peippforcing grids for the cross beams were fabricated in the steel
yard but for convenience in handling were made in two pieces. 13" diam, rods
were welded to those of the same size in the piles to run into the crossbeams to
ensure adequate bond between these members, = The holding down bolts for the bear=-
ing plates were cast in position in the top of the pier the lower of the two nuts
on each bolt providing a particularly convenient method of adjusting the levels of
the plates, The level of the plate having been obtained it was removed and the
space underneath filled with cement mortar, on replacing the plate and screwing
down the top set of nuts the excess mortar was squeezed round the sides of the
plat O

SUPERSTRUCTURE.,

The whole of the structural and reinforcing steel required for the
superstructure was stacked adjacent to the crane in the steel yard. A welding
bay was constructed on a timber foundation and two lengths of the steel beams
set up in position on the bay ready for splicings. The beams were cut to length
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and the ends prepared for welding by a mechanically operated oxy-acetylene
torchy the cuts were hand finished before being welded. The cover plates, :
splice plates etc, were all cut to shape with the torch and welded in position
while the beams were on the welding bay, uThe sguare stirrups were bent by hand
with the use of a jig and set in position by a template, first just being tacked
in position and finally welded afterwards, It was found advantageous

to use extra fluxed electrodes for this work the E.M,F, electrodes of this type
giving good satisfaction., For all other work excepting the reinforcing grids
for which rods designed for ease in striking the arc were used, the New Era
electrodes manufactured by the E.M.F. Co. were used, The stirrups were put

on while the beam was still on the welding bay, no difficulty being encountered
in hendling the beems afterwards, On completion of this phase of the work the

member was placed on two bogey trucks carried by a line running across the
falsework and hauled into position on the various spans, By fabricating the
steel work and placing the: four beams of each span in position as each pier

was completed the difficulties attached to moving the beams over the tops of a
number of piers were avoided.  Only one track was used for taking out the
beams, greased timber placed on the top of the piers serving as a base to slide
the beams from this track to their respective lateral positions in the span.

Having wélded the fixed bearing in position on the bearing plate
it was a simple matter to drop this end of the beem into position and thus set
the other end on the rocker, The four beams were then connected by the 7 x 3"
channel by welding the channel to the stools which were already in position on
the webgs ofitheijoiet. When the deck concrete had set the bolts were removed
and theholes filled up with weld metal, - In addition to these bolts reinforc-
ing rods were welded to the flange of one beam near a support and to another at
a point ten or fifteen feet from the pier, a few of these braces was sufficient
to fix the direction of the beams until the concréte was set,

Heavy timber beams across the top of each set of four piles
provided the propping forces calculated in‘the section on design. The four
jacks at the centre of the span were placed in position first and the beams
jacked up the reguired amounts the ends of the beams were held on the bearing
plates by steel clamps attached to the concrete cap of the pier and all measure-
ments taken from a datum level established by stretching 22 gauge piano wires
between the piers a few inches directly beneath each beam, The jacks at the
quarter points were brought into contact with the bottom flange of the beams
and then thedistance between datum and the flange at each jack checked and
tabulated for reference, These measurements were checked at intervals while
the deck concrete was being placed and any alterations necessary were mede by
adjusting the jacks, ' It was found better to set the jacks a little higher in
the first instance as the load was sufficient to cause a loss in height of about

%" in the supports, in any case it was easier to lower the jack than to raise
it. All the jacks were of the screw type of 15 tons load capacity.

The boxing for the under side of the deck was made up in the form
of shutters from Z" hardwood flooring supported from bearers placed on the lower
flanges of the beams, By handling the shutters carefully and painting with
0il each time they were used the one complete set lasted for the seven spans,
as @ result the cost of this work was kept at a minimum, The jacks were not
removed until the test blocks indicated a stremgth of 3,000 1bs per sg. inch
in the deck concréte, the precast fence posts were then set in position and
cast into the kerb. In each panel of the fence a break was made in the kerb
to relieve the compressive strength at the top of the kerb due to bending under
live load, If the pipe rail is threaded through the holes in the posts before
the kerb is cast it saves any difficulty in doing this afterwards due to slight
errors in aligmment., The posts in the footway fence were also set up in
position before any of the kerb was cast.

48 cubic yards of concrete were placed in each span of the deck
in one operation. Two petrol driven concrete mixers and a gang of twenty mem
placed this concrete in about seven hours, the whole of the work being done
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from the eastern side to avoid 1lifting the concrete from the level of the false-
work to the level of the deck which would have been necessary from the other end,
The mixing plant was moved out on to the deck after two spane had been cast in
order to reduce the distance over which the concrete had to be barrowed.  Al-
though the reinforcing system in the deck slab was fairly complicated no difficult
was experienced in placing concrete containing 2" metal; use was made of heavy

tamping rods to assist in placing the concrete the contlnual ramning of these
heavy rods giving a very satisfactory job.

As successive spans of the deck were cast the beams were cleaned
and peinted and the temporary falsework removed. A primer known commercially
as "Fishoilene" was applied to the steel first and then followed by a coat of
aluminium paint., This paint is ezclusively used by the Department for either
high or pony type through trusses owing to the excellenit lighting effect given
the trusses by reflection from car lights and as it has given satisfactory
service as & paint it is also used for steelwork in other bridges.

APPROACHES ,

The stone filling of the eastern approach was placed by contract,
elso some of the earth filling at both ends of the bridge, These contracts were
schedule rate contracts the material being paid for at so much per cubic yard
measured wither in position or in trucks as specified, = Other than some stone for
the retaining wall on the eastern side and.for the road foundation which was
obtained by comtract the whole of the remaining work was done by day labour,

This proved a convenient method as it formed a stock job for a number of labourers
which were only required on the bridge deck when concrete was being placed. The
work of demolition of buildings, road construction etc., was all straight forward
and calls for little comment.

COS TS.

An accurate costing syatem was maintained throughout the whole of
the period of construction as it was realised that the information obtained would

be of particular value in estimating the cost of future work, This information
however is not awvailsble for inclusion in this thesis, but it is of interest to
note that the actual cost of the bridge was slightly less than the estimate.

PPENDT 11,

As the design of the longitudinal members and the reinforecing of the
deck slab was based on the test results obtained from the 1/6th scale model of
the bridge it was of interest to check these results by making & similar test on
the bridge after it has been constructed, The first span was selected for this
test and the 4 ton hammer applied as a concentrated load at points on the centre
line of the span the deflections of the longitudinal members for each position
of the load being measured by gauges.

The gauges were set up, the hammer moved into the first position and
the resulting deflections indicated by the gauges recorded. Owing to the weight
of the hammer and the comsequent .difficulty in moving it about it was necessary
to reduce this movement to & mimimum, the hammer was therefore moved across the
deck in steps, the gauges being read at each pdsition, and finally removed from
the span, It was found then that the zero error in the gauges was sufficient to
render the previous readings valueless, This error was traced to the effect of
atmospheric temperature changes above and below the deck, the deflections produced
by the normal temperature changes in a few hours being greater than those due to
the hammer itself, This difficulty was partly overcome by setting the gamges at
zero, loading the hammer in one particular position and then removing the hammer
from the span to check up any zero error. This process was slow but sufficient -
information was obtained by this means to indicate the form of the influence lines
for reactions, The influence line diagram plotted from the results is sub-
stantially the same as that obtained from & similar test on the model the results
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- of which are givén in Teble 11, in the Journal, The diagrams are superimposed
in Figure 5,

Very little useful information can be obtained from a test which
involves the uselof a load at a number of points, the complicated distribution
of these loads rendering the resulis unintelligable; this fact accounts for the

use of the concentrated load in the above test., . It might be noted that the
deflections measured for this type of structure for a given load are invariably
less than those indicated by deflection formula, The elastlclty of the structure
under load was & feature of the Leven Bridge test.

An attempt was made to obtain some check on the deflections caused
by atmospheric temperature changes., Figure 6. shows a graph of deflections
“of the two inside beams plotted against time and shows how the deck slab rises
as the surface concrete expands due to the increased temperature, It is worth
. noting that these deflections exceed those due to the 4 ton hammer used for the
distribution test but whether they involve any stress in the material of the
superstructure depends on the distribution of temperature through the concrete.
deck and steel beams, If the temperature distribution between the deck surfece
and the bottom of the steel beam is linear themn there is no stress but if the =
temperature distribution from the top to.the bottom of ‘the slab is linear and
the temperature in the steel constant ~ a more probable arrangement - then
temperature stresses are involved and these can be calculated, Observations
indicate that the difference in temperature between the top and bottom of the
slab might be as much as 20° F.
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1. The bridge site.

2. Falsework piles and
boring plant.

%3. The eastern abutment
caisson and stone
filling.

o Bracing the falsework.
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he View of the falsework

from the western end.

6. The falsework ready
for the longitudinal
rails.

7+ General view showing

& O
=
—sd

eastern abutmen
No.l pier.

8. Another view of the
falsework. The stone
filling on the eastern
approach completed.




A later view of the
work on the eastern
approache.
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No.l pier with the
abutment in the back

ground.

Another view of Vo.l

11,
pier.

The eastern abutment
before the earth
filling was placed.
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13« DBoring operations
in progress from the
falsework.

1), The reciprocating
jetting pump which
supplied water to the
drill.

15, Preliminary work on
the eastern approach.

16, Vork in progress on
the western approach

road.




17. The western approach
from the pile frame,

18, The timber retaining
wall én the western
bank.

tting up pile

|

19. BSe
e

20. Welding the spiral
hoop reinforcing on

the main rods.
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Completed gr
for placing
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Placing concrete in
the pile forms.

on the western bank.

Rolling a pile from
the casting bay to

the punt.



2h. The pile water jet
in action.

-2

26. PFixing the stiff-
back on the pile
preparatory to
pitching it.

[« MHrecting the steel
pile frame over No.2

pier.

Ny

28. Pitching one of

concrete piles

the




A later stage in the
pitching operation.

30, Removing the bridle
and stiff-back.

31, The pile ready to be
swvung into the guides.

9 s m

32. Ready to drive. The
jetting hose can be
seen in this photoe.




3%3. One of the piles
- T ' .
at No.o pier before

driving.

34 A pile about to be
lowered with the
water jet in aetion.

N
o

MNuwltardomey 2 T e o~y
. Driving in progress
under hammer and

b &l
water =Y
W LOL J.,bo

36. Driving completed and
dolley removed.

©




37+ This pile was with-
drawvn and the timl
pile on the right
which had fouled tl
concrete pile was
removed.

30, Cutting one of the
piles at No.2 pier.

39. Loading steel beams
4o N)
L |

0 the punt from the
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12« A beam with the
stirrups already
welded in position
on its way from the
steel yard to its
place -on the bridge.

43, A vie
jacks in position
under the deck. The
concrete has been
placed.

showing the

>

4., The shear reinforcing
which develops the
composite beam action

in the deck,




4. A span of the deck
with part of the
formwork in position.

46. The first span with
the beams in position
and ready for the
fornwork.

47« The réinforcing
system in the deck

slab,

48. The first span ready
o - e 2
for concreting.




« The two mechanical
concrete mixers which
mixed the concrete
for the deck slab.

R0, Placing concrete on

the deck of the bridge

hle. The first and second
spans with the form-
k
i

worlk removed, The
splice in the steel
joist is plainly
visible.

h2. Another view after
part of the super-
structure was
completed.




h3. Underneath the second
span.,

Hh. A view of the second

span with the old
road and railway
bridges in the
distance.

hHh. At this stage the
falsework was removed

from the second span

to provide a passage

for river traffic.

The bridge nearing
completion- a view
from the west on the
upstream side.



7. The deck before
surfacing with
the fences and

footways under
construction.

58. The footway ready
for the concrete
slabs.

9. This photo was
taken from the
western abutment
underneath the deck
slab.

60.

Moving the 4 t

(o)
hammer during testing

operations.




61l. The bridge completed
-a view of the deck.

62, A view from the
upstream side.

63. Another view from
the upstream side.

64h. From the eastern
approach.




