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ABSTRACT

/

Track support systems which require little maintenance in

keeping proper grade and alignment are~first devéibped'for rails on

ground and then are used on viaducts. A review of some:of the most
_ e - v . A » e :
_important experiments conducted throughout the world is presented

in the begiﬁning}qfvthis.thesis..

The Collingswood and Wéstmont viaducts in the Philadelphi#—,
Lindenwald4Rapid Transit Line are two eiistiﬁg cases of tracks sup-
ported direétly on concreﬁe viaducts. Finite element models are
used in this thesis to evaluate the forces-in the rails and the

displacementé of the viaduct. Differential changes of temperature

in .the rails and the concrete are found to be the primary cause of

L

undesirable f§rces andAgisplacements. The rails and the concrete
viadue; behave as‘a composite structure and' the anchorage between
the rails and the slab is a Significanf_faétor.

Brief 318cussions on different'arrahgéménts to avoid some
of~thé undesirable conditiogé éf.the‘Collingswdodvand Westmont via-
‘ d\n’x;ciéxPoss.ible‘correc‘tions to thévtw6‘Viadu¢ts‘are also

ducts are

presented.




' A'éonventional concrete railroad viaduqtris shown in Fig. 2(2)

traprock, slag, etc. The American Railway Engineering Association

'"maferials an& stabilized soil.

<

1. INTRODUCTION

1.1 Background

1.1.1 Conventional Railway Track Support System (CRTSS)

A conventional railway track support system (CRTSS) consists

(1)

of rails, tie-plates, wood ties and ballast . The rails are set

-on the tie-plates to reduce crushing and abrasion of ties. Wood
-ties are still widely used in the United States. European countries.
‘and the Japanese have increased the use of concrete ties in the last

few years. The ballast can consist of materials like crushed stone,

L 4

(AREA) recommends a well-graded gravel for the ballast.

The CRTSS was first developed for use where tracks:are sup-

ported on soil. An example of arrangement is shown in Fig. 1(1)'

The system was then extended for use with concrete railroad viaducts.

[4

For the track on soil a subballast may be necessary between the

ballast and some sdils of inadequate quality. The subballast may

COnsistlof a wide range of materials including well-gréded-granular '

-

During construction the track is adjusted to»theHCOrrect

kS .

grade and alignment by tamping the béllast.x The track will the

settle under loading as the railway is in serVice. This track. ..

settlement is due to the consolidation and. the degradation of the .

s



1.1.2 '"Maintenance Free" Track Support Systems

ballast. The amplltude of settlement is a"fupctlon‘of trafflc,

(3) B

loading, drainage, and other track conditions'~’. Continual main-
tenance work is necessary to correct the deformation of the CRTSS.
This work basically consists of retamping at periodic intervals to

maintain proper grade and alignment.

The main advantage of the CRTSS is its low construction cost.
Construction materials can be found easily almost eVery&here- Also

the system can be adapted for almost all kinds of soils. The dis-

" advantage is thezgegessity of continual maintenance which is time

consuming and costly. With the development of high speed trains in
Japan and Europe, and now in America, close tolerances of track
grade and alignment are essential. The required tolerances can no

longer be economically maintained with the CRTSS,

Several research studies have been performed in search for
track support systems which require little or no maintenance to

remain within close tolerances of trackS»required for high speed
(4,546 7)

',tral 8. Current track research is or1ented toward ‘the

_ gTrremanees ot a et

........................ ‘
~ . .

development of .a concrete slab rallway track support system ulth

the ralls fastened 1ud1rectly to;the concrete-slab. Such a-system
not oﬁiy>permits;estab£ishingfand ﬁaintaining'uorewprecise tracku";
grade.and alignment, but the'coutiuuous support for the rails make

it possible to use low profile rail sections. Furthermore, the

€

uniform distribution of loads over the subgrade can in some cases

eliminate the need for subballast or the_removing'of unsuitable

. ’ N ’ ’ ’ it sy
L4 : _ p— - . . - . \\ o
o3 v
- . " . A.



subgrade material. The saving of cost from maintenance and sub-

'7éféae‘work'mayvoffséf the ﬁighér'iﬁifiél ééét of the concrete slab.

‘The application of thg»éoncrete slab raiiway track suéport
system for viaducts is much less advanced than its use for trgcks
on soil. Only a few tests on viaducts héve been ddne(4’8)
are imﬁértant probiems for which a solutionﬂhas.not yet been found.

- Can the normal slab of the viaduct be used as_amtrack‘sdpport

system? How should the viaduct be désigned so that the interaction

between the steel rails and the concrete will not create undesirable

effects in the structural components of the viaduct, or in the

rails, particularly in the case of continuous rails?

The Collingswood and Westmont viaducts on the Delaware River

Port Authority's Philadelphia-Lindenwald Rapid Transit Line employ a

concrete slab track support system and continuous rails, and have

experienced undesirable displacements since their construction in

1968. These displacements have resulted in slight damage to the two

stfuctures, and are probably’felated'tq the fracture of insulation-
joiﬂgésof the contiﬁhdus rails at‘tWO locations. frglimiﬁary-'
‘assessments indicated that tﬁegejﬁﬁdésirable;evenfS»wereviqduced4‘

” by fesponses of the structures to fhermélwchapges.,

-

1.2 Purpose and Scope - ' ' K WA

The pufpose of this thesis is to study the track support
system at Collingswood and Westmont viaducts. The stﬁdy is divided

into 3 parts.

and there

| -4— ‘ v 7 . - B ’ ) _7 v. ’-' B N o .



1. A réview of the coﬁérete slaB track éuppbrt.s§s£ems
receﬁtly studied throughout the world fo comparé
them with.the features of Westmont and Collingswood
viaducté. |
2. A theoretigal analysis of the Cpllingswood and Westmont
viaducts to-examine the behavier of these structureés
under temperature"changes. The distributioniof forces
in the;supérstructures Vas studied to de#ermiﬁe how the
obsérved damages could have oeéﬁrfea.
3. A brief diséﬁssion of'possiblé arrangeﬁents for futufe
’ concrete,railroaa viaducts supporfing continuous rails
'éo as to avoid some of.the difficulties observed oﬁ the
o~ Westmont and Collingswo@d via&ucts. Through this dis-.
7cuséiop,'possibléCofrectidns to the two QiaduétSAAre

suggested.

Part one consists of Chaﬁters 2 and 3. Cﬁapter 4 an@ 5 de~-
scribe:the finite element models developed for .the anaiysis; Chapter-
6 e;amines the result$ of.computatipn and cgrrelafes with actuél ' _. : h;
obéervatidns.w Theée fhree chapters COnsfitute>the sécond,part of
the thesis. 'Thelfhird éart is_Cha§ter“7. All the conclusions frpm.

 these three parts are summarized in Chapter 8. .

| ) | |

For the entire thesis, SI units ﬁave been adopted. All the ‘
dimensions given in the figures are in millimeters (mm) for lengthé .
smaller'than 10 meters. For lengéhslgreater than or equal to 10

meters, dimensions are in meters (m).



2. CONCRETE'SLAB TRACK SUPPORT SYSTEMS

_ . , .
2.1 Development of -Concrete Track Slab

2.1.1 Japanese National Raiiway'(JNR)

(a) -Japanese Railroad Association (JRA) Track-Slab

Since 1924 the JNR has tested many kinds of conctete-slab

track.supports(a).. One 'of the latest is the JRA_tréck—siab; “ It

consists of a 160 mm thick pgécast reinforced concrete 3Tab sup-

ported and locked in by a 50 mm thick asphalt layer as shown in

Fig. 3. The rails are»anchored‘to the slab &ith a tyﬁéfgf cdmpres:'

sion rail anchor. The rails are continuously supported in the

vertical -direction.

L4
L4

The construction of this type of ffack is accomplishéd in
thfee steps: >
| 1. The slabs are laid temporafily and the raiis are fixed;
2. Asphalﬁis péured under the slabs aﬁd intd fhe pockets
- between the rails. '
\i:_ Adjuétment of the traéi is achieved by raising fhe‘

slabs and injecting quickfhardenihg fillers.

The tests of these concrete slabs were first conducted for

" tracks on soil, but with the idea that this kind of construction
_ . . -

could also be used on viaducts. A slab on a viaduct structure is

also shown in Fig. 3 to indicate the arrangement.




The'results of the tests have not yef been publiéhed, so the.
-g%acf behavior of this slab is not known. By observatioﬁ of the . -
drawingvof tﬁis track support system ft.is-possible~to make:the‘fol~
lowing remarks: | |
1. fhe simple design of the slab enables easy constrﬁction
on soil. |
2. +The asphalt pockets prbvi&e some restraint to possibie
- horizonﬁal movement of the siab with respect to the
asphalt layer. | .
3. The cost of this tybe of frack suppoff system on
viadﬁcfs may be high because itﬁis necessary, to have
a viaduct slab under the asphalt lafer.
4. MThere’is no connecti§n’system to attach the traék—slab
to the viaduct slab. Tﬁe”relative movement of one slab

to the other can create large forces in the rails, and

may lead to damages in the track system.

-

(b) Standard Concrete Slab ' ' o -

There are two kinds df standard concrete slab track support

""" ' (4)

.i,:‘ln use on JNR 11nes, both primarlly des1gned for tunnels . One is

e

a concrete slab into which ‘concrete blocks are embedded as shown in
Flg 4, This is used on straight tracks. The other type,,éhbyn.in .
‘Flg 5, used wood blocks .This_typéﬂisﬂusedmpn~curvé8“because exact
positionvof the rails is more easily adjusted on wopd blocks.
In both kinds qf°sténdard‘trapk—slab,-a rﬁbﬁérpéd‘é;
- inserted under the rail and under the baseplate: to prqvidera‘gpring
_7_, ’ 9 L. ) —



o "

constant of about 35,000 N/mm in the vertical.directibn. That.is
about. the same élasticity as provided by the ballast, and it helps

: o N\
to diminish traffic noise.

The conérete_block‘is anchored to the concrete slab by an

o

anchor bar and the wood block by an anchor bolt as shown in Figs.

4 and 5. This is intended to resist the 100 to 200 N of uplifting

~ force which is likely to occur when the train is running.

(4)

The laying of the track has also.required several studies f
The actual .technique used consists of 1ajing out the .rails on tem-
porary supports adjusted fo the correct liﬁé énd grade; Then the
concrete blocks are suspénded from the rails by their faétenings,
éfter the position of the rails has been checkeé again, the concrete
slab is Poured. With this technique, the track laying can be com-
pleted to an acéuracy of 0.5 mm'so fér as;gauge, alignment, track
grédé‘and $ypefélevation are concerned. | .

\éhe standard concrete siéb track support_hés both the ad- a
vaﬁtage of low main;enance aﬁd-great agcuracy in location éf the

rails.. The main disadvantage is the cost.of construction. The

large vblumg_of concrete involved cannot be placed quickly, and a -

team of 30 men can complete only 40 m of track in One day, as com—

(4)

»”paréd.to\SOO to 1000 m of conventional ballasted track .

" slab, the JNR devéloped the JRM‘track;élab

I

(e) JapangséARaiquad Maintenance (JRM) Track

Conscious of some disadvantages mentioned for the JRA™track-

@)

It is composed of .

- e : - L



complexity of thenjoinfé. It may still be éftractive for use in .

‘may lead to damages. .

precast concrete supports placed ‘at fixed intervals in a road bed

in tunnels or on soil. These supports carry a precast concrete o

track-slab on which the rails are anchored.’ The>cbncrete track-

slab is prestressed longitudinally and ié secured to the supports

N

by springs. «Adjustable rubber mats are inserted at joints so that

\
N,

the concrete'track-slab\ig_suppqrtgdﬂbymmats vérticaily,.laterally,
and IOngitudinally. A persﬁégtiﬁe of the JRM track-slah is show#

in Fig. 16.

~—

The construction of this trackéslab is performed in three

’

steps:
| »1. The supports afe laid in place and secured onﬁ;Eg)road
by the mortar or concrete.’
‘2. The track-slab is temporgrily laid on the sﬁpports,
and after fastening the rails to thé slab, the rail
. alignment is adjusted using jacks on the track-slab.

3. The rubber mats are inserted to maintain position of

“the track—slab. v o

This kind of track system is very expensive because of the

~

v
[N

viaducts because a viaduct slab can be reduced in size or.be

\

eliminated‘tgtaliy.

An important fact to note-is that the anchorage between the

track-slab and the concrete supports is not rigid. This lack of

connection can generate. large forces in the rails and joints and

— . -~ - : N
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2.1.2 - British Railways (BR) . -

The British Railway&' experiments with concrete track-slab

(5,

started from two observations

1. In the tests carried out by the JNR, track support is

created by assembling precast concrete units. ‘This i
limits the siie of the units aﬁd makes it ﬁecessary

to pfovide'joints'betﬁeen units. The inclusion of
joiﬁts creates many difficulties. Thus it is considered
undesirable to combine a coﬁtinuous rail with a dis-
continuous track support.

2, In the last t&enty years great developments have been

- .

— made in road-paving machinery. These machines can lay

-

continuous reinforced concrete roadways to.a very high

standard of accuracy without the use of side forms.

]

These two observations led the BR to test a 72 m long

reinforced concrete slab laid bylﬁachineﬂ A cross-section of the

slab is shown in Fig..7. The rails are directly fixed to the slab -

a—

by clips which are glued with epoxy into holes drilled in the.

concrete.

-

It is necésary for,the»BR to test their deéign on a larger
scale befqre.makingfényjdecisién, but.sdme future applications can

élréédy be considered. For example,;a study is-béing‘perfqrmed to

determine thé feasibility of USiﬁgAthe'directelaying.systém on

viaducts by placing the reinforced concrete track-slab directly

oh a structural slab. °




- The major problem with the BR system is the-oost of con-

.struction. Significant cost reduction can be expected with' new

N
4

. machines and better design.

N . - . |
2.1.3 German Federal Railway (DB) : N

'Several studies have led the DB to the conclusion that the

upper speed limit for tralns on a conventlonal rallway track support

(6)

.  For higher train

v

system (CRTSS) may ‘be regarded as 260 km/h ™.

speeds the DB has formulated six requirements for the desi of
f7 gn or

!

‘concrete track-slabs.
1. AConneetion between individual slabs to be as firm
e as possioie. |
‘2. Prefabrication of oomponents, which must be
S w,suita‘ble for fuliy mechanized tracklaying.
>3. A.frostproof supporting layer to avoidrdistortion,
-~ by frost heave.
4. Generously dimensioned rail fastenings with the
 ”possibility of a oertainpamonnt of height. adjustment.
'~5[‘ Precise maiﬁténancekof gauge at the highest speeds.
) : ‘

6. Minimum maintenance_requirements; S ot

Several de51gns were developed as a JOlnt effort by the DB,

the German concrete industry, and Munlch Technlcal Unlversity One

{

of these designs, tested on the‘high—speed experimental line between “

!

~Forchheim and Bamberg in the Nuremberg District, is shown in Fig. 8.
This designvconsists of track;slabs prestressed transversely and
vlongitudinally.' These slabsrare connected- by fuil—load)earrying

“11-
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e P

Thermit éteel pipe muff‘joints to take up traﬁsverse‘and longi-
tudinal forces and bending moments. ' The 300 mm thick layer of
séndy graﬁelmis made to act as low¥strength cbﬁcrete_inhits upper
parf-bybthe addition of a small amount of cement. -

Technically, this track~desigﬁléréates a continuous support
for a continuous ?ail. ,If also giVeé a good distribution of stresses
in the seil under thé track, especiallf f6r ﬁigh axlé—I&ads, and

offers the pbssibiiity of building'the‘track‘with great’accufacy.

The main disadvantages are the construction cost (more than
twice as high as for the CRTSS) and the difficulties in adapting this

design to viaducts.

2.1.4 American Egperimenté

The first known fests of concrete track-slab in fhe United
'Sfates Began iﬁ 1975 in Kénsé; with érstudy ofwéﬁé Saﬁ;é Fe Railroad.
Unfortunétely, the slabs were abéﬁdonéd after the fasteners cpﬁ—
- . nec;ing the‘tailélto the slabs popped out.and a éignificént dis- .
tortion of the subgrade damagé& the slab. |

In ﬁgg;summer of 1979.tﬁé Long Island Railroad (LIRR) began
| ’ | R

construction of a mile of "maintenance free" track This track
consists of a 305 mm thick reinforced concrete slab with a

rectangular cross-section. The concrete is poured in place and

P ’ finished with a standard hi hﬂay;Screedv — —

One of the most attractive features of this experiment is

. that two steel bridges and a reinforced concrete viaduct are included

T T e e e e T IZ:M e
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~in the project. On these structures the thickness of the track-

" slab was reduced from 305}mﬁ'to”§297mm to reduce the dead load.

The tests begén during the summer of 1980 and no technica
results are available. If the tests are successful the trains now

traveling over a temporary track will be rerouted to the new slab.

;‘but‘three'disadvantages of such a supp

2.2 Application to Railroad Viaducts

2.2.1 The Tokaido Line

In 1971 the JNR made the deciéion to build a 3 km test
| | 8)

segment of elevated viaduct structure with a concrete slab . The

p———

objective was to produce a maintenance free road bed. This test

segment appears to be the only one undertaken on a large scale that

has rails directly anchored to a concrete track-slab on viaducts.

P v

" The structure of the track-slab is shown in Fig. 9. A pre-

stressed concrete slab 5000 mm by 2340 mm is laid, and cement

mortar mixed with asphalt emulsion is poured under it. After the .

@

mortar hardggg, the rails are fastened to the concrete slab. Posts

'anchpfed'to the viaduct deck help in positioning of;ﬁhe'frack-élabs.

No results of the test segment has been published by the JNR, -

e

rt system can be mentioned:

T 1. The relative complexity of the prestressed concrete

slab makes this structure expensive.

,-15_



2. The assembly of'the fivedmeterllong sleﬁs“
neceeeitetes jeiﬁts, Creetingda discontinuous
foundation for-continuous rails. )

-3. The short length of the treck—siab makes it necessary

to have a viaduct slab with two slabs, one on the -

other.

2.2.2 The French National Railway

<

The French NationallRailway (SNCF) is currently building a’
new 400 km line between Paris and Lyon which wiil be opeh'to~traffic'

.- in 1983. Omn this line the tralns will reach a speed of 300 km/h(g)

The viaducts over the rivers are of cast—ineplace prestressed

(10)

concrete and are constructed by the launching method . A cross
section of one of the continuous viaducts is shown in Fig. 10. The
concrete box-section supports a layer of ballast on which the

concrete/steel ties are placed.

~ In cdntrasc roethe studies done by the DB, the SNCF has

' found that very high speed can.be reached with the conventlonal
;rallway~track”support system (CRTSS) The advantages‘of the ballasr
- are to aheorb the noise created by the traffic and to reduce the

. number of expan31on Jcints in the contlnuously—welded rails. The'
use of the\CRTSS 1s,3ust1f1ed-by che fact that ‘the maximum 1oed

on this line will be 170 kN‘per'axle;

The same approach is used for continuous steel-concrete

composireebridges, which have a smaller span length than the box

=14~



girder-viaducts shown in Fig. 10. Thé'créssfsection of the'
composite bridges {s-shown in Fig. 11. The steélll—beamé a;é em-
bedded in fhe concrete deck. This gives the'dgck greater.rigidify
which is nécessary'to 1imit the deflectioﬁ for the high speed |

‘ traffic. The ballast is laid on the deck. The ties are‘placed in

~

the same manner as for the box girder viaducts.

=

-

From this example two observations can bevmade: first, the
ﬁBland the SNCF studiéS'give different ranges of use of»the_CRTSS as
’ judged‘by the maximuﬁ speed; second, the ballasted deck viadu;;é
afe-not_out—of-date and in certain cases they can still be con-

sidered as the best solution.




3. COLLINGSWOOD AND WESTMONT ‘VIADUCTS

Collingswood and Westmont Viaducts are at the stations
with the respective names in the_PhiladelphiafLindenwaid Rapid
Transit Line. Figure 12 is a photograph of the Westggnt ;iaduét
lookiné towards'tﬁe station. .The viaductsfuse a single layer of
concrete slab as suéport for the continuous fails. The rails are -
fastened to the slabs. Thus the viaducté can be regarded as.aﬁbng

the most advanced "maintenance free" track support systems.

R
RIS

3.1 Characteristics of the Viaducts » - .

(11)

Based on the drawings from the designer and on the
- results of field inspections, the features and characteristics of

" each viaduct are as described below. The essential information is

also summarized in Table 1. !

3.1;1 Collingéwood_Viaduct
: A plan of the CollingSwobdeiaduét‘is_shown-iq Fig. 13.
The Qiéduct is‘727.2 m long and‘is compoéed 6f 34 sinéle épans. The
flrst 18 spaﬁs are stralght, each consistlng of 4 prestressed con-

; crete I-beams on hammerhead p1ers and supporting a 203 m thick
b

reinforced concrete glab. A typioalgergss—seetion—of~the*first"“" =

18 spans is shown in Fig. 14.

The width of the Viaduct gradually incréaées from pier 18

to pier 25 to accommodate the Colllngswood statlon Thé,numbef‘of

o -16-



prestressed concrete I-beams increases accordingly from 4 to 6.
A cross seCtion~of“the viaduct in the vicinity of the station is

shown in Fig. 15.

The station is situa;ed between the two tracks on spané 25
to 29. The westbound track is straigﬁt for the entire length of
bthe.viaductp The -eastbound track curves slightly as it paséeé on
the other side 6f the station as shown in Fig. 13. From'pier 29

towards the end of the viaduct,“the-width of viaduct gradually

decreases with the number of I-beams per span.

The dimensions of the I-beams vary from one span to another.

. 8ix types of I-beams are used with heights varying from 1.14 m to

' N
1.57 m. The bottom widths of the I-béams vary from 610 mm to 660 mm.

The I-beams are_ﬁ;efabricated. The prestress forces are applied

(11 gy

through pre—tensioning and varies from 3475 kN to 5695 kN e

-

prestressing steel consists of 36 to 59 seven-wire strands and the

steel areas vary from 26.7 cm2 to 43.8 cmz.

The reinforced concrete slab was pouréd—in—place to create
a composite section with the I-beams. The slab is 203 mm thick for .

the complete length df:the viaduct. - Its width ﬁaries from 7.951m _

t0.15.00 m aCcordigg{to the width of the viaduct.

. The slab reinforcement is the»same top and bottom and

"

consists of #5 bars (area 200 mmg) longitudinally with a spacing of
203 mm and'by.#é bars (érea 284 mmz) transversely at 130 mm spacing.

The transverse steel is closer to the surfaces of the slab than the

N . -1 . | I

longitudinal steel. © . i



" An elevation of the first several spans of the Collingswood

—— viaduct is shown in Fig. 16. Figﬁre«17 is a photograph showing one

complete span. Each span is a’\}’simple'Al span with a fixed bearing at

-~ one end and an exp;nsion bearing at the other. The fixed beéfipgs
of two~édjacent spahs‘are located on the same pier. The bearings fér
" all spans less than 25 m consist of 38 m thick 60 Durometer
_Neopréné béaring padé. Tﬁe béaringipaas, which vary in %idth and
length, are simply placed betweeﬁ the I-beams'and thé top of the

piers at expansion bearing. There is no provision to maintain the

pads in place. At the fixed bearings, each I-beam is anchored to

L d

the pier by two 29 mm diameter plain bars through the bearing pad
as shown in.Fig. 18. At these locations a diaphragm of reinforced

concrete is also placed between the exterior beams.

The bearihg pads are composed of only one 38 mm thick
layer of Neopreme. This is conttary to recommendations reduiring ‘

' tﬁe'pads to be made up of several layers eaéh with a maximum thick-
' ——_ . L ' ~——
ness of 12.5 and separated by bonded metal plates or fabric

sheebs(lz).

............
,,,,,,,

For all spans longer, than 25 m, the expansion Beafings N

consist of a steel roller of 101.6'mmvdiameté; under, each beam. A

" steel shoe is used at the fixed bearing.
. o 8 . . . - "'.L
~ Above the simple-span composite concrete section; the rails
- are continuous and “are anchored to the reinforced concrete slab.

,Figﬁré 19 is a photograph showing the continuous rails over the

_joint in the slab between two spans and showing the ‘anchorages of

— T ~18-. S e
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the rails. The rails are plééed on tie plates and eiastomet:ic
pads which pfovide an electric insulation of the ;ails. Figure 20
is a transverse‘cross ééction through a rail and the compression
rail anchorage. The compression rail clip ééture the rail to the
tie plate while the tie pléte aﬁd elastometric pads are bolted to
the concrete sléb by.anéhor bolﬁs with'insulatibn.‘ The compression
_ . 5 .
'rail clip and the anchor bolts are‘§taggefed in positioni To'achieve'
proper pressure, the-profile of'fhe.compressiqn rail glip is'adjusted‘

~ to match that of 4 template. The anchor bolts are tightened by

using a torque wrench.

a
For the operation of the signaling system fiberglass joints

exist on the rails near the station as shown on the photograph of

Fig. 21. These joints are near or-directly above a joint between
""" the rginforced concrete slabs of two.spahs;\ Two fibergléss stfips
one on each side of the wgb are bolfed to the abutting rails to form
an electric insulation joint. .Figure 22 shows the dimensions of ther

‘fiberglass strips used to create the joiht. Each strip of fiber-

glass hasra crdss—sectional area of 3630 mmz.

The bolts are .25 mm .
in diameter.

3.1.2 - Westmont Viaduct

r

The essential components of the Westmont Viaduct are

arranged in the same manner as for thé'Collingswood viaduct.  The
primarj difference is the curvature. The Westmont viaduct is 600 m

long with a 3000 m radius cu;vé on the first 350 mrgnd a straight

.section for the last 250 m as shown in Fig. 23.

. o -19-



t,ihé viaduct is cqmpgéed\of 27 siﬁplé spans. The first*lZ-
spaﬁs each havé 4 prestféséedvconcrete I-beams on hammerhead piers
and<supporting the feinforced céncrete slab. The width of the via-.
duct gradually increases from pier 10 to'pier-18 to accommodate fhe
Westmont station and the number of preéffessed,concrete I-beams per

span increases from 4 to 6 as in the case of the Collingswood viaduct.
The dimensions of the prestressed I-beams vary from one

span to another. Five types of I-beams are used with heights

varying from 1.07vm to 1.52 m. The bottom width of the I-beams

measures 610 mm. . The pre-tensioning prestress forces vary from

2993 kN to 5605 kN(ll).' The prestressing steel consists of 31 to

'58 seven-wire strands and its area varies from 23.0 cm2 to 43.0 cmz.

The reinfdrced concrete slab, 203 mm thick, has reinforce;
.ment exactly the same as for the Coliingswbod viaduct slab. The

width of the slab varies from 7.95 m at’locatibhs with 4 I-beams to

15.00 m at the widest point..

...The fixed and expansion bearings are all identical‘£o~thqée‘
o ofvthé'Collingswood‘Viadﬁct, éxéepﬁ the thickpgss-qf the.Neoprene
:pad, the siéé_of_fhe steelvroller, and the anchorage dswels at the
fixed,beariﬁgs; For tﬁé-viaduét the, single 1gyer‘Durdmeter Neo- .
T‘.prene»beafing pédsuare 25 mm thick aﬁd'the'steéllroilers are 127 mm‘
diameter. While the dowels grewbet;een the beéms and thé piérs

at the Coilingswood'yiaduct, the 25 Qm diémefef.plé;n bér dowels

at the fixed bearings of the Wesﬁmént viaducf';re bétween the

reinforced concrete'diaphragms’énd?the piers as shown in Fig. 24.



of the~Long Island Railroad concrete viaduct.

.

Thé'diaﬁhragms are placed between and rigidiy connected to the

extetior beam and the adjacent interiéf»beam at all fixea.Bearings.

3.2 Comparison with Other Systems

From the features of the Colliﬁgswood and Westmont via-
dugfs; it is observed that thése viadﬁcts areidiffergnﬁ from the
Epfépeanvand Japanése experimental éystems and are'similgr_to that
| Nww&he Iokaido Line
viaduct of Japanese Natioﬁal Raiiway (see Article'Z.Z.i) has a
track;slab_over the ?iaduct.sléb; the Freéch‘National'Railway via-

ducts (see Art. 2.2.2) use the conventional railway track support

system with tieg and ballast. These features do not exist in the

Philadelphia—Lindenwald viaducts. The anchorage of continuous rails

to the viaduct slab of 'single spans is unique to these viaducts and

the Long Island Railroad (LIRR) viaduct.

While the experiments in LIRR are being conducted, the

‘viaducts at Collingswood and Westmont have had nine years of service

life. Results of inspection indicate that,-althoughgthe.railway

track support'system is by and large maintenapce'free; it is not

without,problemsl. For the evaluation of the problems, a ﬂétruétural"
review of thébspecifié featufés.of»these viaducts may help to .-

focus attention on possible causes.

' The most outstanding character of the viaducts is the .

anchorage of the continuous rails to the simpie span composite.

\ . -

: beamsﬁslab. For the purpqse of maintaining track posifién, the

"
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rails.aré attééﬁed'to the tie plates by'coﬁpression rail,clipé

with a predétermihed force.in the clip bolts. The tie plates'and the
insulation ﬁé&s are firmly anchored fo the viaduct slab. Thig |
a;chorage éf rails to the slab, although indirect, made the rails
"composite” with‘the concfete'viaduct.spans. Conéequently, the
deflection and rotation of any simple span beam-slab in the viaduét
affect the behaﬁior of the cdﬁtinuous railé. Also any'change of
force or displacement of the continuous r%ils iuduces chapgé of
behaviof to the beam-slab spans. - This:phéqpmenon isvnotiexpectéd

2

of the Tokaido Line of JNR or the French National Railway viaduct

because the anchorage between the track support system and the via-

duct slab is either not firm or not provided.
\

Since the rails were laid after the construqtibn of the
spans, the dead weight of the viaduct does not affect the. force or”
displacement of the rails. The response.of the viaduct systém to
live load }s not expected to be pronounced because of.the relatively

’

light weight of théhtrains. The livg load defiections of ?he spans
are éxPectéd to be very smallf Furthermore, because of the smooth-
' héséidf_the pdntinuous tfapk rails‘the.dynamid ;ffectg of[thebtf51n$
on the viaduct are.very low.

The éffects of temperature variations, hoﬁevéf3vcpuld be..
émplified by thé composite nature of ﬁhe continuous rails. The
single span,:cééﬁosite,"érestreSsed—reinforced concrete géam—slabs
are subject\to»change‘of streééés when temperatpre,chénggs.\ Wigh
the‘continugty of the anchored rails aﬁd'théir suspectahility'to
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high change of temperatures, the change of behavior of the viaduct

épans could -be fairly high or even'very high. This’ unique character

of ‘the Collingswood and Westmont viaducts could be thé cause of

their'problems.

3.3 Observed Behavior and Damages , . .

Inspections of the viaducts revealed that there were

damages to the structures and fiberglaés joints of the rails.

In ihe Winter of 1975-76 the fiberglass sfrips of four
rails broke at bier 23 of the Coilingswood viaéuct. Four fiberglase
sfrips of the westbound track of the Westmont Viaduct-also broke
during the same .winter. It is only because of'the-interventiom of
the‘maintenapce crew that'the-four fiberglass strips of the east—'
bound track did not break. The 1ocafion of these breaﬁs are
pafkedvby an "F" in Figs.'lg.and 23 for the two via&ucte, respec—:‘

tively.

. The bearing pads between the preétressed concrete beams
and the ﬁiers experienced displacements. ' At pier -1 of the
Collingswood viaduct the'bearing pads under the .two longest beams

displaced toward the abutment about 38 mm, and are clearly visible.

':Almost all‘bearing“peds 6f‘the:Westmont viadﬁct have
‘ekperienced significant displacements. ‘Thesevaisplacements act in -
- the lomgitudinal and tfansverse directionlof the viaduct. The |
longifudinal-motione»are‘always oriented towards the center of the

e
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 spans with some measured displacements which exceed 63 mm. The

‘spalled such that the 25 mm diameter steel bars are visible. These

transVerse motions of the pads are always towards the exterior of
the viaduct:~ On top of the Neoprene bearing pads some signs of
wear can be observed, indicating that the beams are moving relative

to the bearing pads. - ‘ .‘ .

At all slabs and beams of the two viaducts,;norvisual'

damage had been observed ekcept that a corner of a prestressed

concrete I-beam, 65 mm by 30-mm, broke off at pier 18 of the

Westmont viaduct. Damages are observed at the diaphragm om top of

Vi

pier 15 in the Westmont viaduct. This pier constitutes a fixed
support for two adjacent spans and is built as showﬁ in Fig. 24.
The reinforced concrete diaphragm and the top of the pier have

damages appear on both faces of the pier under both diaphragms of

. each span. At pier 19 & gimilar fixed support, the reinforced

<

concrete diaphragm between the two beams under the eastbound track
. ~
is broken on its entire height. Each piece of the diaphragm is

still’rigidly'ééﬁﬁected to a different beam. A relative displacement -

_of about' 25 mm betweenweéch piece of the diaphragm cén‘be observed

in_theAdireCtion of the viaduct.

No relative displacement is observed between the slab. and

the beams.of the composite structure. Careful examination of the

compression rail anchors reveal that there is no relative movement

between the rail and the tie plates when trains paés by. However,

* there are markingé on the railsrindicatinglphat~there exist relative

: _‘2{’-" A
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displacementS'between them at the ends of spans. The compression
. : - (" » . ' N -
rail anchors move toward the center of the spans relative to the

] -

rails during cold months of the year. ' This condition suggests that
: ( : ' ‘ Sl

temperature effects maybe responsible for the moVemeﬁts, and damages.

Analysis of the viaduct structures to examine temperéture effects

is therefore given primary attention.
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4. FINITE ELEMENT MODELS

4.1 General Concepts

Because of the complexity of -the structures, analyses. by

finite element models are chosen. Ail finite element models of

(14)

this study aré made using the SAP IV computer program and the

CDC 64001computer‘at Léhigh University. To keep within the

" limitations of the computer and program and to ensure proficiency

of computation, all the models are two-dimensional. _Tﬁis simpli-

7

fication provides displacements and stresses'in‘the longitudinal

and vertical directions of the viaducts as well as transverse

-

reactional forces at the piers. The three-dimensional character-

- istics of the viaducts are taken into account in computing the

characteristics of the finite elements.

Two models simulate respectively the compiete viaduct

/
4

structures of the Collingswood and the Westmont spans. The third

is a one-span model for more detailed examination of the temperature

[

- stresses and'displaCements.in the viaduct spans.

-\

4.2 Models of Completé Viaducts

The objectiﬁes in developing a finite element model of ‘a

complete viaduct are to determine the axial force in the rails at

~different temperé;ures and to obtain displacements‘of the beams-

aﬁd;slab'céndrete sectibn_for_the one-span model.
| | ' ' =26~



A number of conditions dictate- or strongly influence the

modeling. The most critical is the large number of elements -

neceésary for simuléting.théwéﬁzife structure and remaining within
éﬁe capacity of the combu;er. In this régafd.Ehé concrete beams-
and-slab portionvof each span‘is condensed to a beam'of the same
cross-sectional properties and is 10Cated‘a; thé centtoid of‘the
goﬁcrete portion. Th; continuous railé aie_also similéfly con-
densed and placed; Between thé cent:oids.ofbfheﬂéoncrete and the
steel parté, the diété;ce is 635 mm and the two Parfs are connected
'by beam %}éménts; ~The resulting model of the Collingswood and the

Westmont viaduct have configurations as shown in Fig. 25.

For the Collingswood-modél each épan hés 14 nodal pbints,
the Westmont model has-20. The element léngth within eéch span
véries'acéording to thg»fpén lengths. The length of the rail
element between spans aﬂd directly over the piers is 762 mm long,
the dist;n;; between rail anchoré. This is néCessary in‘order
thaf_representative forces in the rails can.be computed for thesé

*

locations.
‘The anchorage between the rails and the viaduct slab are

represented'by the vertical beam elements. The bending rigidity

of'these'élements correspond:to the reistance agéinét'relativé

"movemenit between the rails and the slab. There is no available

information for a direct correlation. Observations showed that

at some compression rail anchors slip marks 25 mm long exist on

‘tﬁg rails. After several trials,'a moment of inertia of 42";000'.cm4
-27- "
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for the connecting elements is chosen. This moment of inertia
‘allows a relative displacement between the rails and the concrete -

~slab about 25 mm when an axial force of 10,000 kN is applied to

the rails.

The placing of the concrete.elements at the centroid of
the concrete section requires that the beariﬁgs of the simple spans
be also placed at fhe same level. This may éause errérs:in the
results of computafion if the énas‘of the”concrete beams-undergd'
large rotations. Pfelimina;y evéluations showed that the end

rotations of the beams were not large.

-

For Collingswood and Westmont viaducts the locatiomns of
the bearing points are defined by the curvéé of the axis of tﬁe
Qiaducts, but the spans a?evall étraight. Tﬁis conditioh'refleqts
the actual configuratioﬁ of the ﬁfestressed'concrete béams.. The
Collingswood-&iaduct is modeled as 34 straight simﬁle spans with

continuous rails. The model consists of 647 nodal points. The

/

‘Westmont viaduct is modeled as 27 sfraight-simple spans and the

model consists of 678 nodal points.

For’the,modél of»both viaducts the bearingé*are'assﬁmed"

 number piers. This is the condition in the plan of each viaduct.

\

However, because of the observed displacements at the fixed
bearings as well as at the expansion ones, an alternate_set\gf

‘bearing conditions is assumed in that all bearings are the expédnsion

~
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type. ThiSﬁcondition of béaring is designated as‘E-Evﬁodel in
the analysis, and the fixed and expansion condition as E-F model.

- At all expansion bearings, the boundary condition for the

models are represented by horizontal boundary elements with shear

[stiffness of the bearing pads. This'permits the beam to displace

in the longitudinal and the transVerse direction of the beam

‘according to forces generated in the viaduct. At fixed bearings,

the horizoﬁtal stiffnéss are given a Very large value. The verfical
stiffness of the bearing pads is adbptgd fbr all'vertical‘bdundéry
elements at fixed and ekpqnsion bearings. No torsion of the beams
is pérmitted as the piers prevent any rotation of fhe viaduect super-

structure,

4.3 One-Span Model | .

The objectives in developing a one-span finite element
model are to determine the variation of the.axial force in the
rails within a span at different temperatures; to examine the

stresses in the concrete.slab and»beams, and to evaluate the dis-

,plademénts at the bearings:'

. l. N‘/"\‘ . . L V ’ i ‘ .
The one—span/m6agi/;s.shown in Fig. 26. It has 292 nodal
' - 7 S - : ' :

'points.~ In this model the length of the elements :epreseﬁtiﬁg‘the

‘rails is 762 mm, ;he'distanée between two adjacent anchors of the

rails to tﬁé éiab. The reinforced coné}ete slab is modeled with

plane stress elements. These elements are 203,mm‘high'and 381 mm

-29-



long. The height is the actual thickﬁgss of theislab. The length

-

‘was chosen to maintain an aspect ratio less than 2.

I

The verticai beam elements which connect the rail element
nodal points to the slab element nodal points are 198 mm long.
Their bending rigidity is to simulate the resistance of the anchors

to the relative movement between the rails and the slab. A moment

‘of inertia of 42,000 cni4 is chosen for these vertical beam elements

"as for the similar elements in the models of-the complete viaducts.

The prestressed concreté Beams are also modeled with plane
stress eiements. Each element is 762 mmvhigh andl381'mh long.
Thevheight of»two eiemen;s is the deéth of the prestressed concrete
beam. The'ieng£h of the element mainﬁainsban'element aspect

e —

ratio of 2. Because the input to(;his one-span model is the span-
end displacements, determined from the analysis of the Collingswood

and Westmont viaduct models, boundary elements are located where

the input disﬁlacements are applied at the level of the rails at

nodal points between the slab and the beams which aré'nearest to the.

" centroid of the composite slab and beam section and at nodal points

nearest to the bearings.



5. EVALUATION. OF FINITE ELEMENT MODELS-

5.1 Assumed Temperature Variations

Since teﬁperature effects are of primary concern, variations
of.temperature in the component parts of the viaduct need td,be
defined.4 Measureﬁénts of temperature at?comaonént partsﬂof steel-.
concrete bridges have shown tﬁat the temperatﬁres,at the component
part aré‘différénﬁ and also.different from the air temperature.
Figure 27 is a plot showihg the Variation'of temperaturé with time
for a concrete deck-steel girder bridge during early summer days.

Depending on the weather condition, steel temperéture rise and

decline more than the air temperature does while the response of

4

.

the'concrete is delayed and less prominent; For the viaducts of

the Philadelphia—Lindenwald Line, the steel rails are above the slab

“thus the differential change in temperature between thé rails and

the concrete beams are even more drastic.
- . )

There are.no measurement data of temperatureé variations in
the component parts of the viaducts. Record of construction and

weather data indicate that the average air'témperature on the day

SRR » : ) N

f laying the rails was 20° C (15). Based on the data of Figu‘27
- | (16)

and on information obtained on or_near the site , two variations

RN D

AL L ‘ . ) . ' . I
of temperature are arbitrarily assumed for—the further analysis.
. 7 - ’

These variations of temperature are defined as follows:




1. Thé‘Summgr Conditions with an inérease of
temperature of: + 20° ¢ for the rails : : . e
+ 7° C for the concrete
2. The winter conditions wiih a decrease of
temperafure of: - 38° C for the rails S e

- 32°‘C for the concrete

In addition to the seasonal changes of temperature, daily

-

-fluctuations also cause differential temperatures in the compoment
parts. The amplitudes of daily thermal changes are less than those
of the annual chariges, but the character of their effects on the

viaduct "structure is the same. For the evaluation of the models,

the assumed annual changes are used,

5.2 Comparison between Viaduct and Oné—Span Models

‘As explained in Section 4.3 the one-span finite elément

model isndeveloped to.carry a finer analysislof the forces and

stresses in single spans whiéhzcompose the viaducts. The input‘for
.~ thé one-span model are the displacements computed from the viaduct
models. For this,reason it is important- to assure the éxistence of

compatibility between the one-span model and the viaduct models.

Direct comparison»of4thé’displaceméﬁfg’céﬁbutea‘by these models

are made.

A 2
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Figure‘ZS shows the absolute longitudiﬁal displacements of

‘the rails along span 6 of Collingswood viaduct as computed by the

"E~-E viaduct model. For the assumed equivalent rigidity of the

rail anchors and decrease of temperature in the component:parts, the
displaéements of the rails are very small, in the order of a milli-
meter. In other words, the rails remain practically in position

with respect to.the ground.
| - >~

/

By applying the boundary diéplaéeﬁents of}sﬁaﬁ 6 of‘the
Cbllingswood E-E viaduct model to fhe one-;pan model and incorpor-
ating the same‘decreases in temperature, ;he 1ongithdinal displace-
ments of the rails in the one—épan model are computed. Figure‘29.
shows the results. The rail displacements at both ends of the span
are equglbto'those'of the complete viaduct ﬁodel. Within the spaﬁ,
the displécemeﬁt éurve has the same pattern as that in Fig. 28.
Thisﬁagreément is also confirmed for the concrete displacemept.

Figure 30 shows the loﬁgitudinal displacements'of the concrete

 section in span 6 of Collingsﬁood viaduct computed by the E-E via-

duct model under.the winter conditions. The variation of magnitude

-of longitudinal displacements of the concrete centroid along'gﬁén 6
. : : ro - R : ’ :

is -almost linear. The two ends of the ¢oncrete portion move -

-
~r

" toward the centetr of thevspah and other bréss sections move pro-

i

portionally. Under decreasing temperatures,ftheie is a contraction

-

of theé concrete section.

The“tdrresponding-longitudinalM&isplacemen;s-of the con-~

crete component computed by the one-span finite element model are

>
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.given in.Fig;'Bl. The bottom of..the slab is the nea;est point to
~ the centroid of the entire coﬁcrete séétioﬁ in the Sﬁe—spanvmodel
‘thus its longiéﬁdinal‘displacemeﬁts are compared. The variation
of the magnitude of the displaceﬁents given by'the one-span m&del
is almost linear between the ends, just As it‘is obtained from the

E-E model.

From the.ab0ve'co£baris§n of displaceménté, itkqan be con-
cluded that thefetis compatibility between tﬁe oneéépan:éinite
elémént'model and the E-E model of théiviaducﬁs.' Tbe validity of
thevcompﬁtational results from the ome-span model must be evaluated

against actual measurements at the viaducts to insure accuracy.

‘.

5.3 Comparison with Measured Displacements

e,

In order to gain'inéight of the concrete slab displépements
due to temperature changes, brass-plugs 9 mm in diameter and 13 mm -
long wefe iﬁségped int6 the slabs in pairé above a number of piers
af Bo;h viaducts. These plugs are located midway ﬁetween tﬁe rails
and éathvpair of plugs‘sefve és.gagé targets for a mechapical ekf

r»téhédmeter. The change of plug distance is the relative displace—

.

.

. There are eléven.pairs'of'plugs over six piers at the

Collingswood and Westmont viaducts. Measurements of plug distances .. ._.

were made four fimes:v in the morning and early afternoon of an

% “: - - .
early -summer -day (Ll and LZ)’ at about the hottest time of a year .
in August-tLB),~and dﬁring a cool morning_in.midfallf(La).'ﬂThe -



.reéults of mqﬁsuremeﬁts are summarized_aﬁd_compa?ed in Tables 2;
3 ana 4, o o L ' {

" In Table 2, the first column gives the location of the
measufémenfs. The first letter indicates the viaduct, C for
Collingswood and W for Westmoﬁt; the number réfers to the number
of the pier over which the plugs were placed; and the last letter
indicates locafion on the slaﬂ} E between the eastbouqditrack rails
and W between the westbound frack rails. " The second éolumn gives
'thg dis;ance Ll betwéen-the pairs of plqgs measured.eérly in the
morﬁiﬁg of June 29, 1980. The third column gives the‘corresbonding
distance L2>measured later in the aff:fnéon; The fourth column
shows the differencg AL between the two measuréments, whicﬁ
is' the relative displacement between the two plugs of each pair.
The last column giveé the average of AL at each pier, which repfé?'
sents tﬁe relgtive'slab dispiacemen£ at that pier? The suffix E and

"and F indicates the bearing condition being éipaﬁded or fixed.

Similar comparisons are tabulated in Tables 3 and 4 for

3" Ll) and a large decrease of
- . o

‘temperature (L4 - L2), respeqtiﬁely. The air temperature meaSuredi

a large increase of temperature (L

above the concrete slab at the level'pf.the;rails,,ére also givén
¥ . .

‘in the tables for each time when the relative slab displacements

were measured. The significance of these results{will'be discussed

e ——

later—in—Chapter 6. The main reason of presenting these data here

Y

is to evaluate thg finite element models.
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A comparison between the relative displacements given by
the E-F finite element models, the E-E finite element models;/and
the measurements taken in-situ is shown in Téble 5. The first

column gives theAlocations where the displacements are compared.

The second column gives the relative displacements at the centroid

- of the concrete segment as computed by the E-F model of the

Collingswdod and Westmont viaducts. These'displacementé are computed

for the assumed summer increases of temperature as defined in -

‘SeCtion 5.1 and listed in the table. The third column of Table 5

gives the corresponding relative displacements by the E-E viaduct
models. The fourth Eolumn is the last column 6f Table 2. . This
is the average of the relative slab displacements measured at each

pier.

_-The'femperature difference was + 11.1° ¢ in the'air~fdr thé
measured diéplaceﬁents in the fourth colﬁmn ofATable 5. This phangé
is éomparable to the increaseé of‘temperatuie in the fails and fhe
conéréte which havé been used ;o,obtéin.the results of thebEtf agngl
E-E viaduct models in the second and thira ;6luﬁné.. The;éfore,

v

com@ariSonjof relative displacements can be made among the results.

By comparing the second column with the fourth column, it can be seen

that the,relative displacements,computed by the E~F finite-elément.

'models are very different from those measured on the viaducts. This

is particularly the case for the fixed bearings where the computed .

relative concrete displacements are zero and the measured relative

slab-displaéements‘vary bétwegn_lfS&'mm to 2.46 mm contraction.




h . -
\
N . . . o

On the other hand, the computed rélétive displacément'byv
the E-E models are quite‘aéreeable with those meaéured valués, as
itAis evident ffom comparing the third and the fourth column. The
fitth coluén‘of Tabie 5 gives.the algebréic‘difference.between the
relative displacements computed by the E-E viaduct models of column
3 and the measureé relativeldisplaceﬁenté of column 4; >The last
colﬁmn gives the corresponding peréent difference betwegn'the
computed ‘and ‘the measured values; using the latter és a basis.

The differences are within 18%. One of the causes for these dif-
ferences is the assumed temperature change. The uniformity of the
percentage nevertheless shows the validity of the E-E finifé element

. model of the viaducts.

The measured change of air températgre between n;on of a
'mid—sﬁmmer day .and the morning of a.fall daj"wés ;3é:56WC.‘ The
measured relative slab disblacement at the piers ére listed in
"Table 4 aﬁa‘in-tbe.fourth coluﬁh‘of Table‘6. Tﬁe slabs are moving
away from each other during the cold months of the year. The
-colgmns'of iab;e 6.aré érranged in. the éaﬁe-format a§;for;Téble 5.
The air témpéréture‘change is agéin*cémpafébie to thaﬁVQSéumed .

" for the,raiistaﬁdjthe66ﬁ6f§fé‘éegﬁent. As for the case of Tablev
5, fhe EfE;fiﬁite‘element‘models\give:resulté.gomparableiwitﬁ tﬁe '

field measurgments._ The laét column of- Table 6 shows that the

differences in computed and measured relative displacements are

acceptabléjaébnsidering that the &dctual changes 6f'temperature'in

the rails and the concrete were unknown for the computations..’ - i
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Therefore, the-E—ﬁ finite element model of the viaducts

~are used with the one-span models for analysis ofithe viaduct spans.

o

[

/
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6. ANALYSIS OF RESULTS FROM COMPUTATION

-

6.1 Forces in Rails

Because there were fractured rail joints, the first items

"to be analyzed using the finite elements models are the forces in

~ the rails. For the Viaduqts, factors affecting the rail forces
include temperature changes, the rigidity of the rail anchoring

device, and train loads. The effects of temperature is examined

first. .

6.1.1 Effects of Tempefature Changes
In evaluating the finite elements ﬁo@els earlier; it has

been shown that the ends of édjacent slabs move away from each other
when teﬁperatufe decreaées. This‘generates'tension in the rails

oﬁér the piers. By applying the assumed decreases’of temperature in--
. Winter to the E-E viaduct moaéls‘of the Coliingswood and Westmont
viaduct, the réil‘forcés are computed. figure‘32 shoWgAtHe pal-
,.culated»ﬁariation of forces in the ;ails on the Collingswood viadﬁct.‘
The tension fofées"in the,féilsioﬁ the Colliﬁgsﬁood Qiaduct. The’
tension“force varies from ld,OOO‘kNiiﬁ the-raii sggment over a éier.u
t6:3500-kN at fhe middle of the spans. ‘These forées are computé&.

" for 6 rails (of type 132 RE with the dimensions shown in Fig. 33).

The maximum.axial tension stress in each rail is 200 MPa (29 ksi).

The tension stress at midspan is only 70 MPa (10 ksi).
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— - Forlfhe‘Westﬁont viaduct under the.same‘dedfééses of temper-
aﬁure,ﬁthe édmpufed variation of.forces in the fails 5; presen;ed_

in Fig. 34. The tension forée varies froﬁ 8700 kN in the railjseg—'
ment over a pier to 3700 kN at the middle of the gpans. The maximum
tension stress iﬁ‘the rails ié 174 MPa (25 ksi). The tension

stress at midspan is 74 MPa (11 ksi). o e )
] - _ WhénAthe temperatures in viaduct éompoﬁents inéfease; the
gap between ends of concréte‘slabs‘decreése and cauée.compression
"in the rails. Figure 35 shows the égmputed variation 6f forées in
the rails on the Collingswood viaduct uﬁder tHe assumed incre?se

of temperature in sﬁﬁmer. The compressionwforce variesvfrom -5200 kN
in'ﬁhe-raii%éegment above a bearing to -3100 kN at the middle of the
spans. These axial forces produce comﬁutéd compressive axial
gtresseé.in the rails which vary frqm -104 MPa (15 ksi) to -62 MPa

(9 ksi). 1In the case of the Westmont viéduct, the computed com-
pressiq; forces vary from -4600 kN in the rail segment above the.
bearings to —3000‘kN at the middlekof the spans.n The corresponding
‘axial compression stréSsés in the réiis vary from -92 MPa (13 ksi)

—

' ~above the bearings to -60 MPa (9 ksi) at the middle of the spans.

Theée computed forces and stresses are summarized in Table
* 7. Also listed in the table are the change of temperature and the
corresponding change of forces and stfeSSes{betwéen the assumed
extreme conditions of hot summer days and cold winter nights. Since
‘the actual temperature in the rails and in the concrete are not
, ' certain, these computed forces and stresses may not be accurate{
‘“" v } . - \\ . - . '.\ , ‘ - . .
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However, results of measuring air temperature, as reported in
Section 5.3, indicate that the assumed temperature changes are

quite reasonable. Therefore, the computed changes of forces and

stresses can be used as references for further discussions.

6.1;2‘ Comparison with Strenggh of‘R;ilé

| The temperafure—induéed forces and stresses must be com-
pared with the strength of the rails.i’Under sévere dec;easés of
temperafqré; the tensile stresses in the railsuéhduld not exceed

the allowable stress. During hot summer days, the rails should not

buckle because of high compressive forces.

The total tension in a rail is the sum of that due to
tempefature change and due to wheel loads of trains. The stresses
caused by the dead weight of the rails are very small and can be

ignored.

The rails under train loads can be treated as continudus

beams subjected to concentrated wheel loads. The span of these con- -

tinuous beams is 762 mm, the distance between two compression rail |
énchors.’ The wbéel'iagaé are at«léast 2286 mm apart }orfthe railf |
- road cars of this liné, as furnished by the Port Aﬁthorify Trénsit
Corporation (PATCO). ‘Therefore, the maximum bending moﬁeﬁt'éah be

épproximated by placing a single wheel load at mfﬁspan of 'an equal-

spanned continuous~5eahf;—"*'”
o . _M=—6-Z_PL ‘ (L)

-whefe.P is the wheel ioad-and“L the spaﬁ 1éﬁgt%, The PATCO cars
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have 8 wheels and weight 334 kN. Thus, P = 41.8 kN and M =5 kN-m.

" The maximgﬁ behding stresses in the rails (with the cross section of
Fig; 33) are 14 MPa (2 ksi). This is:elso quite low &hen compared
to the highest computed ten31le stress of 200 MPa {29 ksi) over the
piers under winter conditions as listed in Table 7. Even if a
dynamic'factor cf 2'isAapplied to the'live,load stress, it is only
abopt 28 MPa (4 ksiY. The maximum total ten51le stress is then
less than 200 + 28 = 228 MPa (33 ksi).

The allowable tensile stress is specified by. the American

(13). For the

Rsilwavangineering Association (AREA) to te 0.55 Fy
132 RE ralls, the specified minimum yleld point is Fy = 534 MPa
" (77.5 ks 1)(17). Therefore the allowable tensile stress is 294 MPa
(42.6 ksi). This is'higher than the,maximu; compused stress value

of 214\M?a (31 ksi). The rails are not expected to.have any problem

~ in tension due to the effects of temperature changes.

During hot summervdays; the total ccmpressive stresses in
the rails are the sum of the‘temperature-induceq stresses and the _
'%endlng stresses from the wheel loads The maxrmum compressive
* stress from Table 7 is 104 MPa (15 kSl), and the wheel load stress
is 28 MPa (4 k51) 1nc1ud1ng the .contribution of dynamlc effects

The total" max1mum compre581ve stress is 104 + 28 132 MPa (19 ksi).

" Rails subject to high compressive stresses could buckle.

A

laterally. Thé'rails'are laterally supported at equal distances by

compression rail anchors at both sides. Conservative estimates can

be made by assuming that each segment of a rail between-anchors.isra o

)
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(18)

simple column subjected to combined axial forces and bending

13)

\

The AREA requireﬁent( for combined axial and bending stress is

= SR -
et , < 1.0 @
F, [ £, 2] T o
a KL
Fb 1 - 5 (_r_)
200 x 10
. . / \
where .
fa = computed axial stress
Fa =_axial'streéé that would be permitted if axial
forces alone existed
fb = computed compressive bending stress at the point

under consideration’
Fy = compressive bending stress that would be permitted -

if bending alone existed

%% ratio of the effective length to the radius

of . gyration of the compression member

For the segment of'féil above a supbort at the Collingswood

viaduct under. the assumed summer increase of temperature:

o
[l

o = 104 MPa (15 ksi)
‘fb = 28 MPa (4 ksi)
'.Fb = 294 MPa k42.6 ksi)-és‘comppfed earlier for the
| 'winter‘condition ” |
! KL =L = 762 mm (30 in.) ) o L e— T

r = 66.3 mm (2.6 in.)

i e e ',',;,?‘A...,ﬁ..w_,___.._.;,,,,, ..,;,43;;.“,,-:".,;,_; S



The valueigfifa may 5e ge;erminedvthrougﬁ strength curves
fér'aXially loaded columns. Figure 36 shows some stfength curves.
"The cprves.are from resulfs of studies at Lehigh University(lg’zo)
and by the European Convention for Construction Steel Work
(ECCS)(Zl’zz) and are summarized in a-Guide of Structural Stability
Research éouncil (SSRC)(Z3? These c;rveSfaré fof.columns which have
‘ shapés and manufacturing conditions closest to.those fof 132 RE‘

_ railé. Ihe‘curig gives the fétio of‘the_makiﬁﬁﬁ'SEréngéhiPméx to the
yielding streng;h Py as a fynction of the‘nonQimensiénal slenderﬁess

ratio A:

. I3 | |
A= %% 7% ~ - _ (3)

where,KL7f and Fy are as defined before and E is the Young's Modulus
equal tO'éO0,000 MPa‘(29,QQO ksi). By using these numerical values,
A is found to be.0.417 and the two curves give Pmax/P ratios, 0.96

and O. 94 respectlvely By taking the smaller ratio and applying to

the allowable stress, the allowable axial stress if F 0.94 x 294 =

276 MPa (40 ksi).

-

 When all the values are substituted into Eq. 2 (in U.S.

units) it results in

J'» | I . . :
o 15 2 S
L, - - - = <
RN~ , _ 0.42 1.0

iw*' ‘ . e v . 2
W e |- L (206)
o 17 200 x 10° 2
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'frompghe;bolts

Therefore, the rails in the Collingswood and Westmont

‘'viaducts have sufficient safety margin against lateral buckling

even under the most severe condition of assumed summer temperature.

‘The actual condition of the rails is such that no distress

has beeﬁ reported. The problem was the fracture of some fiberglass

joints of the rails. This is discussed in the next section.

“

6.2 Fiberglass Joints of the Rails

_The»fiberglass jbints of the réils are subjected to the
same fofces as are the rails. Since all‘such joints are“at Or near
the piers, alI‘are sﬁbjected to high forces. Froﬁ.the’resﬁlts of
analysis, the forces in the joints are estimafed to be 10,000 kN

and 8700.kN for the Collingswood and Westmont viaduct joints,

'respeétively, during the winter weather conditions (see Table 7).

The configurations of the fiberglass joints are shown in

'Figs.-Zl and. 22. Eachvjoint has two fiberglass strips. Each strip

, : T S 2 - : .
has a gross cross-sectional-area of 3630 mm~. Thus the stresses

~ in the strips are approximately 230 MPa (33 ksi) and 200 MPa (29 ksi).

At the boit holes, thé Croés-sectional‘a;ea is about 2661 mm2 per

strip. Therefore, the’averagé tensile stresses are estimated to .

.be5313gM?§4(45;kéi)'aﬁd’272 MPa (40 kéi). Furthermore, stress con-

centration at the holes may cause the stresses to be higher than the .

average vélﬂe, with the increase depéﬁding on the clamping forces
(24,25) .

g



’

The streﬂgth of the fiberglass joints-is‘governed'by

“the mmterial properties of tbe,fibergléss, the geometrical conditions

of the.joints, and the naturé of the loading, améng*other factors(zs).'

No information has been received concerning the properties of the
fiberglass material;- In prdef to have some refereﬁcég for evalua-
tion, four prismatic bafs 250 -mm (lO'in.),orllonger were cut f;om“a
fiberglass:strip iﬁ the direction of thé rail joints and tested under -

tehsion, Figure 37 shows a photograph of thé specimens after failure.

—

These fiberglass bar tests show that the load-elongation
relationship is linear from the onset of loading to the termination
of testing. Termination, unfortunately, was due to failure at the

gripping portion at the end of the bars, not at the middle‘of the

;*iength. Nevertheless, the results are listed in Table 8. Specimens

1 and 2 had short gripping lengths and failure occurred early.

Specimens 3 and 4 were-longer and did a 1it§ié better, with a
maximum tensile stress of 337 MPa (49 ksi) and 323 MPa (47 ksi),

respectively. The “ultimate stress" for this material should be

higher. Because the load-elongation relationship is linear, the
quuluéyof'elasticityvcaﬁ be computed. It isvapproximafely
27,600 MPa (4000 ksi), being less than one-seventh of that for the

steel rails.

AN

. By comparing the computed winter stresses in the fiberglass
strips to the strength from bar tests, it is seen that the ultimate
strength of the fiberglass material probably is not exhausted under

winter conditions. On the other hand, experience from leted joints
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has indicated_thét joints sometimes fail because of geometrical

(25)-

cOnditiohs . The "unbottuning" of end bolts of a long joint is
an example. Each of the fibergigss strips has six bolts in a line,
three for each aButting-rail. The joints are fairly long. Thus it

~is likely that trénsfer of forces ffom‘the rails to the fiberglass

strips is not even among the bolts.

‘ -

Again, in order to gain infofﬁation on‘the.béhévior of the
fiberglass étrips,.a small épecimén.was made and £ested; The
specimen, as shown iﬁ¢Fig; 38, has two fiberglass strips with all
dimensions one fourﬁh those of the actual fiberglass strip. The
fiberglasé-strips>are B&lted With'6;3 mm (1/4") diameter high
,strengtﬁ bolts both sides of two steel plates which represents the
rail. Tgnsion is applied at‘ﬁhe end of the'sféel plates. The spec-

imen was pulled to fracture.

Figure 39 shows the fiberglass strips after tésting. The
‘first bolt has torn the end of the fiberglass stips completely,

Thé second and thifd bélts aié’groken aﬁd they ﬁave also torn thé
.'fiberglass strips. ‘Cargful}éXaminétion reyegleqwtwo teéring lineé
2bhnected ﬁﬁe:bolt hblés pérallel to the‘directibn‘cf applied forée.w
ghe distanteibetween oﬂé line and the other‘is thediame?er:dethé
«Vﬁolés, The maximuﬁ§pensioﬁ force applied to ﬁhé sgegimen”was

96.5 kN (21;7Hkips). Thé cérreggonding netlséc;ioﬁ”égress in the '
vétrips was 307 MPa (44 ksi)} This is less than the.;ve£agevtensilé
dstress.of 313 MPQ (45 ksi) computed‘ih theffiBerglass joint on.
Coilingswbod viéduct'under wiptet_témpératﬁ;e.cﬁ;;éé;f‘-:.-. _ o .“ R
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strdhgly Suggesgs that the geometry of the fiberglass joints has a
‘pfofound influence on their failure in the Collingswood- and Westmont

viaducts.

‘Other factors which could affect the behavior of the fiber-
glass joints include the differential change of length between: the

fiberglass and the steel rails, the mechanical propefties of'the

fiﬁerglass in low temperéture; and, the low‘cyclé fatigue character-
isties of thegétripé:‘ It‘ié neﬁessary to know all these- relevant [;
data, as well as the ekact témpérature.;p the'viaduct and the
corresponding displacements and forces of the rails, before the exactb
phenomenon of fiberglass failure.can bé reconstructed. Bésgd on the
resuits of computer analysis by finite element médel, it'appears'that

the most important conclusion is to place the fiberglass joints away

from the slab joints over the piers. .

6.3 Effects of Rail Anchorage

e

4

. The arrangement of'compression railAanchqrs'énd the slab

anchor bolts of the viaducts is ahalogous'to.the use of shear

o

connectors between the component parts of composite beams. Studies.

~on steel-concrete composite beams have shown that the number of
| ' (25) |

~

_shear connectors influence the composite action . Sufficient
number of shear connectors permits the development of complete
interaction between the component parts of the beam, and insufficient

shear connectors is accompanied by partial interaction. There is

( .

-
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relative displacement between-the component parts ‘in the case of

incomplete interaction.

For the Collingswood and Westmont viaducts, it has been
observed that during cold months the compression rail anchors moVL
toward the center of the spans relative to the rails. Figure 40

shows ‘an example of the computed'relative displacements‘betweén the

rails and the slab of span 6 in the Collingswood viaduct.

This condition is analogous to that of incomplete interaction in

<
composite beams. Therefore an examination of the rigidity of “"the

compression rail anchors will provide information on the relative

displacements between the rails and the concrete slab.

In the finite element models of analysis, the rigidity of
the elements connecting the rails to the concrete slab is assumed . to

be constént. A moment of inertia 42,00 cm4 has been chosén by-triai

"and error such that the computed relative displacements at ends of

concrete slabs correspond to the maximum observed movement of about

25 mm. By increasing and decréasipg»the'rigidity of the connection

.élements, the effects of rail anchorage rigidity canﬂbe»eyaiﬁate@.: 

Three values of moment of inertia.for the connecting

elements are used: 42 % lO10 cmé, 423O00 cmé;.and 42 cmﬁ._’The firét:~

i .

represents a very rigid anchorage, the second is as explained above, -
. . . -/ :

and the third simulates the case when the compressipn rail anchors
. M N : .

are only slightly tightened. These three values are used with the

E-E viadugt modéls. )

4 .

. -
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Figure 41 shows the computed axial forcé in the rails in
spans 5, 6 and 7 of Westmont viaduct under the same assumed - decreases
of temperéture for winter conditions. For very rigid connections

between the rails and the coné%ete slab, the forces iﬁ the rails

are constant in the span but above a pier the rail tension forcé
increasés to 10,800 kN. Thisxcorréspbnds to a tension-stress of

216 MPa (3;.3 ksi). By contrasfi_if the connection betGeen the
rails and the coﬁﬁrete slab is minimalf‘ The axial foréeris uni-
formly 4500 kN over the piers and in the spansvtﬁrbughout the:eﬁtire:
| length of the viaduct.. The correspondiﬂg tension stress is 90 MPa
(13 ksi) in all segments of the rails; For the iptérmediate‘case of
rigidity; the rail forcé,over ; pier is 8700 kN énd decréases grad-
ually to a lowest value towards the centér of spans (éee Fig. 34 for
this éésé pf rigidi;Y)! }The tensile stress in the rail over:thé.

-

piers is 174 MPa (25 ksi).

The tensile forces and stresses in the rails over the
'piéfs for the’th;ge gléﬁent rigidities are summarized in Table 9.
.Obbiously, the more ¥igid th cbmpression rail anchorage, the
‘higher the forces.énd Stfeésés in thelfails over é‘pier;.‘From the
 poiﬁt of view»éf ;educing the raiiiforges; it is thén adVisabie’nof |
ﬁo usé a too,high‘bolt fofée in theﬂébﬁpreééién;rail clip b@lté. _
Becéusé ;educi@g cliplbait‘forcés is equivélent to the
condition of insuffiqientAéhear connectors in éomposite beams,” the .
possible occurrence of large relative’displacements between the rails
énd the cbnérete<SIaBé.bvéf>Phg”piets.shéu%d be gXamined. -fﬁése" 1



displacements are listed in Table 10 for the Collingswood viaduct
under the assumed wifiter decreases of component temperature. For the
anchorage rigidity simulating the exiéting compression rail clip

condition, the displacement is computed to be 2.26 mm. When low clip
bolt force is used, the relative displacément only increases to
3.77 mm.” This latter value is approximately only twice of that for

_ , -

- very rigid anchoring conditionms. o

Since the rélative displacemeﬁts are'highesf at ends of
simple span Béams and decrease to zero towards fhe center of spans,
no computed relative displacement is expected to be moré'than_3.77 mm
for the Collingswoéd Viaduét;- The maXimum computed value fﬁr the
Westmont viaduct is slightly less; vasuch'magnitudes of relative
aiéplacéments ﬁre considered‘tolerable for the viaducts, then the
clip bolé;forces may be reduced so as to reduce the forces in tﬁe

~

rails over the piers.

6.4 Rotation and Displaéement.of Beams at Piers

All the éomputed rail forcésﬁand relative displace@ents
have been ﬁade using the_E;E-viaduct models and the oﬁé—spanmmbdelr :
It haS'beeniindicated thatjthe,éohdensing of concrete-portiops of
the_viaduéts;aslbeam elemenﬁs‘albng their ééntroid may.introduce‘ﬂ'
" in the results of computatibﬁmif the'gndévof the concrete beams -

undergo large rotations... It has also been shown that the E-E

viaduct ﬁodels'givé relative displacements between ends of slabs



-

-which correlate well with meaéﬁred values. The E-E model has been

adopted regardless of the rotations at beam ends.

For the simple spans in the viaducts, the rotations at span

ends are induced by the changes of beam curvature responding to the .

changes of temperature in the component parts. Thﬁs, the rotations
for spans of the same gebmétry'are the same for an assumed tempera-

ture change. Table 11 shows the computed rotations at span 6 of the

Collingswood viaduct under both the winter condition of decreasing

temperature and summer condition.of increasing temperature. The
{ Vo

one-span finite element model permits evaluation of the rotation of

the slab and of the beam éeparately. The I-beam rotate less than

the slab because the I-beams have higher moménts -of inertia. For

N compérison with the rotation from the E-E viaduct todel, the rotation
- of the gtfaightline connection, the .top of the slab to the bottom
~of the I-beams is given in the third column of the table.. The

- corresponding values from the Qiaductﬁmodel are aBout half of thbseA

‘from the one-span model. Regardless of how much the orie-span model

results are better than the E-E model values, the order of magnitude

of the rotations indicate that these rotations should not be ignored

.. in examining-the behavior of the viaducts.

Rotations of vertical cross-sections at span ends are

aqcompanied byvlongitudinal &isplacements of the component pérts{

.These displacements must be superimposed-to the shortening or

1engthening of the entire viaduct spans due to the change of

temperature. In the analysis by ;hé one¥span model;fthe~‘ .

- .
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superpbsition is handled by taking‘the'aﬁsolﬁte 1ohgifﬁdinal
displacements at the rails and at the ceﬁtroid\of the concrete
| portioﬁ from»;he E-E model as input. The outﬁut'are'absolute dis-
placements, including the contributions from the éﬁrvature of the
"beams. Examples pf compﬁted'ionéitudinal.displacements are given
in Figs. 42't0‘45; -
L -Figure 42 showslthe‘longitudinal disblécements;at‘one end of
-span 6 of Collingswoéd viaduct.uﬁde; tﬁe wintér temperéture change>
coﬁputediby the“one—spah modelf Thié en& of span is'overApier 5.
Ihe bottom of the I-beams move 7.72 mm in thé direction of the mid-
.spéﬁ; The variation of fhe,1ongitﬁdinal_displacemenf is linear
acigs; the depth of the prestréssed concrete I-beam corresponaing
to the rotation of the cross section. There islno slippage between
Fhe concfete slab and the prestressed I-beams thus the displacement
is identical. | The difference of,displacemént betwéen the rails‘and‘
the top of slab is the relativg displacement discusSed-éarlier and
listed in Table 10. The longitudinal displacement of the rails 13 
minimal because of its continuitY.oveﬁﬁthe pier. The comﬁutgd
fi_idngitudihal displacemeﬁﬁ~of'7;72 mm is relative tolfhe‘top pf the ~
piér. | |
| Fiéure 43 shows'thellongituainélldiSplécéments of thédsame"
P ;crdés‘section under‘tﬁgrsummef tempefatufq'éhéhge. 'The';;ttoé of h
_the I-beam moves (expands) Z.i mm .away frém the span. mCharacters

of results such as linear variation of the longitudinal
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displacements of the I-beams and relative displacement between the

rails and the slab aré all as pointed out above.

The total longitudinal AiSplécemeht at.the bearing of
I-beams due‘to’tempéfatufe\cﬁanges.betwegn the cold nights of the
wihtef and the hot d;ys of the summer can be estimatéd By-summation.
At Pief,S,_tHe‘bottom of I-beams of sPaﬁ 6 has a computed total
movement qf 9.82 mm; This corresponds to a‘temperature}change of
586C for the rails and'39°C for the éonérete.portioﬁ. Ifltﬁe tem-

perature changes are different, the displacements are proportional

to the total. Figure 44 shows the displacement of the same span end

due to a chaﬁge oféiemperature midway bef%een that assumed for the
summer ;nd for the winter. The resulting beam displacement at pier
top is also midway between the corresponding values. Figure 45 |
dep}ctsithis cohdition_andvthe linearity of beam displacement at
. bearings with respect to temperarure. The results as shown in this
.plot_can serve as a guidé fo:'evalﬁation of the bearing performance
in the CollingsWood‘Yigduét. The accuracy éf the plot, beeause of
the various assumptions‘made, must be -examined. through physical
measureméhts‘Of beam ﬁbvémenps at piers,. .

One of the assumptions is the rail énchbring‘systeﬁ rigidity.
'~Ip is impgrtant to know fhe influence of the rigidity on the bean -
diéﬁléceméﬁt at a.pier,\’Figﬁre 46 shows the léngitudinél éispiége— ;
;ments corresponding to those of Fig. 42 but with différent character-
istips for fhe vertiéal eléments. By comparing the displacements

.among ‘the three cases in these two figures, it can be noted-tha;_that '
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if the rigidity of the connéetion between the rails and-the slab |

Ais.release, the.longitndinal displaeement of the bottom of the I-

beams decreases from 7:72‘mm to 3.90 mm. If the rigidity of the
connection is increase, ‘then the longitudinal displacement increases

from 7.72 mm to 8.15 mm. "Rigid connection between the rails and

-

the slab causes more interaction between the rails and the concrete

portion and consequently move rotation and displacement ‘at the ends

" of beams. A connection between the rails and the slab with little

reSistance.to movement in the 1ongltndinal direction:permits the
rail to slide with respect to the slab. The concrete beam can
expand or contract according to temperature change without induction
of curvature and rotationrl The vertical cross seetions'of the slab-
and-beam portion remain practically vertical'eyen under "¢conditions

of large change in component temperature.

6.5 Effects of Viaduct Curvature

,reactlons and displacements. In modellng*the v1aducts, boundary

So far only displacements and forces in the longitudinal

direction have been examined. Both viaducts.have horizontal curves.

Althoﬁgh all'of the I-beams are Straight between bearings; the

p031t10n1ng of the bearing p01nts along curves leads .to transverse

A

- elements w1th the stiffness of the bearlng pads are employed to

represent the support condltlons

At each pier where there is a relnforced concrete dia-

phragm between I-beams the stlffness of the. boundary element in



the transverse direction is given a very high_value'because?almdst
no displacement is considered likely to occur. ' At each end of the
spans fhe_réaction and the displacement in the longitudinal and

transvgrsalldirection are obtained from the boundary elements. -

Table 12 shows the reactions and displacements at the top
of the piers of Collingswood viaduct computed by the E-E viaduct

model under the assumed condition of winter temperature change.

piers of Collingswood'viadﬁct. It is only near where the width

' of the deck begins to increase for the Collingswood Station, that

»

some transversal reactions are beginning to be generated. The

"transverse reactions are fairly high at some bearings and the

transverse displacements are all very small.

Table 13 shows the reactiéns and displacements at the top

- of the piers of Westmont viaduct computed by the E-E viaduct model

under the same assumed winter temperature changes. The transversal

reactions are higher than those of the Collingswood viaduct because

of the sharpervéurve described in the Westmont viaduct. The maxi-

ﬁﬁmitfansveréal reaction is equal to 372 kN at Pier 7 where there

are four prestressed concrete I-beams and a reinforced concrete
o : . I \

' diaphfagm (aé shown in Fig. 24). The transverse dispiacements ére‘

- small but are higher tHan those of the Collingswobd viaduct.

~ section, not the displacements of the bottom of the prestressed .

.2

In thg_ldngitudinal direction, Tables 12 and 13 give the

displacements which oecurs at the centroid of the composite concréte

-
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concrete I-beams.- The displacement of the bottom of the I-beam

g . I

‘at a pier is affected by rotation and the }igidity of the rail

anchors as it has been pointed out earlier. TFor a given rail

anchor rigidity the absolute-longitudinal displacement at a pier is

the sﬁm qf that due tohfotation and that¢of the.centroid of the
composite section. Sincé displacements due to rotation isvabout
the same for spéns of the same geometry and under thelséme tempera-
tu%f change, the displacement of the centroid is an indication of

the longitudihal displacement of the beams at bearings.

By comparing Tables 12 and 13 it can be noted that on

-

Westmont viaduct all the lgngifudinal‘displacements from Span 1 to

Span 17 are positive and all the longitudinal displacements from
Span 23 to 27 are negative. On Collingswood viaduct the longi-
tudinal displacements are alternatively positiﬁe and negative for

low number and high number spans. Examples of this result from

the computer analysis are shown in Figs. 30, 47, 48 and 49.

Figﬁrés 30 and 47 show, respectively, the longitudinal

displacements of the}Concrete centroid in Span 6 and Span 31 of
jCollihgéwood Qiaductfbbﬁputed b& the E-E viaduct mbdei under the
winter teﬁperature éhangési In both spans the variation of the

longitudinal displacémentS'is linear, as it is represented by the

straight,lines. However, the points of zero longitudinal dis~

placement are at different locations in the spans. 1In Span 6 this

point is in the right half of the span, in Span 3l,;infthe"ieft
half of the spah. '
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Thie shifting of tﬁe etraight 1ine'confirms that there are.
two diffe;eﬁt phenbmena‘of iongitudinaI'dispieeement as it~hesebeen
discussed earlier. First, thekrespdnse of the cOecrete in the span
under winter temperature change causes the ends of the span to move

/ , .
toward the midspan. This response is practically identical for the
two‘spanS'which are of about the same length.‘.Second, the con-
'tractien of the entire viaduct ugder the same temperatu:e cﬁanges
creates the motion of the entire exterior‘span toward the "mid of the
viaduct". This phenomeeon is the respbnse of the total viaduct
to temperature change. It iSvinducea by the exietenee of the
anchored continuous raiis, and is affected by. the horizontal curve

7

of the viaduct.

In the”Colliﬁgswood viaduct the response of individual spans
is more prominent because the hefizontal‘curve is gentle. In the ¥
ﬁiddle of the viaduct, where the effects of horizontal. curvature are
not very small, the entire beam.eiement displace towards the station.
In Westmont Viaduet the second_phenomenon of,overali response is
‘more prominent than the respohee\of‘indivi&ual spans. The.fesults
is. tﬁet individqal spaeélatAendsiof-the viaéuct move toward the
statiqn. ~Figu;c‘e 48 shows tﬁe longitudinal displaeementé of the
concrete'centroid‘in Spen 6 of Weetmont_vi;duct eompﬁte§ by the‘E—E
‘viaduct,mpdelﬁ Figure 49 shows the corresppndingldisplaeementswin

Span 25. In Span 6 the.lohgitudinalrdisplaeements are-all positive,

on Span 25 they are all negative' 7 : AN
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"In‘Figs. 30, ‘47, 48 and 49 the sloops of the Variation-df
the lbngitudinal“displaceﬁents*in the sban ;fé the_samé.’ This im-
piies that for each individual span, the responses to tempe;a;ufe
chaﬁgés are almost the same in‘bOth‘viaducts. It is ;g“becauée'all
force spans are similar and are straight. The éharper curve of the
. Westmont viaduct induces more sevére overéll longitudinal displace-

~ -

ment than in the Collingéwood viaduct. This»situafion is a possible

explanation for some of the problems encountered with the bearing

pads on Westmont viaduct.

Y

“ 6.6 Stresses in Concrete Sections

: Thg temperature—induﬁédJstresses in the concrete portion of
the viaduct spans need to be e#amined.> The computation of stresses .
are presented only for one typical span (Spén~6) of the Collingswood
viaduct subjected to the assumed temperature changes for winter..'As 
it has beéﬁ ﬁointed out earlier, the individual spans appear to be-
have similarly in that ﬁhe.rail forceg and.displaceménts are all
Similar. Therefoyg éxamingtion of one span is sufficient. Thé'as¥
sumed winter tempera£uré changes are FhOSeﬁ Becéuse they are\ﬁofe~
' seQere,,and~the Collingsvooa viaduct has.higher indﬁéed forcés in tﬁev 
rails. | |

Span 6 was éhosen'because it is far énough from the end of

the finite element viaduct model not to be .influenced by some-pes
~sible boundary effects created b& the beafing conditions at the;laét*““
segment of rails. - Span 6. was chosen also because it has the smallest.

‘concrete cross-section, which ismshoynviﬁ‘fig; 50.
v _ . _ T 5o .



- prestressing force per beam

The cqpputations;of the stresses in the coscfete aré‘giyen
in Appendix A. The"temperatsfe induced boundary displacements of
Span 6 from the E—E.viaiggtsmodel and the(assumed temperatﬁre‘.
changes are applied ts the one-span finite element model to find the
internal forces in fhe ﬁidspan section. Tﬁese internal fdrcesvsre
shown»in Fig. 51. By ssing shese forces‘snd'asSuﬁing a 15% loss of
- (11), the stresses at Various #oiﬁts of-
the cross seetion-ere computea. 'The-effects_of the—weight of.the,
Beams en& the slab and a dead load on the slab are taken into con-
sideration. The computed stresses are + 165 kPa (0.024 ksi) tension
at the top of the slab and - 15.5 MPa (~2.25 ksi) compression at
the bottsﬁ;offthe prestressed concrete‘I—beams unaer the assumed
winter changes of temperature. These computed stresses are below
the maximum allowable tensisn stress(27)yof 595 kPa (0.086 ksi) and

the maximum allowable compression stress of -24.8 MPa (-3.6 ksi),

respectively.

The eomputation'bf stresses above is made assuming that

the concrete can take no tension stress. Study has shown that for

PN

reinforced concrete slabs subject to tension forces; af%O% partici-

(26) P

pation of the concrete can reasonably be assumed . In this case

. the stress at the top of the 'slab is —503 sz/(h73 psi) compre551on ' 

the stress at the :bottom of the slab is +703 kPa. (+102 psi).,, and

the stress in the reinforcing steel is +199 MPa (+28;b ksi).' These -

¥

stresses are all lower thaﬁ the respective allowable values. - e



6.7 Possible Causes of Damages at Piers

¢

* The results of computations presentgd heretofore have -
shown théttthe bottom of the éoncrete beams over tﬁe plers move a
ﬁeasuréﬁie amount in the longitudinal direction due éo the assumed
temperaturé changes in winter apd summer. When temperature |
decreases, the displécement‘of the beams is toward phghpenter of
the span. if_tempefaturé increases;’the movement'rever;es~the
difection. This repeatedanﬁualydisﬁlacement,‘as well as the daily
displacemeﬁts of .smaller magnitudes, musttbe‘aBsorbed'by fhe Neo-

prene pads at the expansion bearings.

The longitudinal displacement which can be absbrbed by a

bearing pad in the Collingswood and Westmont viaducts is given -

by the formul?<28). : .
ccwme <% . @
whefe‘
e =:iongitudinal'diéplacemeﬁf
N , ‘
T = sheariﬂg fdrce ét~bearihg | , ‘ o

W ='ﬁidthaof bearing ;éd'

b % iength of‘bearinngadJ'A~f

G = ghear mdduius of'elasficity~of Néoprenei»

From the E-E viaduct model thg.cbmputed 1ongifudinalvreactions at -

ends of beams are'?tﬁthe level of the.centroid of the concrete

v

~ -

portion, not at the bottom of the beams. Therefore the 1ongitudiﬁél'

displadgmehts associated with the:shearing of. the padare not knoﬁﬁ.,

. "l . ' 4‘ : 561' -
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Comparisons have to be made on the basis of maximum permissible-:

displacement of t/2.

The estimated total longitudinal movement of I-beams at
fhe expansion bégfings of Span 6 in the Collingswood viaduct is in
fhe order of 10 mm. About eighty bercentvof the tétél=(7.72 ﬁm) is
to%ard the cénter of ‘the span. The Bearinglpads in thi; viaduct
- are sinéle,layér wiﬁh a_thickness-of,38 mm. The maximuéfﬁermissible
diéplgcement is 19 mm, .Therefore the expansion beariﬂg at Span 6
and at similar spans, sgould not have problems. Examination of
Table 12 shows thé; the maximum computed centroidél displacement of
the concrete beam is 9;33 mn at Pier 24. By assuming éonservatively
that the displacement associated with beam rotation of Span 25 is
about 257 higher thaﬁ-that of Span 6 proporfiqnal‘to span iength,
the4estimated'winfer displacemept»of beams at Pier 24 is about

14 mm. This amount is wjithin the capacify of the bearing pad.

At Piér'l of.the Coilingswood viadgct, the bearing paﬂs
under two longer beams of Séan 1 afe pushed 6ut tdwardiﬁﬁe cenfér
of the span; The-configurétion qf the pad.under one bean is
sketched in Fig. 52,  Bécause the pier is‘ékewed; the'comppted..
dispi;cements from the tﬁé-dimeﬂéional finite element model_cén not’ -
.be.considered.adequate for evaluatiéﬁ» .It_can;only be réaSoﬁed' .
that fﬁe loﬁgef Heéms'iﬁ‘thié span undergé~larger‘diséi;¢éméhts‘at'
Eﬁéfﬁééfiﬁg. Why were the bearing pads pushed oufvcén oﬁly be
explained when more information is knoﬁn with regard to forces and .
.diSPlacementé_at these points>éé wgll-as_toAthe.¢haiactepistiés 

2l
b
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~‘of\_the‘pads agaihst sliding. Judging by the‘mérkiﬂgs bn'the_face-

of the bearing'ﬁéds, it is evident éhat tﬁe displademéht of the pad -
is caused by the annual thermal displacement of the beam. It
appears fhét the pad ﬁovés with the beam toward the center of span
*in_the'winter, but.does not return with the béaﬁ during the summer.

Once the pad protrudes beyond the edge of the concrete sﬁppqrt, it

expands and cannot move back.

For the Westmont viaduct ;lmoét~all_bearing pads moved. In
thé longitudinal direction all displacements og»the pads are toward
the center of the spans. The confirmation of the displaced bearing
pads and the markings on their surface indicateé that the phenomenon'

is identical to that at Pier 1 of the Collingswood viaduct.

Comparison_of the computed longitudinal displacements of

the Collingswood'viaduct4(in Table 12) with those of the Westmont

- viaduct (in‘Table 13) reveals that. the centroidal displagéments of -

the Westmont Qiaduct beam—slaﬁisfétém are higher. Consequently, -
the beam dispIéCements at the piéré are alsoAhighért' But the bearing
pads of thg‘Westmonf viaduct are only 25 mm thick énd;§a§g only-

%M Therefofe, the possibility of exceeding thé capac;ty

of bearing padé is higher.} qu-example, the'estimétéd beam.dis—"
placément at Piéf“lZ”is abdut 12 mm including the éontribﬁtions'from.
fotétion énd céntroidal displacemen;JLvThié is about equal to the
capacity of‘these 25 mm thick beéring,padé. Once"sliding takes
pléce,"the‘beaﬁglmOQe to relieve the horizontal‘forces:at the

-

-bearings. ‘Since there are transverse forces, transverse

g ) ) . /; \
- o ) . - . o -
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displacements of the beams inducé transverse movement of the

-

bearing pads. . o - e :

.. At the fixed bearings, the beams'areianchored to the
piers directly (as in Fig. 18) for the Collingswood viaduct, or
indirectly (as in Fig. 24) for the Westmont viaduct. Displagemenp

is thus prevented  and horizontal reactions develop. The longitudinal-

*

| énd transverse horizontal forces at fhe fixed bearings are listed
in Tables 14 and‘ls. lTheée afe éomputed results from the'E—F"
finite élement models- of the viaducts. Althougﬂ the computed dis-
placements bétween the condretevslabs do not agree well with the
measured'vélues; the computed reactions can be Qs?d for comparison.
For the Collingswoéd viaduct, the maximum horizontél reactions by
computation are at Piers 19 and 25. 'FOr the Westmoﬁf\viaduct the

vmaxiﬁum are at Pier 21, with high reactions aléo ét aéjacent piers.

The magnitude of maximum longitudinal reactions in the two viaducts
do not differ much, but the transverse reacgions‘are very much

- higher for the Westmont viaduct: The combination. of high ﬁagnitudg .

- of reaction in both longitudinal and transverse directions could

g e b



' . 1. DISCUSSION

7.1 Continuous Rails on Simple Spans

From the anélysis of the Collingswood and Westmont viaducts
gome insight has been gained on the behavior of this type of

"

- "maintenance free" track support system. Basically the system

consists of individual composite beams suppoiting continuous rails.
The individual spans of the viaduct has a concrete slab in composite
action with concrete I-beams or steel girders. Each span is simple-

supported. The rails are continuous throughéut the length of the

viaduct and are anchored to the concrete slab.

Besides dead load and live loads, temperature variation is
the primary cause of forces, stresses, and displacements in the
viaduct structure and the rails. The significant influencing

factors are the rigidity of the anchorage between the rails and the

concrete deck and the conditions of the bearings. The rigidity

SO controls the interaction between the rails and the concrete slab.

Very rigid anchorage assures the "maintenance free" mature in
keeping- the rails in position. The consequence is the complete

N

intefaction between the ‘rails and the individual simple span,'andw"'

tﬁezjoiging of the individual spans by the continuous fails to form

a continuous superstructure. The rails need to be sufficiently strong

at the junctiop of spans. The conditions of the.bearihgs,must be

65— v ‘
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compatible with the forces and displacements of the continuous
system. The situation of the Collingswood and Westmont viaducts

are of this nature.

If the_anchors between‘the rails and the concrete slab
provides rgsistaﬁce to'trénsverse diépiacement but permits longi-
_tudinal movement of the rail, the position of the rails’arg main-
tainéd, yet n§ interactionvtakes place between the railé and the
spans. THe}bearingé need not be specialiy.deéignéd."The imminent
question'go be answered is what anchoring system for the r;ils<wi11
provide sufficient :eéis;ance:to“displaqgment iﬁ the lateral and -
vertical diredtion.withqﬁt restricting the relative displacement of -

the rails in the longitudinal direction. Information with regard

to this must be developed.

7.2 Continuous Rails on Continuous Spans

Since part of the problem of continuous rails on simple spans
is the discontinuity of the simple spans, employment of continuous
spans will eliminéte»this part of the problem. The rails and beams,

anchored . together, perform as a continuous composite viaduct. Inform-

ation on éqntinuous composite beams subjeq;ed to temperature changﬁs
~can be applied to this system. The condition that a continuous
. rail over a joint, however, remains at the—ends—of the-viaduct-if— -

the rails are rigidly anchored to the supporting system beyond the

-vyiaduct.



~used as a continuous viaduct with continuous rails f3> analysis.

be analyzed and designed for eacL track—supﬁorting viaduct. To

As .an example the Colliﬁgswood viaduct configuration is

The composite I-beams are assumed continuous throughout the entire

)

leﬂgth with one fixed bearing in the middle of the viaduct. All

other bearings are assumed té be the expansion‘iype; The fini;e
element mode has ver;ical connection elements with moment of inertia
42,000 émé. For fhe assumed winter temperéture changes;of the
Collingswood viéduct,:thguvariation 6f rail forces in ome part of
this confinuous'viaduct is éhown in Fig. 53. The increase of rail
forces near the end of the viaduét is analogbus to that which

occurs between two simple spans.

One possible arrangement to reduce the sharp increase of
rail forces at the end of the continuous viaduct is to place an

expansion joint in the rail at or near the ends of the viaduct. The
L4 ) ,
expansion joint must be compatible with the behavior of the contin-

-

uous “composite viaduct.

This and other possible arrangements must"

a

avoid placing'expansidn joints in the rail in the viaduct, the Long

" Island Railroad is testing a series of short slab sections at the

abutments of the viaduct.  These slab sections are betﬁeen 3m ghd
1.50 m 1ong, * The reSults-fiom this'étudy will be ve:§ helpful‘in

assessing the merit of such an arrangement.



7.3 Collingswood“and Westmont Viaducts

For the Collingswood and Westmont viaducts witﬁ‘the —
existing difficulties of fiberglass joints and bearing pad dis- -

placements, corrections must be undertaken. Based on the results

N

of analysis presented earlier, three suggestions are presented -

below.
\\»\‘ ] R .
First, the replacements of broken fiberglass joints are to

t

bgiﬁiégéd away from the ends of viaduct spans. The forces in rails
are lower in the spans than over the piers. Thus the forces in thé
fibérglass joints will be lower if the joints are located toward the

middle of spans. The strength of the fiberglass joints needs to be

evaluated more precisely before actual installation can be modified.

Second, the clip bolt forces may be reduced so as to reduce

¥

the compressive forées between the cur&edvspring anchors and the.
rails. A study needs to be conducted to establish the relationship
among the clip bolt forces, the forces in the rails, an& the dis-
placement of the rail with respect to the concrete‘sléb. Low forces
in the clip Bplts-will éllow the rai}s to slide on the tie piates)_
This condition will permit»the'réduction bf'railléxial fﬁrces through
the pe;mission of incomplete composite action between the rails and
’fhe.conprgée viaductf - |

——

Third, it is suggested to reﬁiaééiaggéié;ed bearing pads

with new bearings which permit movements and are not being pushed

. out. . Simple metal bearing plétes anchored to the piérs’and to the

ey e

T ee-

A

‘bottom of the I-beams, regpecﬁively,‘will be adequate. At fixed . .

SRR NS



Beariﬁgs.where displagéménts have téken place and concrete spalled,
repaif can-bé free of fhe fixity and modifying the bearing plétes
as~state§ above. Thege-suggésted.correctioqs to thé beariﬁgs |
require majof iﬁferruption of the rapid.tfansit line operation.
| If the first tw0x;uggestions are adopted, there appearg no need of
considering thé third.

In any eyent,‘éontinued ﬁonitoring'of the'behaéior of the

Collingswood and Westmont viaducts are re¢omménded.




8. SUMMARY

‘The conclusions frbm the review and analyzis of "maintenance
free" t:adk éupport viaducts are summarized below.
1. ﬁMaintenancé Frée" track supporﬁ systémé fqr railroad
' viaduété has many forms. The Tokaido Line of the Japanese_Nafipnél
Railroad anchors the rails to shqrf concrete slabs which afe adhered
to the coﬁcrete ﬁiaduct slab. The French National Railway uses
concrete box girders aﬁd concrete slabs with encased steel I-beams
with ballast and ;ie. The Long Island Railroad adopts a reinforced
concrete slab over the sléb'of two_shoft steel bridges and as an i

integral part of a reinforced concrete viaduct. Study of the‘Long

Island Railroad system is current with resufts anticipated in the -,

.

" near future.

2. The Collingswobd aﬁa Westmont viaducts in the
“Philadelphia—Lindénwéld Rapid‘f;ansit LigéYuse ghe\structUral élab
‘of_thg;si@ple spans aé sﬁpport for the continudus fails._ Each spdn

is a multi-beam cbmpqsite EOntfegg member simpié span with fixed BN
:‘bearing at one end and'expansioﬁ-beaf@ng:at the other éné.‘ The via{

ducts are curved horizontally, with higher curvature for the Westmont

: viaduct. - The rails are firmly anchored to the viaduct slabs.
| l / . . ‘ - - - S — - e
ken—pieces have been found at some fiberglass insulation joints of
e TN ) . -
_ ' -1 _ the rails, Neoprenerbegfinggggds are observed to have moved from

-under the beams, and concrete spalled at a numberfof'fixed'bearings.



™

These damages are preliminary assessed as being induced by dif-

ferential temperature changes.

3. Two~dimensional finite element models are employed to

represent the complete viaducts and a single span for analysis of

-forces and displacements. The sizes of the elements, thus the

accuracy of the models, are controlled by the capacity of the com-
puter. The geometrical characteristics of the models' are determined

from the actual viaducts.

4. The val£ﬁity'of'the models are evaluated through exam-

ination of computer output under assumed temperature changes. The

~

-magnitudes of temperatute chaﬁge are arbitrarily assumed considering o

the locality of the viaducts. The computed displacements from the
viaduct models are found compatible with those from the one-span
model, and the estimated relative displademénts between slébgvagreed

fairly well with actual measured values taken at the viaducts.

_5. Results of computation show that forces in the*rails '

© vary with changes.of femperatufe. During cold nigﬁfs‘high tension

exists in rails above the junctions of concrete slabs directly over

. the piers. 1In summer days high compressive forces are produced there.

The magnitude of these forces are much lower towards the middle of )

N

the span.

6, The strength of the rails are found to be adequate

against the estimated tension and compzfjsionj as well as against

lateral buckling of the rails between dnchors.

4
.
A
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.7.. The fiberglass joints, however, appear to be in;de—
quate for the high tensile forces-in the rails direttl§ over.the
piers. Testingbof‘small‘fiberglass joints produced premature

failures. Study of the fiberglass joint strength is suggested.

8. The anchoring of’fhe rails to the concrete slabs.

4 ﬁroduce iﬁtéfaction between'the raiis and the viaduct sPans; Moré
rigi& connection betwegn»fhé raiis and the slab inttodu;e~higher
degrée of coﬁposite action; Itiis confirmed as éxpecped fhan higher
degree of complefe interaction’génerates’higher rai}ifofces over the
piers. Less rigid anchorage‘of'thé railsAreduées theée férces but
iﬁduces relative displacements betweén'the_railé';nd the slab. These

relative displacements are not very large.’

.9, The interaction between rails and viaduct,also induce
. . ) . o r \
rotation of cross sections of the viaduct and displacements at piers.
These rotations and displacéments are>linearly influenced by the

change of temperature. The rotations and displacements are also

strongly affected by the rigidity of the rail anchorage.

" 10.. Curvature of a viaduct causes transverse reactions
at the piers. Sharper curves have higher transverse reactionms.

Curves of the rails also'causé the centroid of tﬁe_individual‘spéns

"mové‘along the direction of the viaduct. Therefore,*dufing ‘

to

the winter, the eﬁd spans of a viadﬁct wi;h;sharp_curne_displaee';,

- toward the middle of the viaducE ﬁofe thén,the spans of a viaduct

with gentle or no curve.



11. The stresses on the concrete composite beams of the

I3

'§iaductsAare computed to be fairly low.

’

a

12, The cause of all damages in the Collingswood and
Westmont viaducts are believed to be‘temperature changes. The
bearing pads appear to displace with the bottom of ‘I-beams in winter

but do not recover as temperature increases. - Westmont viaduct sus-

-
t

tained more bearing pad'displaCement because of the larger movement
of the I-beams. The §palling of concrete at fixed bearings.is
interputed as relieving of high longitudinal and trahsverse reaction

forces at these piers.

13. There appears to be two basic types of tfack'supporting
viadé;t sjstems for continuous rails. One is the ﬁse of continu§ué
rails on, individual spans; the other is to place the rails on éon— |
tinuous viaduc£ spans. For the_first; lowirigidiﬁy‘pf anchoring
system agéinst longitudinal‘displaceﬁent is probably better. For

, ﬁhg coﬁtinuous span system, the.forcgs in.the réils at tﬁe‘ends of

the viaduct must be;adequately'analyzed and properly dispensed.

’14.‘ ?é the damaged fiﬁérglaés joints in the Collingswood
~and Westmont Viaduété, réplacements should.béxlocated in the spans.
away~froﬁ'the»piérs.-‘The élip bqlt‘fdrqes'could be‘relgaseq ;ftér a
‘stﬁdy ofv£hé behéviérfof the_aﬁchofégé system. Thé'ppéhed out
rbearing pads mayvbe‘fepiaced by simple bea?inglﬁlatés attached to.the

piers and the bottom of the.I-beams, ;espectively; and the damaged

fixed bearings may be converted to exparsion bearings.



TABLE 1 PRINCIPAL CHARACTERISTICS OF THE VIADUCTS

COLLINGSWOOD '~ WESTMONT
General Aspeéts"‘
Length”™ = - .- 727.2m 600 m
Number of Spans : 34 - 27
" Length of SPans_ . . 21.3% m - 27.98 m 19.01 m - 27.43 m
Number of 4 I-Beams : | : . '
Spans 20 - ’ 12
Number of 5 I-Beams 4 - } -
o Spans 8 7
Number of 6 I-Beams ' ,
; Spans 6 8 -
Prestressed Beams
Number of Different
: 6 5
Types ’ .
Height of Beams . lLlim-1.57m 1.07m - 1.52 m
width of Beams . . - 61 - 66 cm ~ 6lem
Initial Prestress Force 3475 —~ 5695 kN 2993 - 5605 kN
Number of Seven-wire 36 - 59 ) 31 - 58
Strands .
Area of Prestressing 26.7 cm® - 43.8 cm®  23.0 em® - 43.0 cm?
Steel - :
Reinforced Concrete
Slab - _
.Thickness ‘ B » " 20.3 em . 20.3 cm
width o 7.95 - 15.00m - 7.95 -~ 15.00 m
Bearing Pads , |
Ihickness of Fix 38 mm ' 25'mﬁ
Support o
‘Thickness at Expansion

Support e, ., (8 o 3B e
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TABLE 2

MEASUREMENTS OF THE DISTANCE BETWEEN THE PAIRS

(“‘\

Location of

R

OF PLUGS SEALED IN THE SLAB ON JUNE 29, 1980

Distance Between

Distanée Between Average
the . Plugs on June 29, -Plugs on June 29, AL:= AL at
Measurements 1980 at 7:00 a.m. 1980 at 12:45 p.m. /L2—Ll[ each Pier

| Ll Lz.‘
(mm) (mm) (m) (mm)
C12E  254.88 253.43 ~1.45 -
S o . - 1.58 E
C12 E 253,46 251.75 - -1.71
C-13 E 254,52 253.28 - -1.24 |
| . -1.63 F
_ C13 W 254 .45 252.44 - 2.01 4
C23E . 255.08 253.00 - 2.08 ‘
o -1.96 F
C23E 255.74 253.91 -1.83
W10 E 254.50 253.41 - 1.09
: / | ‘ -1.30 E
W10 W 253.18 251.40 - - 1.50
W1l E 253.18 251.40 ~1.78
. - - 1.54 F
W1l W 252,31 251.02 - -1.29
W 15 259.78 257.32 - 2.46  2.46 F
. | (o} ‘"0 :
ir Temperature 21.0°¢c 32{2 C
(90°F)

- (70°m)

Measurements + 0.08 mm

-
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'TABLE 3

MEASUREMENTS OF THE DISTANCE BETWEEN THE PAIRS

OF PLUGS SEALED IN THE SLAB, LARGE INCREASE OF

TEMPERATURE
Locationvof. Distance Between Distance Between .~ Average
the Plugs on June 29, Plugs on August 7, AL = AL at
Measurements 1980 at 7:00 a.m. 1980 at 3:00 p.m. /L3—Ll each Pier
L1 s -
© (mm) | (mm) o (@) (mm)
C 12 E 254.88 - 250,87 - - - 4.01
: : E - 3.85 E
C 12 W 253.46 249.57 - 3.89 )
: . | - 2.48 F
C 13 E 254.52 : 251.91 - 2.61 -
o ) -~ 444 F
C13 W 254 .45 252.11 - 2.34 :
C 23 E 255.08 ©250.49 - 4.60
_ o A , -~ 4,44 F
C 23 W 255.74 - 251.48 - 4.27
W10 E 254.50 . 250.92 ~ 3.58
: : - 3.46 E
Wi W 254.32 250.99 - 3.33
W1l E 253.18  250.16 7 3.03 |
' : - ' ~ 2.95F
Wil W 252.31 249.44 - - 2.87
W15 259.78 ©255.11 - 4.67
Air'Température’Zl.lOC i , -r37.8°C
S o(0%F) - (100°F)
Measurements + 0.08 mm




TABLE 4 RELATIVE DISPLACEMENTS OF THE PAIRS OF PLUGS SEALED

IN THE SLAB, LARGE DECREASE OF TEMPERATURE

Location of Distance Between Distance Between ~ Average

the Plubs on.Aug. 9, Plugs on Nov. 16, AL = AL
Measurements 1980 at 3:00 p.m. 1980 at 10:00 a.m. L4—L3 each Pier
L . by -
(mm) : (mm) (mm) (mm)
. . C12E  250.87 . - . 256.81 . 5.94
' o R o 7.08 E
C12W 249,57 257.79 8.22
C 13 E 251.91 258.64 ©  6.73
, 6.52 F
| C13 W 252.44 258,74 6.30
. ] ' .
: Q\\\v C23E  250.49 258.97 8.48
— | | 8.36 F
| C 23 W 251.48 . 259,71 8.23
W10E  250.92 260.95  10.03
W10 W 250.99 260.85 9.86 P E
W1l E ©250.16 - ~ 256.53 . 6.37
| - - | o, 6.36 F
Wil W 249 .44 - . 255.69 6.25 -
S wi1s . 255,11 | 263.85 8.74 - 8.74 F.
N o ‘ |
Air Temperature 37.8°C .. . _5.67C . .
(e’ (42.6%F) . -

Measurements + 0.08 mm
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"TABLE 5 COMPARISON BETWEEN THE DISPLACEMENTS GIVEN BY THE

FINITE ELEMENT MODELS AND THE MEASUREMENTS IN-SITU,

INCREASE IN TEMPERATURE

Location of Algebraic Relative

the Relative Displacements of the Difference Difference
Displacements Ends of the Slab at some Joints—Between  Between
- = Column 3  Column 3

Computed Computed Measurements

by E-FbyE~E Colum 5 274 ~ and

Column & ' Column &

Viaduct Viaduct of
Pier No. - Models, Models - Table 2 | |
B (mm) (m) - . (@m) (mm) - (%)
c12  -3.21  -1.86 -1.58.E - 0.28 15%
¢ 13 -0.0  -1.86 ~1.63 F 0.23 127
c23 ~0.0 ~1.92 _1.96F - 0.04 -2z
W10 -3.06 -1.60 . '~1.30E 0.30 " 18x
W11 0.0 -1.73  -1.54F 0.19 10%
W 15 0.0 -=2.00 ' -2.46F - 0.46 -18%
Temperature
Change -
Rails '+ 20%  + 20°C
Concfeée | -+‘f7°C + 7%

Air y +11.1%
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TABLE 6 COMPARISON BETWEEN THE DISPLACEMENTS GIVEN BY THE FINITE

ELEMENT MODELS AND THE MEASUREMENTS IN-SITU UNDER

DECREASE OF TEMPERATURE

Relative Displacements of the
Ends of the Slab at some

Joints
: Relative
‘ Algebraic Differ-
_ Computed Computed , Differ- ence
, . ence Be- Between
Location by E-F by E-E  Measurements tween: ' Columns
of the Viaduct . Viaduct Columns 5- Cdlumhs 3 3 and 4
Displacements Models Models  of Table 4 aﬂd 4 '
Pier No. (tm) (mm) (m) (mm) (%)
C 12 11.79 6.83 7.08 . 0.25 3
c 13 0.00 7.85  6.52  -0.33 - - 5
c 23 0.00 6.98 8.3  1.38 16
W 10 12,43 7.13° 9.95 2.82 28
Wil ’ 0.00 7.14 6.36 , - 0.78 - 12
Wi1s 0.00 8.16 8.74 0.58 7
Temperature Charige e - | , ~
Rails = - 38°% = - 38% g
Concrete - 32°C - - 320C_
air - -32.2%
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TABLE 8 RESULTS OF THE TENSION TEST ON FOUR FIBERGLASS BARS

. ’ Modulus
_ Maximum Maximum Maximum of
Specimen Area ' Force Stress Stress Elasticity
(m?)  (kN) (MPa)  (ksi) (MPa)
1 438.7 93.4 213 41 27,250
2 403.2  108.5 269 39 - 22,250
3 403.2  135.6 337 49 27,600
4 403.2 130.3 323 47 27,600

TABLE 9 EFFECTS OF RAIL ANCHOR RIGIDITY ON RAIL FORCES*

Anchorage - - Elements Rail  Rail Rail
Conditions Moments of Inertia Force  Stress  Stress
- (cm4) ' (kN) (MPa) (ksi)
Rigid ~ . - 42 x 106 10,800 216 31
Intermediate 42,000 - 8,700 174 25
Low Clip Bolt 42 . ~4,500' '90 13
Force S '

- _ C e
Computed by Westmomnt Model.

Notes: Rails AT = -38°C | .
o~ —Comerete “AT.=-32°C ... i

non

-81-



TABLE 10
. . | . ’ . W
'EFFECTS OF RATL. ANCHOR RIGIDITY ON RELATIVE DISPLACEMENT

BETWEEN RAILS AND SLABS OVER PIERS
: 1

oy
_Anchorage Element Moment | Reiative‘
Condition of Inertia Displacement
: G (mm)
) Rigid 42 x 10% 1.80
Intermediate . 42,000 2.26
Low Clip Bolt
42 .- 3.77
Force
* .
Computed by Collingswood E-E Model
" Notes: Rails T = - 38°C
Concrete T = - 32°%
o
¢



TABLE 11

ROTATION AT ONE END OF SPAN.6 OF‘COLLINGSWQOD VIADUCT

~ Rotationms . o One-Span Model - E-E Viadiqt‘Mpdel
Winter " Summer Winter Snmmef
Conditions Conditions Conditions Conditions
GO ) O
Slab' 0.27 - 0.073
I-Beams 0.13 -0.036 -
 Conmerete 0.15 - 0.04  0.075 - 0.021
Portion ' :




~TABLE 12;

REACTIONS AND DISPLACEMENTS AT THE TOP OF THE. PIERS OF

- COLLINGSWOOD VIADUCT COMPUTED BY THE E-E VIADﬁCT?MODEL

UNDER WINTER TEMPERATURE .CHANGE

Pier  Span . Longitudinal’ ' Transversal:A-
No. \,Nb. , Reactioﬁs Displaéemeﬁts Reactions Diéplaéements
@ 0 @m) G  (mm)
At 1 - 7.47 - 4.24 22433 0.0
1 1 -18.73 - 404 0.0 0.0
1 2 - 12.01 2.59 0.0 0.0
2 2 - 13.61 = - 2.95 . 0.0 0.0
2 3 - 16.50 3.56 . 0.0 0.0
3 3 -13.75 -2.97 0.0 0.0
3 4 - 13.75 3.76 0.0 0.0
4 4 - 12.86 -2.77 0.0 - 0.0
4 5 - 18.37 13.96 v 0.0 0.0
5 5 - 11.88 - 2,57 0.0 0.0
5 6 -19.35 . 4.19 0.0 0.0
6 6 -10.90 - -2.3 . 0.0 0.0
6 7 -20.37 7 4.39 0.0 0.0 .
7 7. - 9.8  -2.13 0.0 0.0
7 8 - 21.44 -4,62 . - 0.0 0.0 e
8 8 - 8.81 -1.90 0.0 0.0 R
8 9 - 22.55 4.88 0.0 0.0
9 9 --7.70 - 1.65 0.0 . 0.0
9 10 -23.71 5.3 0 0.0 | 0.0
10 10 - -'6.49. . -1.40 0.0 . 0.0 .
100 11 - 24.95  5.38 0.0 0.0
11 11 - 5.25 . -1.14 . 0.0 . 0.0
11 12 - 26.24 5.6 0.0 . . 0.0
12 12 - 3.96  -0.8 . 0.0 . 0.0 . "

L -84



Pier

No.

12
13
13
14
14
15
15
16
16
17
17
18

.
19
19
20
20
21
21

.22
22

.23
23 .

24
24
25
25

Reactions  Displacements

TABLE 12 (CONTINUED)

Longitudinal

Span
No.
(kN)
13 - 27767
I 2 s
14 - 29.14
14 - 1.02
15 - 30.74
15 0.62
16 - 32.47
16 2.36

17 -~ 34.34
17 4.23
18 - 36.39
18 6.32
19 ~ 39.06
19 8.76
20 - 41.55
20 11.30
21 - 43.28
21 11.43
22 - 43.46
22 11.43
23 . - 43.59
23 11.52
24 - 43,82
24 -, 11.61
25 9" - 45.46
25 3.71
26

(mm)

Transversal

Reactions Disﬁlacements
(kN) (mm)
0.0 0.0
- 0.03 0.0
- 0.17 0.0 »
0. 0.0
0. 0.0
- 0.93 . 0.0
- 4.72 0.0
0. 0.0
0. 0.0
- 25.18 0.0
~142.6 - 0.0
- 0.03 0.0
- 0.47 0.10
50.18 0.03
~174.01 0.09 -
- 0.02 -~ 0.03
0.0 . 0.20 -
54.27 0.05
- 31700 0.21
0.00 0.05
0.02 - 0.24
108. 40 0.07
~167.96 0.19 -
10.16 0.01 -
0.11 0.251;,;,,,
143,41 0.02
134, 0.17




 TABLE 12 (CONTINUED)

“ Pier Span Longitudinal Transversal
No. . No. Reactions Displacémenésv Reactions Displacements
(iaY) (zm) [ (m)
26 . 26 - 2.89  -0.63 ° 0.01 .. .0.02
26 27 - 32.29 6.98 ~0.00 - 0.04
27 27 - 9.41 - 1.82 _ 57.07 0.01
27 28 - 27.12 - 5.87 " 45.28 0.00
28 28 - 13.52 .  -2.92 10,00 0.00
28 29 - 22.06 . 4.78 " 0.00 0.03
29 29 - - 18.77 = - 4.06 . 83.00 - 0.02
29 \30 - 17.04 3.68 72.91 0.07
30 30 - 23.84  -5.16 0.00 - 0.10
30 0 31 - 10.76 2.34 0.00 - 0.05
31 31 - 21.35 - 4,62 . -13.88 - - 0.09
31 32 - 11.57 2.49  -61.96 0.03
32, 32 -20042  -442 . 0.00 - 0.05
32 33 -12.72 2.74 0.00 0.03
3333 - 10.17 . - 4.14 - 9.78 - 0.05
33 34 - 12.41 2.69 -13.03 - 0.02
~-19.08 _— ) 0

Abt 34 14 » ~ 0.00 - = 0.04

~ Positive FdeEWQMEGQPressién

- }36—“:W



TABLE 13

REACTIONS AND DISPLACEMENTS AT THE TOP OF THE PIERS-OF

- WESTMONT VIADUCT COMPUTED BY THE E-E VIADUCT MODEL‘

 UNDER WINTER TEMPERATURE CHANGE

Pier Span - .Longitndinal . Transversal

No. No. Reactions Disﬁlaceﬁents Reactions - Displacements
| (V) (um) ) (m)

Abt 1 - 39.72 8.38 - 0.01 1.55

1 1 8.04 - 1.70 327.08 0.30°

1 2 -37.85 . 8.08 ° 146.30 1.37

2 2 6.27 1.32 0.02 0.23

2 3 - 37.14 - 7.95 - 0.02 1.22°

3 3 5.83 1.2 - 144.70 0.18

3 4 - 36.61 ° '7.82 . - 13.37 1.19

4 4 5.16 112 0.0 0.18

4 5 ~ 35.85- ©7.67 0.0 1.17

5 5 5.29 O 1.14 162.09 0.18

5 6 . - 36.16 7.75 ' 70.19 1.12

6 6 . 4.80 1.03 . 0.01 0.15

6 7 - 36.12 7.75 0.0 1.04

7 7. 4.80  1.03 | 3.78 0.14

7 8 - 36.30 7.77 372200 1.06
8 8 4.8 1.07 0,04 . 0.13

8 9 - 37.05 . 7.98. - 0.02 . 0.86
9 9 habs 0.97 - 134.83 0.10
9 10 -37.31 803 - - 227.79 0.86
0. 10 4.58 0.99 0.03 0.10

10 11 - 37.68 8.13 - 0.0l 0.71
11 1u 4,94 - 1.07 - 95.41 0.10

11 12 - 38.12 8.20- . 210.71 0.71

12 12 5,29 . 1.14 - 0.02  0.09

- - : =m:§;;uf7 g e



'TABLE 13 (CONTINUED)

Pier Span - Longidudinal - Transversal

41,68+ =00

-88-

" No.  No. Reactions Displacements  Reaction - Displaééments
“ (kN) (mm) (kN) (o)
12 13 - 37.63 8.13 - 0.01 0.76
13 13 4.85 1.07 - 82.11 0.08
13 14 -36.92  7.98 - 192.12 0.58
14 14 -, 3.43 0.74 0.02 0.05
14 15 - 34,83 - 7.52 0.0 0.41
15 15 1.07 - 0.23 - 137.54 0.01
15 16 - 38.88 - 8.38 120.19 0.43
16 16 6.01 1.30 0. 0.07
16 17 - 36.79 . 7.95 0. 0.38
17 .. 17 0.71 0.15 - 47.95 0.01
17 18 - 31.45 6.81 - 9.39 0.33
18 18 - 1.38 - 0.29~ 0. ~.0.01
18 19 - 27.62 5.97 0. 0.28
19 19 - 4.94 - 1.07 2.27 0.05
19 20 - 21.97 4.75 - 1.33 0.23
20 20 - 6.23 -~ 1.35 0. - 0.06 .
20 21 - 23.06 . 4.98 0. 0.23
21 21 . - 17.88 3,86 - 3.43 10.18
21 22 -13.97  3.02 ~ 23,75 0.14
22 22 - 26.64 - 5.8 0. 0.25
222 23 - 3.16 0.69 0.0 0.03
23 23 = 30.29 - 6.55 - 114.99 0.30
23 24 . 2,14 - 0.8 1229.22 0.01
24 24 - 35.76 =7.72 0. 0.21
24 25 6.14 - 1.32 0.0 0.04
25 25 -39.32 --8.51 - .49.91 0.23
25 26 6.98 - 1.51 119225 0.03
26 26 - 40.43 - 8.74 ©oo. 0.15
26 27 9.43 - 2.04. 0. - 0.03
Abt— =27 - : 49,69 7 =70.15



Pier Longitudinal
No. No. Reactions Displacements
(k) (mm) (kN)
abt 1 - 12.58 °  7.19 0.0
1 1 . -10,227.40 0.00 0.0
1 2 - 6,924.50 0.00 0.0
2 2 - 23.62 - 5.11 0.0
2 3 - 27.98 6.05 0.0
3 3 -~ 6,667.44 0.00 0.0
3 4 - 7,721.22 0.00 0.0
4 4 - 27.22 - 5.89 0.0
4 5 - 27.22° 5.89 0.0
5 5 - 7,564.20 0.00 0.0
5 6 - 7,549.10 0.00 0.0
6 6 - 27.22 - 5.89 0.0
6 7 - 27.22 5.89 0.0
7 7 - 7,564.20 0.00 0.0
7 8 -7,560.20 - 0.00 0.0
8 8 - 27.23  -5.89 0.0
8 9 - 27.22 5.89 0.0
9. . 9  Z7,560.20 0.00 0.0
9 10 - 7,560.20 0.00 0.0
10 10 - 27.22 ~'5.89 ' 0.0
10— 1 ———="27722  -5.89 0.0
‘117 11 - -7,560.20 0.00 0.0
11 12 - 7,560.20 0.00 0.0
12 - 27.22 - 5.89 :

: 12:

TABLE 14

REACTIONS AND DISPLACEMENTS AT THE TOP OF THE PIERS OF

COLLINGSWOOD VIADUCT COMPUTED BY THE E~F MODEL  UNDER

"Span

THE WINTER CONDITIONS

-89~

Transversal

Reactions ~Displacements

0.0

(mm)

0.0
0.0
0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
b.o

0.0
0.0

0.0
0.0 -
0.0
0.0
0.0



Pier -

No.

12
13
13
14
14
15
15
16
16

17 .

17
18
18
19
19
20
20
21
21
22
22
23 .
23

2

24
25
25

Span
No.

13

13-
14

14
15

15

16

16
17
17
18
18
19
19
20
20
21
21
22
22

L 23 -

23
24
24
25

25

26

' Reactions ,Displaceﬁents

(kN)

- 27,
.20
- 7,560.
- 27,

- 7,560

- 27

- 7,559
- 27
- 27

- 27,
- 21,

- 7,479

- TABLE 14 (CONTINUED)

Longit udinal
4

.-

22

20
22

.22
- 7,559,

30
.30
.22

.22
- 7,576.
- 7,536.

20
60
22
22

.70

- 8,126.
- 27.
- . 27.
- 7,930.
- 8,515.

- 29.
- 29.
-.8.047.

- 9,918,
74
.21

50

22 .

22
30
70
27

547

70
20

.40
.00

(mm)

o

.89
.00
.00
.89
.89
.00
.00
.89
.89
.00
.00
.89
.89
.00
.00
.89

.89
.0

.00
.35
.38
.00
.00
.22
.25
.00
.00

Transversal
Reactions Displacements
(kN) (um)
0.0 - 0.0
- 0.01 0.0
- 0.06 0.0
0.00 0.0
0.00 0.0
- 0.33 0.0
- 1.67 0.0
10.00 0.0
0.00 0.0
- 8.94 0.0
- 55.83 0.0
- 0.01 0.0
- 0.32 - 0.08
-117.66 0.0
- 59.87 0.0
0.05 0.06
- 0.01 - 0.14
- 36.70 0.0
- 57.47 0.0
0.00 ~ 0.14
0.02 - 0.16
= 45,46 0.0
- 17.48 . 0.0
019 15,72
0.0 -0.20
- 37.05" 0.0 ‘
0.0

- -90-
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TABLE 14 (CONTINUED)

Pier Span - Longitudinal Transversal ‘
Né- No. Reactions ‘ Displaceménts Reactions ~‘Displacements
(kN)  (mm) (kN) - (mm)
26 26 - 37.59 -8.13 ‘ 0.01 0.17
.26 27 - 35,32 7.65 0.01 ~ 0.04
27 27 -12:415.90 0.00 149,20 0,00
27 28 -12,004.40 0.00 60.18 0.00
28 . 28 -  35.50 - 7.67 *0.00 0.00
28 29 - 35.90 7.77 . . 0.00 0.04
29 29 -12,315.30 0.00 ' 98.35 0.00
29 30  -10,837.60 0.00 16.73 0.00
30. 30 - 36.92 - 7.98 . 0.00 - 0.15
30 31 -  28.87 6.25 0.00 0.12
31 31 - 9,727.80 0.00 6.00 0.00
31 32 - 8,125.60 0.00.  -.88,34 10.00
32 32 - 29.49 - 6.38 0.00 - 0.07
32 33 - 29.27 6.35 0.00 0.07
33, 33 - 8,318.18 0.00 4p.21 0.00
33° 34 - 6,712.40 0.00 .13.48 0.00
Abt 34 - 29.94 - 6.48 0.00 - 0.06
e .
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~ TABLE 15

‘REACTIONS AND DISPLACEMﬁNTS AT THE TOP OF THE PIERS

OF WESTMONT VIADUCT COMPUTED- BY THE E~F MODEL UNDER

10

Pier
No. “No.
Abt .1
1 1
L4
1 2
7
2 3
3 3
3 4
4 4
4 5
5 5
5 6
6 6
6 7
7 7
8. 8
8 9
9 9
9 10
10 10
11
11 11
11 12
12

Span

—
N

I

1

- Longitudinal
Reactions Displacements
GO (zm)
32.21 6.83
2,529.70 0.00
9,039.20 . 0.00
27.58 - 5.89
27.67 5.92
7,945.40 0.00
7,790.20 0.00
27.89 - 5.99
27.09 5.82
7,695.40 - 0.00
7,893.80 0.00
27.76 - 5.97
27.76 5.97
7,909.80 0.00
8,086. 40. 0.00
27.71 - 5.94
. 28.82 6.20
8,413.40 0.00
8,618. 40 0.00
28.82 - 6:20
28.87 . 6.32
8,548.60 0.00
8,936.90 10.00
28.96. - 6.25

i
4
N
S

|

WINTER CONDITIONS

0.35

-Transversal
Reactions Displacements
(kN) (mm)
0.07 1.22
6,503.70 © 0.00
2,408.70 0.00
0.67 - 0.85
0.67 - 0.76
5,624.30 0.00
5,923.70 0.00
0.62 - 0.79
0.58 - 0.76
5,832.50 - 0.00
5,778.20 0.00
0.67 - 0.71
- 0.67 0.67
'5,068.70 © 0.00
6,192.40 ~0.00
0.49° = 0.69
~.0.58 - 0:.53
.3,699.60 0.00 .
T 4,904.20 0.00
1 0.42  -- 0.58
0.44 0.46
4,282.10 0.00
4,477.60 0.00
| - 0.48"



TABLE 15 (CONTINUED)

REACTIONS AND DISPLACEMENTS AT THE TOP OF THE PIERS OF

WESTMONT .VIADUCT COMPUTED BY THE E-F MOSBL UNDER

WINTER CONDITIONS N )

Pier Span ‘ Longituaiﬁal | _ Transversal
No. No; Reéctiqns Displacements Reactioﬁs : Displacéments
<) (rm) (1) - ()
12 13 - 29.54 6.38 0.30 °  0.41
13 13 - 8,551.30 0.00 - 7,700.30 0.00
13 14 - 9,099.30 0.00 7,836.40 0.00
14 14 -  29.98 - 6.48 - 0.26 0.41
14 15 - 30.29 6.55 .~ 0.23 0.30
15 15 - 8,944.90 0.00 - 2,080.40 0.00
15 16 - 9,633.90 0.00  2,882.40 0.00
16 16 - 29.27 . - 6.32 - 0.12 - 0.30
16 17 - 32078 7.0 .0.12 0.3
17 17 - 9,435.60 0.00 - 4,868.10 0.00
17 18 - 9,497.40 0.00  1,600.00 0.00
18 18 - 29.94 - - 6.48 - 0.22 - 0.26
18 19 - 29.54 6.3 0.02 0.30
19 . 19 -7,898.30  0.00 - 8,674.00 10.00
19 20 - 8,573.10 0.00 ~ 4,644.40 . 0.00
20 20 -  24.90 - 5.38 - 0.05  -0.24
20 21 - 36.20 . 7:82  0.17. -  0.33
21 21 -10,791.40 ©0.00 - 8,162.90 0.00
21 22 -11,979.90 9 0.00. . -17,569.10 0.00
22 22 - 35.50 - 7.67. - 0.24 . =-0.31
22 23 = 29.22 .32 0.13 " 0.27
23 . 23 -10,219.80 0.00 14,848.70  , 0.00
23 26 8,651.80 0.00  11,766.00: £ 0.00

~93-



~ TABLE 15 (CONTINUED)

REACTIONS AND DISPLACEMENTS AT THE TOP OF THE PIERS OF

WESTMONT VIADUCT COMPUTED BY THE E-F MODEL UNDER

WINTER CONDITIONS

Pier Span , Longitudinal ' . Transversal

No. No. Reaéiions Digglacéments. Reactions Displacements

(kN) o (m) M) (m)

24 24 - 30,74 - 6.65 - 0.08-  -0.16

26 25 - 29.67 . 6.40 7 0.09 ©0.15

25 25 - 9,773.60 0.00 71.06  0.00

25 26 - - 8,371.1Q 0.00 779.77  0.00

26 26 - 30.47 - 6.60 - 0.04  -0.10

26 27 - 28.65 6.17 » 0.05 0.10

© Abt 27 -10,601.00 ~  0.00 519,10  0.00

_94-.
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Fig. 4 Concrete Block Embedded in Concrete Slab

\Roii .
/

Screw Spike:

Wood Block ' =
RS === N
) S i \ Q E

R=li—1I=\.

: : ———— ———H ﬁ\ lab

~C = : SO \\\ Sla ‘

_ B " JV‘\__\_,;_'_.—..Anchor Bolt
1= Nt N

Fig;\S;gwg;d BlocklEmbedded in Concrete Slab

98-



, “Vertical Adjustment Mat
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Fig. 6 Japanese Railroad Maintenance Track Slab (JRM)

Fig. 7 Cross-Section of the Slab Tested by the British
.- Railways (BR) o
o \ | ; _;99_ .



Thermit Steel

Lean

Concrete
ccecccceccecececacree W W
| SRR B Sandy Gravel
L_ 2400 _l SR |
S :35CN3 _ -
v —

TR s
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Fig. 10 Cross~Section of a Continuous Viaduct Built by the
_ French National Railways (SNCF) ' '
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uoFlelg 3yl 3o LITUTITA ‘
94l ‘Ut sIONpeTA juowisay pue poomsZUTITO) 2yl JO UoTlo9g-~s801) GT 814

) Ld L d LJ - ,,
N : . .

-

%j\

rnfnm

swpag
9]84o0u0?) passalysald
’ {

4 b T R —qp|S B.Eocou\,
£02 / _/\_ - padojuisy
_ I I e _ Cospoy
I ]
_ b€I12 " 009l SaDA '0091 ' pEIg
-

XOW 10 bl ~SeloA -

=106~ :



b muuswmﬁ,.uco.ﬁmmz pue pooms3UuTIT0D 34yl JO UOTIBATH TeoTdAL FH *814

NI

410ddng x.,_,“__ Q@

j10ddng “uojsuadxy Q.

TTopele ||

LLLILL L 2L

qo|S . | s|ipy

-107- - -



Fig. 17

One Complete'Span'of_Collingswobd

. Viaduct
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~Fig. 19 ContiﬁuOQS Rails over the Joint in the

Slab‘and.Ahchofages'of the Rails
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Fig. 42 Longitud1nal Displacements of the End of Span 6 of

Collingswood Viaduct under Winter Conditions glven by

One-Span Model

Vert. Elements
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. * the One- Span Model
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Fig. 44
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 Fig. 45

DISPLACEMENTS. IN X-DIRECTION,mm

TEMPERATURE IN THE_CONCRETE,

°C

Displécgments of the Bdttom:of the I-beams in Fumction of

Temperatﬁre in the Concrete Computedjﬁﬁ the ‘One-Span Model -
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> Fig. k6 Longitudinal Diépiacemeﬁfs of the End of Span 6 of
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: ' , 9 \3
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| | |
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» "l
- )
. 3.90mm & M2 17 ;22{
Vertical’ Elements I=42.Ocm4 -
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Given by the One-Span
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| Fig. 50 Cross-Section of thé Prestressed I-beam used in the

Computation of the Concrete Stresses
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Fig.
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51 Internal Forces in the Mldspan Section of Span 6 . of

Colllngswood Vladuct due to Winter Temperature Change
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APPENDIX A - STRESS IN CONCRETE

" 1. Material Propefties

1.1 Prestressed I-Beam

- a) Concrete

The concrete compressive cylinder strength given by the designer

S

of the viaducts (@1) is féi\at transfer and fé at 28'déy$:

f'
ci

"34.47 MPa (5000 psi) -

Id

41.37 MPa (6000 psi)

f!
C

The elastic modulus.of the concrete Ec.can be computed with

reasonable accuracy from the equation proposed by Pauw (29)5.‘

E, =33 w 3/2/f: | | (A

where: : | , (i;>

w = unit weight of concrete in pcf
4,5fé = compressive éylinderwstrepgth in psi..
For normal'weiEHEfEBBCrete (w = 145 pcf)
4 o . . . = ' '.‘ . . : . .
, (\ E, 57ooqf§;_ o (A2)

4

By introducing the,compréssiﬁe cyiinder strength at tréqsfer.ahd
at;28 days in Eq.'A;Z the‘elastic modulus at»franéfef'ECi and “at
28'days‘E;fare found:

»

27786 MPa (%030 ksi) - .

11fﬁ

.
]

30475 MPa (4420 ksi)
E B

S



b) Prestressing Steel

_ The minimum ultimate strength of the prestressing steel fﬁs is:

same

1.2

£ = 1860 MPa (270 ksi)
. ps

-

The elastic modulus, for steel ES for all steels is about the

P

(30) :
E, = 200000 MPa (29000 ksi) S

S

c) Modﬁl;r Ratios

The modular ratio at transfer ni and at 28 days n, are defined:

ES _
n =r=7.0
cl

=

. s _ .
.ne = f_ =6.5
: c

Reinforced Concrete Slab
é) Concrete
The concrete compressive'cylinder Strength»at 28 days iés is:

cs

£' = 20.68 MPa (3000 psi)
The modg}uségﬁ;glasticity'Ecs;ié computed by Eq. A2

E., = 21526 MPa (3122 ksi)



b) Reinforcing Steel
The minimum yields strength of the reinforcing Stéel fy is:

,fy = 413 MPa (60000 psi)

"~ ¢) Modular Ratios S ' -

Thé‘modular ratio ns.is defined:

- ’Es
nS =E— = 9.0 -
cs

‘ For the computation'of the composite section the modular
ratio n is defined:
E

n =—E§= 0.707
. -

2. Section Properties

-

2.1 Gross Section

a) Prestressed I-Beam L

' The prestressed I-beam used in' the computation of concrete
stresses is shown in Figﬁ 50. 'In thé figufe c.g.g. is the center
" of gravity of the concrete gross section and'c?g}s.’is the center

“of gravity of the prestressing steel. Gross section properties are

e

.as féliows: o : : , -
Gross concrete areé Ag f,4141.6ACm2 (642 in?)
Gross moment of inertia I, = 573.14 dm* (137,720 in%)

—

o ’,-' - - \\4 E | L . ( "L _147_
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{ Location of c.g.g. Clv= 626 mm (24.6")
Location of c.g.s. : g = 132 mm (5.2")
Area of prestressing steel ApS~= 28.9 cm? (4.48 in?)

(39—7/16" strands)

- b) The Slab

The dimensions. of the slab connected with one beam are taken
as b = 2000 mm’(78.75")'aﬁd t = 203 mm (8") where b is the width

and t is the thickness.

The composite section with two grades of concrete is modified
. - - S N
in one equivalent transformed homogeneous section. The transformed

width of the slab btr is given by: ‘ = -

btr'= bxn= 2000 x 0.707 = 1414 mm .(55.68")

2.2 Net Prestressed Section

t

Net prestressed concrete area

A = 642 - 4.48 = 637.52 in? (4112.7 cm?)

Location of the center of gravity of the net prestressed

. \
section

&

o, - 642(26.63) - 4.48(39.82)
Eh 637.52

= 24,52" (622.7 mm)

The prestreésiﬁg steel eccentricity e measured from the

" concrete centroid o

e = 45 =24.52 - 5.18 = 15.3" (389 mm)
- - -148- v



The moment of inertia of the net prestressed section

I, = 137720 - 4.48(15.3)% + 642(24.63-24.52)"

136,679 in" (568.8 dm"*)

The section modulus of the net prestressed section are'Sln for -

.thg top fiber and S, for the bottom fiber

2n

136679 _ o .
S1a T Tg.53 - 9574 in® (91.33.dm’)
136679 _ . »

Syn = 70,28 = 6674 in® (109.35 du’)

~

2.3 Transformed Prestressed Section (ni = 7)

Transformed prestressed concrete area
T . - ,

A_ = 637.52 + 7¢4.48) = 668.88 in® (4315 ca?)

Location of the center of gravity‘of,the transformed prestressed
.section .
. ‘ )

o 24.52(637.52) + 7(4.48x39.82)
“1 7 668,88 :

= 25.24" (641 mm)

' The prestressing steel eccenticity e measured from the
- ‘ ’ . » . N - B -

_ concrete centroid
e = 45 - 25.24 = 5.18 - 14.58" (370.mm)
. Tﬁé moment of inertia of the transformed prestressed section
It =136679 + 637.52(25.24-24.52)% + 7(4.48%x14.58%)

= 143676 .in" (597.9 dm")

.......



\ o
- The section modulus of the transformed prestressed section

, areSlt for the top fiber and S for the bottom fiber

2t

. 143676 _ 3 3y
Slt = 72?:5?i- 5692.4 in® (93.3 dm°)
' _ 143676 - .. 3 3
S2t = 9.9 = 7271.1 in® (119.1 dm®)
2.4 Transforméd Composite Seétidn (ne =.6i5; n_ = 9) '

Transformed composite concrete section

A
tc

637.52 + 6.5(4.48) + 55.68 x 8 +8(3.1)

1136.9 in? (7334 cm?) L

Location of the center of gravity of the transformed

- composite section
< 4

_ 24.52(637.52)+6.5(4.48%39.82)~55.68x8x4-8(3.1x4)
T 1136.9 o '

113.12" (333 mm)

The-preétreséing steel eccentr@g&gy«emmeasuréd from the.concrete
centroid
e= 45 13.12 - 5.18 = 26.7" (678 mm)
- . o - .

The moment. of inertia of the transformed composite section

-

I, = 136679 + 637.52(13.12-24.52)2 + 6.5(4.48%26.7%)
-+ 55.68 x 8 x 17.122+8 x 3.1 x.17.12% = B
= 378115 in"* (1573.5 qm?)
-150-
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The section modulus of the\transformed composite section- -

are Sltc’ Sétc.anq S3tc,éﬁ.th?fpoints 1, 2 and 3 showg?in Fig. 51.,
_ 378115 _ 53 3\
Sltc = 13.02 28819.8 in” (472.2 dm®)
- 378115 _ .3 3.
S2tc = 37.88 - 11860.5 in® (194.3 dm ).
s, =2I8LL5 _ 17903 in® (293.3 dn?)

3te " 21.12

3. Tﬁe Loads

3.1 Prestressed Force

. The value of the initial prestreSSed‘fofce Piiis given by

the designer of the viaducts (11).

I

P, = 846.3 kips (3765 N)

~

4

The prestreséedvlosses are evaluated at 15% (30); The - *

prestressed force after losses Pe is then:

N P, = 719.4 kips (3200 N}

\

3.2 .Temperature.Change :
The internal forces pomputed.by‘the EfE'viaduct model in

the mid-span section of span 6 df_the'Collingswood viaduct under -

fthe winter conditions are shown in Fig. 51. The positive sign

indicates a tension, the negagive sign a compression. . These forces

are from the top to the bottom of the composite section:

S T A



81.0 kips

360 kN =
" | 4
\ . » 1223 kN = 275.0 kips
142 kN = 32.0 kips
1453 kN = 326.6 kips
3.3 Self Weight
a) Prestressed I-Beam
<Weigﬁt‘per unitblength.wo is B ;
| . _ 642 ‘ | :
w = A Xw=—=145 = 53,87 plf (786 4 N/m )
°© & 128

R s

The bénding moment at mid-span Mo for a simple span beam with

a length of 70' (21.34 m) is

M =L x0.05387 x 70% x 12 = 3éé‘ki§s;in (44.75 KN.m)
b) The Slab’

. Weight per lgﬁgth unit w, is:
g bxtx § §-2§41955 145 = 52.86 plf.(;71{5 N/m')

128 A

The bending:moment at'adﬁxQPah Mdp_dUe‘to the self weight

‘o

of the slab is:

=
0
’ th

x 0. -05286 x 70% 12 = 388.6 kips-in (43.3 kN.m)

‘The self weight of the beam and the slab are applied to the

transformed prestressed section. | o

—




3.4 Dead Load

o=

A dead load of 100 psf (4.79 kN/m?) is applied on the slab.
This load gepresehts the weight of the rails, the handrails and

other equipment. This load creates a bending moment M, at mid-

dc
span of:
\_.
Mj. = 4824 kips-in (545.1 kN.m)
'This'bending moment is applied to the transformed composite
- T ) i ’ !
$ ‘ section only,‘
. - 4. The Stresses in Concrete

4.1 Definitions

The stresses are computed in the four points of the composite g
concrete section shown in Fig. 51. The equations- developed for

: M N . -
r’\

their computation-are based gn the usual prestressed concrete

theory°(30);

The stress in the top fiber of the 5?é§ffe§éé&if—5é;m”fl is

- given by:
CE s ‘Pee ‘si> -y FT(%“L si) (a.3)
L : T N "1/ Tt - Tlte o T 1/te - e
where | } T | B - o - 'T -
FT = the internal forces due to the temperature change )
a = distance bétween the centroid of, the composite sectism - B

and" the point of application of F

P UURNE—S S

T : ) o
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7

The stress in the bottom fiber'of the prestressed I—beam‘f2 is

.given by:
| - Mo+ M, M, ‘
: 1 e o] dp dc 1 a '
f, = -P <—+—— + + +'ZF(~—+——> (A.4)
2 e\a SZ)n S, Spec T\ L‘Sz e
h ‘. . vk
The stress in the top fiber of the slab f, is given by:
de 1 a
£, =1{- — + L F <—'+-——> Xn ' - (A.5)
s Sare T\ T 5, e - o
b | |
The stfess in the bottom fiber of the sl‘é‘B’“f4 is given by:
v | | |
de | (1 a Y
£, =1- +ZF(—+_—>, X n (A.6)
4 Sltc , T\A Sl tc
4.2_ Computation | -
From Eq. A.3: o T ——
e - 719.4f 1  _15.3) 396 + 388.6 _ 4824-
17 TH7-NE37.52 T 3574) 5692.4 28820
- (1 15.82Y (1 17.12) | - [
L F 81'0<;136.9 * 28824) * ?75'0<;136.9 * 28820) R
/71 9.5\ L. 1 2045\
* 32’0(;136.9“_ 28824> - 3?6'6<;136.9,‘ 2882é>
=1.02 ksi (7.03 MPa) L
‘From Eq. A.4 ; o
o ' 15.3\ . 396 + 388.6 . 4824
e ‘719'4<;37.52‘+ 6674) * 571 T Ii860
' of 1 »'15.82) - (’ 1 17.12 - - 5
+'8l'0(;136,9 * T1860) * 25-Nf3eg " Itee0)
o -154-



vﬁ‘ ;

N,

)

From

“+

From

= 0.707}-

1

‘ EBLOCl

36.9

. 11860

9.55> _.326.6 (1 20.4%)

Q136.9 11860

~2.25 ksi (-15.5 MPa)

Eq. A.5

275.0

*

326.6

= 0.707|-

=735
17903

1

- 1 “15.82
81'0<;136.9 - 1790%)

;

136.9

1

17.12 1. - 9.55)
- 17903) + 32. 0<1136 5. 17,903) :

G

136.9

Eq. A.6

275.0

326.6

f:r\\ z:r\\r-"—-ﬂ

735
28820

1

20.45 o : .
1790%> = 0.024 ksi -(165 kPa)

—

1 15.82

81'0<;l36.9 * 28é2é)
~,

136.9

1.

17.19\ - 1 9.55
zsszé) + 32'0<;136.9 ’.2882é)

20.45

136.9

28820
1/

). = 0.323 ksi (2.23 MPa)
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APPENDIX B  NOMENCLATURE

Area of the cross—section

. . ’
Area of°the gross concrete section

Area of the net prestressed section

L . . o
Area of prestressing steel section o

.. mtnt sonsss o

o

Area of the transformed composite concrete section

-

ERR

..Area,of'the transformed preétressed concrete section

Distance betweern the centroid of the composite section

. "bearing pad -

~and the point of application of ‘the force

Trénsfpfmed width of the reinforced c?ncrete slab

W_Width of the’reianrced concrete slab or length of

Distance between the center of gravity of the concrete

‘matgrial
‘Elastic modulus of
Elastic modulus of

- Elastic modulus of

28 days

VE1§§tic_modulus of

Elastic modulué‘qf

‘the

-the

the

the_

the

section and the top of the prestressed I-beam

Expansion support or mpdulué of elasticity of the

concrete at 28 days
concrete at traﬂsfenx
feiﬁforced'cpncrete'slab at
steel

‘materials

Prestressing steel ecqéntricityvor’longitudinali

displacement of bearing pad .

-

-156-
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APPENDIX B NOMENCLATURE (continued)

Fix support

A;ial stress that would be.pefmitted if axial force
alone- existed

Compressive bénding stress'thattwoula be permitted if

bending alone existed - )

Internal forces due to temperature change

' Ultimate tensile streﬁgth of the rails

Yield’pbiﬁt of the steel

‘Computed axial stress

 Computed  compressive bending stress at the point

under consideration

/

-Concrete'éompressive cylinder strength at 28 days

Concreté compressive cylinder strength- at transfer
Minimum ultimate strength of the prestressihg steel

Minimum yield strength of the reinforcing. steel

[ ;
Stresses in the concrete at points 1, 2, 3 and.4ﬁ
Shear modulus of elasticity _ ’ S

Distancévbetween the center of gravity of the prestressing

. steel and the bottom fiber of—the?ﬁrestressed_lfbéam .

T o W4»,‘ -157-~ .' B g L

Moment of inertia of the cross-section

' Moment -of inertia of the gross concrete section .

PR

Moment of inertia of the net concrete section»



Mdc

Mdp

n,n_,N0., ~

S

. - P .

'slt’

-

S

2n

Sot

~Yielding strength

)

APPENDIX B NOMENCLATURE (continued)

r -

‘Moment of inertia of the” transformed prestressed

concrete section

Moment of inertia of the transformed composite

-

concrete section

Effective length factor

Length of:tHe éolumn centra11y'Idadéd_or‘lengtﬁ
of the span ‘i - ' / o
.Bénding moment N
| Bending moment at midspan created by the dead load

Bending moment at midspan due to the self weight

of the reinforced concrete slab ’ ,

Modular ratios

Concentrated load
Prestressed force after losses

Initial prestressed. force

A}

 Maximum strength allowdble on a centrally loaded

.

column S
RaaiuSiof gyraﬁion

Sectiqumaﬂulus;df,the net prestressed concrete section

v

Section modulus of the transformed prestressed concrete

i,
section

-158-
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APPENDIX B NOMENCLATURE (continued)

. Section modulus ,of the transforﬁed composite concrete

! /
section -
T Sheering'ferce at bearing -
t Thicknese of the Feinforced'concrete slab ‘
w Unit-weighf of the'concreteior width of 5ea££h§ pad
v B Weight.ef';he prestressed i—beem persunie’leggth
Vg Weightlpf the reinférced concrete slab per unit length‘
al,-az Coefficiente of thermal expension of the material.

AT AT2 Temperature change appliedvto the materials

o o ~
A Nondimensional slenderness ratio
Abbreviations | ' o _iv - : .
AREA American Railway Engineering Association
BR - British Railways
- CRC :bolumn Reseafch Council (since 1976—Structural Stability

~

-

‘Research Council).

'eCRTSS _Conveptidnéi‘ﬁailway Track Support;SyStem

A DB B Cefman Federal Railways

' ECCS o Eu;opean ConVeneien‘for'éonsfructien Steelwo:k -
JNR _ {apaneee'Nationai Railways .
JRA Jdpanese Railroe& ASSOCiatioﬁ
JRM- | Japenese Reilyoad'Maihteqapce ’
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LIRR

PATCO

PCI
ST
' SNCF

SSRC

Units

\..f‘/

__A?PENDIX B NOMENCLATURE (continﬁed)
‘ ; 4 _
Long Island Railroad -
Péft Authority Transit Corporatioﬁ
‘Prestressed Concrete Institute
International System of Uniéé
French‘Na;ionél Railways y i_

&

Structural Stability Research Council

.
M .
As general rule the SI units are used in this thesis.

S In the text the stresses are given in both systems, SI and

'Ameriéan. In the figures only the SI units are

used. The following
e '

: \\J/ rules have been - -adopted: ;

1. All the lengths are in'millimeters'(mﬁ) for the
lengths,smalle;‘fﬁan'lo m.
.2ﬂ The lengths are‘iq meters (ﬁ) for the lengths longer

or equal to 10 m.

In the table Qélow_are given conversion factors for

‘used units:

st AMERICAN

.1 m. . 0.03937 in.
1m - 3.2808 ft.
2 ' L2

"1 m .- 0.00155 in.

'f" U 160~



APPENDIX B NOMENCLATURE (continued)

ST
1N
* 1 KN

1 kN/m2

1 kPa

1 MPa

3 lAMN/m2

Abbreviations for Units . ~

,OC

cm
dm
O
ft
in

ksi

1b -

- 1bf.

Pa

psi.

o

Centimeter

Decimeter

Degree Fahrenheit

i

Foot

Inch

Kips per.square inch;
Pqund4

Pound force
Miiiimeter |

Newton

,Paséél

Pounds per sQuaéezinch

AMERTCAN

| 0.2248 1bf

0.2248 kips

20.8855 psf

0.145 ksi = »

‘Degree Celsius (centigrade)
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