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An expeximental and analytical investigation
has been carrled out to determine the dynamic behaviour
of a large span double cantilever reinforced concrete
bridge. A perspex model of ths beldge was prepsred for
the purpose of experinental snd analytical investigation,
The test program on the model includes Static tests with
horizontyy loads spplied neay the top of well to determine
its stiffrness, fxee and steady state vibration tasts on
& shake table in longitudinal and transverse divactions
for both base fixed and botiom embedded in sand wito
scour level conditions, |

The dynamic analysis of the byidge has been
carried out by Rayleigh's method. The masses wers lusped
along the well pier and cantilever arms for dynamic
snalysis in the longitudinal direction but in the
ttmw#u direction entire superstructure was lurped
at its centze of gravity.

Fizst fundamental frecuency in the longitudinel
direction was found §0 be lower than that in the transverse
direction, The ratic of horizontol awelwauqn siong the
haight of substructurs in the fixed base case was higher
comparesd to the sanwm when the model was enbedded in sand,
But in cantilever arm the ratio of vertical acceleration
to the horizontsl base acceleration was lowsr in the fixed




base case compared to the sand embedded case.

Dynamid moment in the cantilevex arm of the
p:ototvpc bridge even for a reduced displacement
spectra of ElCentro earthquake of 1940, NeS component
Le nearly 11.3% of the dead load moment, Marked
difference 1s seen in the dynamic response of ﬁxt
bridgs in longitudisal and transverse directions.
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CHAEIER 2

ANTRODUCTION

1.1 General

Indian Standaxd Code IS 18931970
recomnends the wuniform selsmic coefficient method
of design for oxdinary bridges, For special bridges
dynamic analysis is recoamended but it is being
ssldom resorted to by the desioners. The double
cantilever bridges have certaln advantages over
the usuasl simply supported T beam or balanced cantie
lover bridgess They are usually constructed with
tall supporting structures and long cantilevar ams,
For such bridges dynamic analysis 1s expected to
provide more rational basis for design,

In the present study a double cantilever
highway bxidge supported on a thick layer of uniform
sand has been taken up for investigation, The length
of cantilever arm is nearly equal to the height of
substructuye., Fig, 1.1 shows the sectional elevation
of the bridge along the longitudinal centre line and
the cross section of the weil foundation, Fig, 1.2
shows the cross section of the bridge at the centre
line of the pier, For the purpose of present investi~
gation satire bridge has been considersd to be built
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of reinforzed concrate in concrete grade M 150,

It is likely that a very large and
impoxtant bridge of this type to be built in thickly
populated area, may nasd a minimum of four standaxd
lanes, But paucity of funds moy limit building only
two lanes initially. As such in the present investi-
gation both the stages of emgtmatim _have been
studied from dynamic point of view,

1.2 Brief Review of Literature A

- Duxing ths Bihar«iepsl Earthquake of
1934, not a bridge in the alluvial plain of north
Bihar remained undamaged, fxom minor cracks Sn arches,
wing walls and sbutments, displaced plers and girdexs,
to complete ﬂutmctim( 3)«, Nuserous examples of
damages to permanent bridges during iarthquaku all
over the world are waiiahlu(m « These damages
usually occur at intensity of VIII and sbove on
Modified Mexcalll Scale, Selsmic damages are most
commonly caused by faundetian fallures resulting
from excessive ground deformation and/or loss of
stability and bearing capacity of the foundation
goils. As a direct result, the substructures often
tilt, settle, slide, or even over turn; thus causing
severs gracking oxr complete fallure, These large
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support displacements also cause relative shifting
of and damage to superstructures, induce fallures
within bearing supports, andfavan cause spans to
fall off their supports., Howevar examples of damages
to superstructures of girder bridges directly as &
result of structural vibration are few,

Most girder bridges in the past had
vibyation periods less thgn about 0,3 seconds and
there was relatively little xisk of resonance with
sarthquake uoti-aﬁw’ « With ﬂm advance of technology,
bridge piexs of girdex bridges are becoming more and
more flexible and the girder spans are increasing.

. A% 3 result the natural perfod of vibration is becom~
ing correspondingly longer and thers is ample possie-
bility of resongnce with sarthquake motion.

| Structural vibrations are important for
long span bridges with tall subsetures substructures,
During San Fernandoe eaxthquﬁka of Februaxy 9, 1971,
nuuirou reinforced concrete highway bridges consisting
of sither straight or cuzved box girders of laxge
span suffered severe dsmage as result of vibration( 2) .

| During Fukui earthquake of June 28, 1948
(magnitude 7.3 on the Richter scale) superstructure
of the Koroba bridge in Japon suffered large cracking
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near midspan of main girders in the first and second
spans(l). The superstructure had a total length
of 36m and a.ﬁidth of 3.6%m and consisted of three
reinforced conctete T beams. Damage was obviously
caused by vibrational effects of earthquake., Other
instances of such damages have az180 come to light
and have attracted the attention of investigators
to this aspect of bridge design.

Elaborate dynamic analysis and model
testing of a tied cantilever bridge was done by
Krishna, Arya and Thakkar(s). The well foundation
of the bridge was 30455 m high and the piers were
20,85 m tall. The cantilever arms on both sides qf
the pier were 72.10 m long. It was observed that
tip of the cantilever suffered a large longitudinal
displacement and acceleration at the top of pier
during steady state test of the Sridge model in
longitudinal direction was 5,93 times the horizontal
base acceleration, The dyanmic response obtained on
the basis of dynamic analysis differed‘a great deal
from that obtained by uniform seismic coefficlent
method, Thus it was considered that for a special
structure like the tied cantilever bridge, dynamic
analysis should be carried out to arrive at a

rational design,
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Dynamic ¢haracteristics of a large
multispﬁn reinforced concrete box girder bridge
supported on and rig:dly connected to the reinforced
concrete columns and diaphragm abutments were
studied by Tseng and Panzien(z). Bridge was idealised
by a discrete parameter system consisting of 71 nodal
points located on the columns and girders. Foundation
flexibilities were approximated by assuming the
columns and abutments to be fully fixed at a depth
0of 10 £t below the ground surface., Undexr the earthe
quake of ElCentrxo 1940 NS Component, the maximum
horizontal acceleration at the-top of columns was
1.01 g and the maximum horizontal displacement at thet
point was foﬁnd to be 1.45 £¢t, Charleson(6) measured
the natural frequency and damping of a numbexr of
girder bridges built in New Zealand but his investi~
gation was limited to the study of dynamic character=

istics of substructures only.

However the dynamic charaéteristics of
reinforced or prestrssed concrete bridge with long
cantilever arms on both sides of the subseciur

substructure has not been studied.

1.3 Objectives of Investigation
(1) To study the dynamic behaviour of

the double cantilever bridge experimentally and
analytically.
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(i) To compare the dynamic properties
and amplification of acceleration of bridge model
when it is fixed at the base to those when it is
embedded in dry sand of predetermined density upto

the assaumed scour level,

-

(i11) To obtain the dynamic response of
the prototype bridge for a typical earthquake motion.

1.4 Scope of the Thesis

| A perspex model scaled down by a factor
of 83,33 Was'prepaied to study the dynamic behaviour
of the bridge experimentally and analytically. The
natural frequency, daﬁping and dynamic amplificafion
of the model in fixed base condition has been compared
with those whén the bottom of the well is embedded in
dry sand below scour level,

Live loads on the deck of the bridge have
not been taken into account and the section of the
bridge has been assumed to be simple. The suspended
span between well-pier-girder assemblage has been
replaced by half of its dead weight at the end of the

cantilever arm.

, A certain quantity of water will vibrate
along with the bridge, during earthquake motion but

this has not been considered here because the effect
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of water can be found separately and the presence
of water makes éxperimentation difficult, Since
the shake table could be vibrated only in one
direction, the model was turned in its shoe fér
vibration along the longitudinal and transverse
axes, Vertical vibration of the bridge has not

been considered.

Analyﬁicél investigation into the
dynamic behaviour of the bridge model was carried
out by Rayleigh's method lumping the masses along
the body of the bridge at discrete points., with
the help of analytical results of the model, dynamic
response of the prototype under the speétaal displace~
ment of ElCentro May 18, 1940 X earthquake N-$
component reduced to 0.349 times has been studied.

1.5 Notations
The letter symbols afe defined wherever
they appear first in the text, Important symbols

are however given here in alphabetical ordexr,

A - area of cross section of the well model
Ec ~ modulus of elasgfticity of concrete
Ep « modulus of elasticity of model materisl

E. . = modulus of elasticity of prototype
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acceleration due to gravity
moment of inertia of the section
stiffness of the element
length ¢f the element

mass of the element.

scale ratio, the ratio of linear dimension
of the prototype to the corresponding
linear dimension of the model,

natural circular frequency of the dynamic
system

time period of the vibrating system in
seconds |

damping factor

mgss density of the material.
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MODEL FOR INVESTIGATION

2.1 Scale Relation

and
m U Apby , _ K
-ue = . - n 8 f- ——
m, QWAmLm i P m
where,

K = bending stiffness

E = modulus of elasticity

I = moment of inertia

L = length of element

f = mass density of material
m = mass of the material

p = natural circular frequency

(Subscript p refers to the prototype and m
to the model )

From above it can be deduced that
L /.’;e iy
Pm n 'm &

n being the scale ratio,.
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2,2 Choice of the Model Material

For reinforced concrete girder bridges
the Japanese Code 'Specification for Earthquake
Resistant Design of Hiéhway Bridges,»Japan Road
Association, January 1971 gives the following approxi-

mate formula for fundamental time period

where

W, = weight of the pier, tonnes

W, = weight of the superstructure supported
by the substructure, ¢t

EI = flexural rigidity, tm®
g = acceleration due to gravity, m/sec®

h = height of pler , m

In the present case of prototype bridge
W, = 35281t
W, = 11000 ¢

h = 75.5 m from the base to the underside
of the girder

Assuming that the concrete in girder, pier and

well is of grade M 150, for which E = 1125,000 t/m®,



and I = 1000 m®

T = 1,86 secs

1 -
Py = T.88 = 0,54 ¢ps

>

Now come to limitations of testing:=-

l. Dimension of the shake table was such that
the length of model could not exceed 1.4 n

2. The forcing frequency with the available
equipments could not exceed 40 cps

/F"‘F""‘" Py
Since n qﬂ/ B, 0, ' .
. p n

keeping Pm = 40 cps

| JE 0 E_ ¢

Keeping fabrication in view, steel cement-sand-
mortar and perspex alone were considered and values
of n were found to be 31,74 and 96 respectively.
As such 1t was found that a length larger than permi-
ssible was required for steel whereas casting uniform
sections as thin as 3 mm with cement sand mortar was
impracticable; therefore the cholice narrowed down to

perspex, Besldés, perspex has several advantages
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over other model materials,” It exhibits linear stress
strain relationship in the usual range of strains
used in the models and the modulus of elasticity 1s
quite low so that measurable strains and deflections
can be obtaiﬂéd without requiring large loads or
significant éhahgeé in geometry, It can be machined
using yhe ordinary equipments of a machine shop with
occasional slight modification,

2.3 Choice of Scale

Since the smyllest thickness in the
prototype was 250 mm and the perspex sheets were
available in thicknesses of . 3mm, 6 mm and lé,mm, a
scale ratio of 250:3 from prototype to model was
adopted, This scale gave the length of bridge model
as 1390 mm which could be congeniently accommodated
on the shjke table. An equivalent octagonal cross
section of the well was chosen in-stead of circular

for s convenience of fabrlcation and testing .

2.4.'Rr0pertieslof the Model Material

To detexmine the modulué of elasticity
of perspex, two specimens, each approximately 40 mm
wide and 400 mm long fxom 6 mm and 12 mm sheets were
cut out. Beam tests were berformed and the results

are shown in tables 2.1 and 2.2.
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TABLE 2,1

DEFLECTION OF BEAM SPECIMEN (7 mm THICK)
UNDER POINT LOAD

SI ___LOADING __° UNLOADING
No, (Load om a 4 ection, Laad on Dial FDefTectIon

‘ban gm 3 reading E { mm) ! pan gm .reading E (mm)
o ! m z 4 ; !
1 Initial 608 - 800 4483 -
2 200 577 .26 - 600 475 .27
3 400 535 .73 400 - 517 .69
4 600 490 1.18 200 857 1.09
5 800 - 448  1.60  Pan+ 600 1.52

wire

TABLE 2.2

'DEFLECTION OF BEAM SPECIMEN (13 mm THICK)
UNDER POINT LOAD

5. ... LOADING H UNLB’AF!‘NG '
No. jLoad on } Dial { Deflec~ | Load on ; Dial Deflection
——apan gm . ! reading | tion (mm} pan gm ,reading t

l Initial 851 - 1500 .801 -

2' 500 840 .11 1000 808 07

3 1000 820 31 - 500 833 32

4

1500 g0l .50 Initial 855 .54
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Fig, 2.1(a) and (b) show the variatioéfﬁeflectien
against the appllied load.

'ELASTIC MODULUS OF PERSPEX FROM BEAM TESTS

Beam data Beam (a) Beam (b)
"wWidth 40 mm - 39 mm
Depth - 7 mm 13 mm

Distance between supports 308 mm
Distance of point load from left hand support = 150 mm

Distance of dial gauge point from left hand
support = 158 mm

Least count of dizl gauge _ = ,01 mm

Modulus elasticity of perspex from test on beam (a)
= 23200 kg/cm®
Modulus elasticity of perspex from test on beam (b)

= 22608 kg/cm®

Average value of modulus elasticity = 22600 kg/cm®

The weight density of the perspex was found to

be 1,2 gm/cc and Poisson's ratio was taken to be
0.36(12),
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2.5 Method of Fabrication

Girders and piers were fabricated from
pleces of appropriate sizes cut from sheets of 3 mm
and 6 mm thicknesses. The joining edées of the pieces
were machined and polished smoorth so that no air

bubbles were left when joined by chloroform.

The wall thickness of octagonal well was
24 mm whereas the thickest sheet avalalbe was only
12mm. So sixteen pieces were cut and joinéd giving
eight pleces of 24 mm thickness, For this special
care had to be taken so that chloroform reached all
the places and no air bubbles were left, After the
pleces to be joined were placed face to face, three
sides were sealed with adhesive tapes and chloroform
was injected through one of the sides, usually a
long one, After the fluid reached all over the joining
surface, the pleces were pressed hard by clamps so that
extra fluid and air bubbles were ejected, Then
they were machined to accurate sizes and angles,
After polishing the edges of all the eight pieces,
they were carefully joined to form a well 800 mm long
and hqving the eross section shown in Fig, 2.2. The
girders were joined to the piers first and then they
wexre joined to thé cap. Fig. 2.2 shows the longitudinal
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section of the model of the bridge, sectional plan
of the piexrs and the cross section of the octagonal
well, Cross sections of the girders of 2 Lane bridge

and 4 Lane bridge are shown in Fig. 2.3.

After testing the well alone statically and
dynamically, and getting satisfied that the well
behaved as if it was of monolithic construction, it
was joined to the well cap, pier and girder assembly,
In the first stage only two lane bridge was prepared
and after completion of all the tests on it, the
remaining parts were connected to form the complete

bridge carrying four lanes,

At various locations, holes were drilled
and threads cut so that acceleration pickups could be
attached to the model, Fi§ 2.4 shows ihe pick‘up
location on the model in the longitudinal and transverse
directions. A shoe of octagonal shape was made from |
steel angles 40 mm x 40 mm x 6 mm welded to a plate
300 mm x 300 mm x 12 mm thick to provide a fixed base
to the model, Corrugated aluminium strips were placed
between the faces of the well and shoe angles and the

well was tightened by bolts,
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TESTING PROGRAMME AND RESULTS

3.1 Types of Vibration Tests

Two types of vibration tests were conducted
on the bridge model under each base condition - the
free vibration tests and the steady state tests, For
first the model was given a light jerk in the hori-
zontal direction at the top. The acceleration at
desired locations were recorded by acceleration
pick-ups connected to pen recorders through amplifiers.
For steady state tests a Lazan Oscillator was mounted
on the shake table, The amplitude of vibration was
adjusted by iaryigg x eccentricity of the knqb and
the frequency was changed bf.varying the resistance

in the power supply unit,

3.2 Arrangement for Different Tests

For fixing the model at the base,}a base
plate was prepared wﬁerein eight pieces of angles
(40 x 40 x 6) were welded, Corrugated aluminium
packing strips were placed between the model and
the angles and the strips weie then ﬁrgssed to the
surface of the model by means of bolts, The base

plate was then secured to the shake table by means



of 20 mm diameter bolts, For applying horizontal
load at the tdp of the well, a thin aluminium strip
20 mm wide was fixed round the octagonal well and a
flexible wire was connected to its end as shown in

. Fige. 3.1, Wire went round a frictionless pulley
and weights of different denominaﬁions were placed
on a pan connected to it at the ends Fixity at the
base was checked by applying horizontal load at the
top and measuring the resulting deflections and then

comparing them with amalytical results,

It was found from laboratory tests that the
maximum density of the available sand was 1.68 gms/cc.
Mark at 150 mm height was made on. the side of the
table, Sand required for filling a depth of 150 mm
was weighed and poured in the ténk. The top surface
was made level, The knob of the oscillator attached
to the table was kept at maximum eccentricity and
the table was vibrated for about 90 seconds, by which
time the top surface came to the level of the mark,
The model was inverted and sand was poured to a
height of 264 mm and the bottom of well was closed
with a cap. The model was then placed on the sand
bed in appropriate position and direction. Subsequent
layers of sand were weighed, poured and vibrated

inthe same way., Thus the model was embedded in dry



sand of required density, Fig. 3,2 shows the bridge
model on the shake table., The base is shown
embedded in sand. A pick up and récording arrangee,
ments are shown in the back ground, For changing
the direction of the mddel the entire process was

repeated,

Since there were only three pick-ups
available and one had to be attached to the base of
the shake tabie, the whole range of tests with model
in one particular direction had to be repeated a
number of times to record accelerations at all the
desired locations, Pick-upg were calibrated'before

and after each set of experiments,

3.3 Experimental Results
(a) Static Tests |

(i) Static test on well alone fixed at the base

stiffness of the well model having

fixed base with respect to horizontal load applied
and horizontal deflection meagsured at 10 mm below the
_top of the well wad determined by this test, Table 3.1
and 3.2 give the horizontal deflection at 10mm below
the top of the well against horizontal load applied
at that poiﬁt.
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TABLE 3.1

DEFLECTION OF WELL DUE TO HORIZNTAL LOAD
ALONG XX AXIS ( FIG. 2.2)

™ Dial gauge 1 " DIl qaude 3 TDial gauge 3
Load on pan “EEEI‘“Q‘?gzrlectnxﬁﬁiai Tdeflec- | Dial | deflec-

!
(% ,ireading ! mm jreading ition mm jreading | tion mm
Pan itself 098 - 100 - 09 o
2,275 8645 115 96,0 .04 09 0
4,550 74,5 «235 92 .08 09 0
54550 69,0 28 90 .10 09 0
6,550 63.5 +335 88 12 09 o
TABLE 3,2

DEFLECTION OF WELL DUE TO HORIZONTAL LOAD
ALONG YY AXIS (FIG, 2.2)

Load on 1. _LOADING UNLOADING
Pan ! Dial y Derlection; Dial : veclection

(%) ' reading '  mm ' reading ' mm

Initial 93 - 90 -

4,760 70 .23 65 .25

7,035 57.5 +355 53,0 .37

9,310 46,0 A7 43,0 .47

11,310 35,0 .58 35,0 .55

Note: Fige. 3.1 shows the test set up and the position of dial
gauges.



27 -

" The load deflegtien diagra, has been plotted in PFig.3.%
The gverage of the stiffnesses in two direction was
found to be 19.4 kg/sm, |

{11) Stetic test on the well modsl sttached with the
(T
This test was conducted to ses 1f there

was any change in the stiffnessy of the well due to the
attachment of the ¢ap. The load was applied agein horie
zontally st 10 mm below the top of well and horizontsl
deflisction was measured st the same point, Table 3,3 and
3.4 give the deflection in mn against the applied load
 and deflection sgalnst load diagram has besn plotted in
Fige 3.3, |

TABLE 93,2

LOAD DEFLECTION TEST OF WELL
WITH CAP

Load along XX anis (Fig.2,2)

- ,.!ﬁiﬂ:&sﬂ”;ﬁl;li%%ﬂlrﬁ .
1Y 7 1 deflectloq DYal | deflect!

o : - : S ARCRION
Initial 991 - 570 -
2,275 905 + 86 6538 as
4,950 800 191 760 1,90
6,828 4380 . 84C 2490

9,100 3710 4,21 960 3.90
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TABLE 3.4

LOAD DEFLEGTION T:ST ON WELL WITH GAP
Load asieng vy gx&a {Fig.2.2)

"l‘.“l'ﬁ ﬂ;l*mJAl'ﬁ*l.‘ﬁ ﬁi‘lﬁ —

O R e U
Initial a1 N 870 -
2,218 820 A1 190 ,80
4,95 716 1.9 686 1,84
4.82% 508 2,65 582 - 2.08
94100 800 3,71 800 3,70

Note 1 Flg, 31 shows the test s»t up snd the position of
dial gauge.

The averags of stiffnesses in lonpitudinal and transverse
direction in this case was found to be 21,0 ko/mm,

(411) Static test on the bridge model with two
 lanes of superstructure having the base embedded in dep sand
upto scour level,

Horizontal losd was applied at the top of well
by means of s thin wive going over a fxictionless pulley
attached to the edge of the shake table, The deflection
sgsinst the sorresponding hoxizontal load is given in Table 3,9
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TABLE 3.9

DEFLAECTION NEAR TOP OF WELL AGAINST HORIZONTAL
LOAD APPLIED ON THE 2 LANG BAIDGE MODEL EMBEDDED
IN SAND UPTO SCOUR LEVEL ,

Load on Pan Kg § Dlal reading | Deflection e

Initial GAS -
2 63% W13
4 602 »46
é LY. 1.09
8 484 1.63

10 100 ' 9,48 |

The load deflection diggram has been plotted in
Fig. 8.4

{b) Fres Vibration Tests

(1) Fres vibration ttﬂ'. of woll alone having
fixed base

After fixing the well model st the
base » 1ight Jark was given to 4¢ nuar the top. Fig.3.6
shows the type of cuzve tru:ﬂ by the psn recoxdey,
Natural frequency in the longitudinel dixection (ﬁ direcs~
tion) was found to be 95,5 cps  and the damping factor was
07, In the transverse direction {YY dixectior} slso the
natural frequency was 55,5 ¢ps but the damping factor
was 095,
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(11) Free vibration *taét of the ZelLane bridge
having fixed base,
A light Jerk was given to the model

at the end of the eantilever amm for excitation in the
longitudinal dizestion and en the wed of the glvder
above the pier for excitstion in the transverse direction,
Fig, 3.5 shows the curve genszated by the free vibrations,
In the longitudinal direction the natural frequency was
found to bs 35 ¢ps and damping factor was .06 in the
transverse direction they were 28 cps and .08 raspectively.

(111) Free vibration tests of 2-lane bridge having
hass enbedded in sand upto s depth of 264 on,
fig., 3,5 shows the free vibration
record in the longitudinel and transverse direction, The
natural frequency snd danping were found to be 38,5 cps
and OF :cupwtivﬁy in the longitudingl dirxection while in
the transverse direstion they were 22.8 cps and ,O8
respectively, o
(Sv} The free vibration test of the 4«lane bridge
having #ixed base,

The model was excited by tapping the
ond of the cantilever arm, Fige 3.6 shows the curve
generated by the pen 2&0:«:. ™™ natural frecuency
of vibration in the longitudinal dizection was 21,2 cps
‘and danping factor 0,08 while in the transverse direction
they were 28 cps and 06 respectivaly,



{v) The free vibration test of 4-lane bxidge
having dry #3nd of density 1,68 ga/ce at
the base upto s depth of 204 o,
| The nodel was excited in the longitue
dinal and transverse direstions by giving light Jerks
at the vertical end of tha girder, for excitation in
the longitudinal dirvection, In the transfer dirsction
the model was tapped at the top of the girder ahove
the pler, Fres vibration zecords are shown in
Fig, 3.8, WNatural frequescy and damping factor in
the longitudinal direction were found to be 20 eps
and A.m wnd in the transverse direction thay ware
27 cps and LJ08 vespestively,

{c) stesdy State Tests
(1) Stesdy stote test of 2e1ane bridge model
having fixed base,

Fig. 3.7 showe the relation between the
ratis of accolawstion at different points of the
bridge to horisontal base acceleration and the forcing
fraquency. Fpom the curves 1t 1s semn that first
roscnant !uwmcy is niearly 21 cps and the second one
33 cps. Horizontal acceleration laparted at the base
of the sodel i3 mognified to nearly four times near
the top of substrzucture, The vertical scceleration
at the tip of cantilever becomes slmost 7 times the
horizontal base acéelu&t_&m at the moment of sesonance,
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In the transverse direction only one reaonant
frequency is recognisable in the zange of forcing
frequency possible with the available equipments,
Eatponsc curve is shown in Fig. 3.10, The resonant
frequency in this direction is sesn to be 27 cps.
Acceleration at the top of the pier was nearly
twanty time that at the base, Even at the top of
the well the acceleration was magnified nearly
7 times,

{41) Stoady state test of two lane bridge
- model having base embedded in dry sand
upto a depth of 264 mm,

Resonance curves for vibration &m
are shown in figure 3.9, Here too, two mwﬁmt
froquencles are easlly secn in the longitudinal
direction., The first resonant frequency is 23 cps
and the second one is abaui 33 cpes  In this case the
sccelaration near the top of the bridge is seen %o
be approximately 3 times the base accelexation and
the variation along the height Ls almost lineaxr,
Howsver acceloration magnification ewerywhere on
the substructure is less comparsd to the fixed base
case. On the cantilever arm the vertical acceleration
is magnified to nearly nine times the base acceleration,

In the transverse direction the xesonant fre-
quency is sesn to be neaxly 27 cps and thexe is no
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other resonant frequency in the axperimental range,
Horizontal accelexation at the top of the poex is
nearly seven times of that at the base but at the
top of well the ratio reduces ¢to nesxly 3,

(411) Steady state test of the 4.1lane bridge
model having fixed base

Resonancs cuxves in Fig, 3,11 shows
that the first rescnant fracueny s nearly 22 cps,
Hoxizontal sceslaration st the top of well is
approximately 3 times that at the base and the
varfation along the height 4s linear but sbove that
the acceleration is seen to be nearly constant, In
the cantilever grm, the ratio of vertical scceleration
to the horizontsl accelsration at the base is nearly
349

In the transverse divection the firgst resonant
fraquency is seen to be as low as 17, However the
hopizontal scealexation 1s magnified nearly six tinmes
at the top of the well and the variation along the
height 1s linesr,

{iv} Stesdy stats test of the 4-isne bridge

medel having base in dry sand upto 264 nn,
The first mtural frequency is seen
to be 21 ¢ps and no other zesonant frequency could be
sesn, Horizontal at the top of the girxder is neaxly
twice that st the basa and the variation is nearly
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Linear slong the helght, In the cantilever arm the
ratio of vertiesl accelazation to the horizontal base
accelerstion reached a value of nearly 7 neaxr the tip
of the cantilever, |

In the transverse direction the firet resonant
frequency is neaxly 23 cps. The ratis of hordzontal
acceleration st the ¢op of well to that at the base s
neaxly 3 and the varintion along the height is linear.

3.4 Interpretation cf Experinental Results
{a) Strtic Tests

stiffaess of the wall in two perpene
dicular directions was the ssme indicating that the
pleces were Jolned well s0 that it &chwﬂ a» 3£ 1t was
monolitic, Attachaent of the cap to the well increased
the stiffness of the well, The load deflection diagras
£s lineax which means that the structure bshaved elastie
callys But in the case of sand the load deflection
diagray as shown in Plg, 3.4 is nonlinesr right from
the start and the resistanes provided by wsd slmost
vanishes at a vexy small lead,

(b) Fres Vibration Tests
Hatural freguency of the well is seen
te be the same in two perpendicular directions but the
damping differs,  This difference may be accounted to
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the fact thyt the frequency is high snd messurements
_ cannet be done stcurately.

Ratural frequency In the longitudinal direction
for two lane bridge was higher than that in the trunse
verse dirsction, Apparently the natural frequency
registered was not the fundsmental one, But in case
of the complete bridge natural freguency in the longie
tudinal &1:»@%& was lower, Damping varied from
6 to 10 X, Net mich difference was sesn betwesn the
fixed base cese and base embadded in sand cose.ss
regards natural frequency and damping, |

{c) Steady State Tests

The first zesonant frequency in the
longitudinal direction Ls seen to be lowex than that
in the transverse directien, This indicated that the
cantilever arms influenced the dynasic pmpmiu
appreciably, Ratic of horizontsl acceleration at the
top of the pler £5 that at the base {2 mors in the
transverse dixestion, Ratioc of v'crt‘icai acceleration
at the tip of the cantilever to the hase accelerstion
is higher in teo lane bridge, Dynamic properties of
the bridge fixed at the base are very cluse to those
whan 4t is embsdded in sand upto scour level,
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The gist of the results of dynsmic tests ie given
belew in Table 3,6.

TABLE 3.6

DYNAMIC PROPERTIES OF THE BRIDGE MODEL
FROM EXPGRIMENTS

2 lane base
bridge «f ixed
bass
mmv 35:0 .'% 21.35 4 7
Trans, 28,0 +0B = 20 -
2 lane bridge
bass in »
Long, b2 Y+ + | 23,33 3
Trans, 2.8 .08 21 4
4-1ane bridge
hase fixed , | _
Long. 2142 +OB 22 3 " 4.9
Tzans, 8 »Oh by 6 -
A«1an® bridge
bass in sand
Trans, 2 «108 23 3 -
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p=35 cps ' p =39 cps
T =0-06 T =0.08

FREE VIBRATION RECORD OF 2 LANE BRIDGE HAVING FIXED BASE
LONGITUDINAL MOTION TRANSVERSE MOTION

LONGITUDINAL MOTION TRANSVERSE MOTION

p=38.5 ¢ps p =28 cps
g =007 g =0.08

FREE VIBRATION RECORD OF 2-LANE BRIDGE HAVING BASE EMBADDED IN
SAND UPTO 264 mm

FIG.3.5_ FREE VIBRATION RECORD
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HORIZONTAL BASE ACCELERATION

ACCELERATION AT A POINT IN THE MODEL
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DIRECTICN WITH FIXED BASE
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ACCELERATION AT A POINT IN THE MODEL
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ACCELERATION AT A POINT IN THE MODEL
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SHARLIER 4

THEORETICAL INVESTIGATION AND RESULTS

4,1 General

Since substantial proportion of the mass of
the bridge is distributed over the cantilever arms
which undergoss hexizontal as well as vertical displaces
ment during longitudinal motion of the bridge, the
ususl method of bending « sheax snalysis applicable to
stack like strxusture can not be used hexe, 50 Rayleigh's
nehhod has been employed te salculate fundsoental natural
freqancy of the bridge model, Dynamlc response of the
protetype hes bemn worled out for s typical sarthquake
motion, - | |

4,2 Details of Analysis
{a) Static deflection of the well alone fined
at the base

For » cantilever deflection at the free
and, » ._
b = 'gh ’ g A

Mn P is the applied transverse load at
the end of the cantilever of length L.
G 4s the modulus of rigidity
a8 1s the shape factor for shear

defined as

/08 3/
CATRAL L1R22y bVl!"RSIWBZF ROORKEE
(\\10Rf(rf
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For a thin tubs dg = 2.0

G ”E&E) “ﬂ +436)

 Hexe L = 790 mm
E » 226 kg/mm®
I =20,8 x 1d® mo*
A = 9860 mm®

Putting the above values
§, » 26 kg per mn
(b) Natural frequency of vibration of the well alone
fixed at the base ~

_ We have the well known ulatienl
. E ent)? /g
Pn = T ! AQ

Where il = 1,875 for contilever
E = 226 kg/an®

I = 20,8 x10° m*
A = 9860 mm®
9 = 9810 mm/sec?
= 1,2 gnfec = 1,2 x10™° g/mn®
L =800 mm ‘

Substituting ‘ahuvc values
Pl = 344 radians/sec = 54,7 cps
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{e) Natural frequency of the bridge model

To apply Rayleigh's method to calculate the
$inst fundamental frequency in longitudinal d!.tmtioﬁ,
masses of the bridge model were lumped as shown in
Pig. 4.1, Loads squal to weights of warious masses
were applied on the mase points as shown in the
figure., Foxces and resulting deflections ars givan
in Table 4.1 and 4.2. For transverse vibration the
mass of the entire superstructure was lumped at the
centrs of gravity and is denoted by mass 8,

TABLE 4,)

HORIZONTAL DEFLECTION CF THE MODEL IN TRANSVERSE
DIRECTION DUE TO WEIGHTS OF MAS3ES 1 TO 8 APPLIED
HORIZONTALLY

1 1860 Horls, .002 1860  Hordz,  .002
2 1860 ¢ W84 1860 " 028
3 1860 . .08 1860 . 075
4 1860 « - L,16 1860 . 130
5 180 % . .22 1860 . 420

6 280 " 24 280 " .2

7 342 . . 296 171 . 247
8 3218 . ,318 1m0 e .288
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TABLE 4,2

DEFLECTION OF THE MODEL IN LONGITUDINAL DIRECTION
DUE TO WEIGHTS OF MASSES AS SHOWN IN FIGURE 4.1

1 1860  Horiz, 2002 = 16860 Horiz. 002 -
2 1860 » «038 - 1860 » « 029 -
3 1860 A «116 ~ 1860 " +084 -
4 1860 . 21T = 1860 " + 156 -
5 1860 * «32% « 1860 » o228 .
6 280 ’ 3% = 280 * 248 -
7 342 - 830 - by 5 ” v 297 -
8 3278 » #5308 . 1750 » +340 -
9
28 66 Vert. » 508 -837 33 . Vert, 63&9 50
29 16% . * L,754 03 . *  ,4%0
30 176 " o 630 98 . N «392
31 19% he " L8 108 " » 307
32 20% " * L3718 113 - » « 230
E: & 3 227 » " L161 124 . » + 199
< 236 » * Ll40 127 " @ +09
35 124 . % L0860 70 » * 036
36 12‘ » " «-;.O&B 70 " " ~¢036
1 4 236 . * «.140 127 » B .09
38 277 . * w181 124 " * =1
39 205 . ® .38 113 . " w290
40 19% . * -, 408 108 . Y w307
Al 176 . ® .,639 98 b " w392
42 165 . 4 w184 93 " P =450
43 66 . * »,837 33 " * 800
Nete 1 1. h; means the heriszontal deflection of mass 4

4 means the vertical deflection of mass 1
2, vertical deflection downward 1s taken positive,
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‘Here only the fundamenta) mode of vibration have-been
has been considexed, The result of snalysis is given
. below in table 4,3,

TABIE 4,3

FUNDAMENTAL FREQUENCY AND MODE PARTICIPATION
FACTOR FOR BRIDGE MGOSL FIXED AT BASE

Description

4 Lane bridge
Long. 20,4 «392 2,55 5.13
Trans, 3.4 +982 1.72 3,98
2 Lane bridge _ .
: ’ hﬁﬂﬂn 28,1 _ -« 92 1.92 3.2
THM. .8 « 595 1.8 - 89

Note s The aatursl freaguency af the g:otot
been esleulated !mm the rels v?ﬂ " 34
derived sarliter, P

. Gxound Metion Chosen for Responas Caleulation

The displacemnt spectra of the EiCentyo
sarthquake Hay 18, 1940 NeS component veduced by a factor
+349 has been adepted for yesponse calculation, The
values of spectral displacsmntcfor different time periods
aze given in table 4.4,
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Natursl frequency is calculated from the relation

Whers W, is the weight of mass 4

The response in the rth mode of vibration due
to earthquake motion can be obtained from

X’r | - G” Kr 3“
X, ® Dynamic response desired which may be
| deflection, bending moment, shear or any
other quantity,
C, = Mode participation factor

- Bt . .

o

x, = Mode) "éamm of deflection, bending moment
or any other quantity under consideration.

Yip ™ hordzontal displacement of mass my at 1
4in rth mode,

N = Number of musses

S4¢ ™ Spsctral displscement in rth mode of
vibration.
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‘Heze only the fundamenta) mode of vibration heve-heen
has been considersd, The result of snalysis is given
. below in table 4,3,

TABIS 4,3

FUNDAMENTAL FREQUENCY AND MODE PARTICIPATION
FACTOR FOR BRIDGE MORBL FIXED AT BASK

R e

Description ‘ - } prot
4 Lane Bridge
Long. 20,4 «392 2,55 .73
Trans, .4 882 L2 3.9
2 Lane bridge .
- Long. 8.1 .52 1.92 3.2
Teans, 3.8 593 1.0 4,9

Note 1 The nstural frequency of the efotat e has
been esleulated fm:v the relation ;79 " B4
derived eariier, 4

- Greound Metion Chosen for Nesponse Caleulation

The displacesent spectra of the ElCentro
sarthquake May 18, 1940 NeS component reduced by o factor
+349 has baen adepted for vesponse calculation, The
values of spectral displassmentifor different time periods
sre given in table 4.4,
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TASLE A4

SPECTRAL DISPLACEMENTS ROR SELECTED BARTHGUAKE
MOTION

Poiat No, | 'rm pﬂl‘iﬁd {eec) j o4 (a) for 8%

b G. 10
2 C.12
3 C.14
4 0,16
3 0.18
6 0,20
K | 0. 25
8 0. 30
9 0.3%
10 O, 40
1) 0. 4%
12 0.,%0
13 0,58
4 0.60
18 069
16 0,70 0;
17 0,75 0.927
18 0,80 0402900000
19 0,89 Oy mmm
20 0. 90 0, 03300000
21 0,95 0, 03400000
22 .00 0n 03830000
23 1.20 0. W
24 1.40 Qo 04150000
o 1.60 , 0, 4300000
26 1.80 0, O4600000
b4 § 2,00 0, 05676103
28 2.20 0,08963100
29 2,40 - 0,12170362
30 2450 0,13320768
-} § 8,00 | 0.13736827

Dynsnic responss calculated with the above valuss
ar® given in tiblesd,5 and 4,6
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TABLE 4,%

DYNAMIC RESPONSE OF THE PROTOTYPE BRIDGE
TO SELECTED EARTHQUAKE MOTION (4 LANE BRIDGE)

.miﬂt!ﬁ?‘.‘!!ﬁﬂ on

Heloht [ “Bending Vdeflecd Bandmg. shesr | deflection
bege in | moment | force | tinn moment | force |

ade in ! t i ' i

o 53963  675.2 O 43402  668,7 0

é“c Ti 49‘63 675&2 t“ﬁ 38‘93 563.7 +4
20,04 40458  674,4 B.7 30093 © 667.% 6.8
33,40 31588  6%9.4 26,5 21440  647.8 17,2
46,70 23482 6141  50.0 13422 - 597.8 32.0
67,2 13532 402,1 8l.4 4018 376.8 48,0
71,3 11868 381 98,0 2500  3%5.8 60,0
79.2 9188 350 116 0 324 63
Mstmw
on Cane \
tilaver
from .
eugtre hy vy ,

0 4594 14,8 116 0 |

5 4024 114,86  *  13.%

11,6 3264 113,2 *, 31,6

19,93 2326 16,2 * 3.0

28,26 1966 98,% * 8,0

36.6 883 82.0 - ¥ 113,0

&4.93 3%3 61.% v 144

83,26 84 37.7 *  170,0

87.93 0 11,5 * 189




Distance
on_ ¢ane
tilavey
from
cntre

11,6
19.93
28426
36

&4
53.26
37.93

DYNAMIC RESPONSE OF THE PROTOT
TO SELECTED EARTHGUARE MOTION

3660

2960

B8

TABLE 4.6

12
116

37.4
41,0
49,0

36,0

hi V‘

iili!#itg
L=

0

6
1%
26
3a
50
54
™
82

E BRIDGE
2 BANE BRIDGE)

6.4
17.0
31 .0
49,0
47,0
56,0
$3.0
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The dynamic responss hos besn plotted in figures 4,2 and
‘.3!

4,8 cupnriwn of Experimental and Theoretical Results

Seiftness of the well aﬂ.um having Tixed base
with zespect to a horizontsl losd applied 10 ms below the
top of well was messured to bk 19,4 kg/em but theszetically
it was found to be 26 kg/mm, Thus it sppear that the
fixity of the base was not perfact,

The nstural frequency of the bridge model fixed
at base odtiined fron experiments and the correspending
resonant frequsncy obtainsd from theoretical analysis
axe tadulated balew for comparison,

TABLE 4.7 |
FUNDAMENTAL NATURAL FREQUENCIES OF BRIDGE MOOEL

Desaription Eupwumul Theozatical

zmmmt
 § on
4 Lane Bridge
Long, : 2,2 20,4
Trans, 31.0 3l.4
2 Lane Bridge |
ma 21,0 28,1

Trans, 20,0 M.8
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D'STANCE ALONG THE ARM FROM CENTRE LINE m

(@)

N

BENDING MOMENT tmx103
a

(e}

DYNAMIC MOMENT IN CANTILEVER ARM

I | | !
4 LANE BRIDGE \ 2 LANE BRIDGE

\

\ ’.TRANSVERSE
MOTION

0 :

e it TR
\

} \

r o A N

. : \ LOh:lgH'g%lNAL . \

0 L J \ | j \ \ I

0 10000 20000 30000 40000 ‘50000 O 10000 20000 30000 40000
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FIG 4 2. DYNAMIC MOMENT IN WFLL AND PIER UNDER REDUCED
ELCENTRO FARTHGUAKE MAY 18,1940
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CONCLUSIONS AND RECOMAENDATIONS

1. The offect of bending of cantilever axms on

the dynsaic responss of bridge during motion in the
longitudinal direction is substentisl, 3£ the design

of such g bridge 4% done by the uniform selanic coeffle
cient method considexing the entire supsrstructurs lusped
at its contre of gravity., Thexe will be no dynamic
moment in the cantilever azm and the pler at the junction.
But the forsgoing dynanic nmlwh indicates that the |
dynamic monent even for & substantially reduced accelew
rogram (0,340 of the displacemsnt spectrs of the ElCentro
Earthquake of Msy 18, 1540, Ne3 component) in each of the
cantilever arw s 11.3 X of dead load moment and the -
dynanic moment in the pker st the Junction will be
numerically twice that gmount,

2e Ratio of horizontal scceleration at a poimt to
the base acceleration slong the substructure in case of
longitudinal metien s less when the well is snabedded in
sand than when 1t 1s fixed at the base leval, dut slong
the azm reverss tekes place, The zatio of verticel
scceleration to the horizontsl base acceleration on the
eantilever arm is higher when the base 1s in sand,
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3. The horizontal deflsction of superstructure

in 4 lans pretotyps bridge is sesn to be 116 e, The
deflection of the cantilever oxm of the same is 180 an
st the tip, But for 2 lane bridge the horizontal
deflection is 36 mm but the vestical deflection is
5 |

4, The weight of supsestructure in the 4 lane
bridge is nearly double of that of 2 lane bridge dut
the dynamic moment st the function of the cantilever
arm with the plex is nsarly thrice in (sam of longis
tudinal motion, |

B Enbedment in soll lum:ﬁ the dynamdc response
of the cantilever arms in aress where vertical vibration
of ground have been recorded, This sspect need utmost
consideration, |

RECOMMENDATIONS

It S» recomnended that the diffarent soll condi~
| tions may be considered at the base, The verticsl
vibeation 1s important for such bridges and hence dus
smphasis should be given to make cantilever arm strong
ng:imt possible vertiesl vibrstien. Dynamic analysis
“should be pexfommed for design of such bridges located
in earthguake zones,
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