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In a companion paper®, the historical development of the seis-
mic design provisions for bridges in USA are studied and it
is shown how the experience of the performance of bridges
during past earthquakes has been translated into the
AASHTOQ code. In this paper, code provisions on seismic
design of bridges in California, USA(CALTRANS code) and
New Zealand (TNZ code) are reviewed in detail, together
with those in the Indian codes (IS : 1893-1984 and IRC : 6-
1966). In the American and New Zealand codes, more real-
istic ground accelerations are explicitly considered in design,
suitable response reduction factors are used to account for
ductility and overstrength, and the principle of capacity de-
sign is liberally used. This results in a bridge structure which
is likely to display ductile behaviour in the event of very
strong shaking. Moreover, these codes provide specifications
for vertical hold-down devices and horizontal linkage ele-
ments; these devices provide pusitive anchorage and stability
against lateral and longitudinal displacements and against
vertical uplift. Finally, to prevent loss-of-span tupe of col-
lapses, these codes require minimum seating widths. It is seen
that, generally, the seismic design force for bridges in the
current Indian codes is extremely low, particularly for the
connections (such is not the case for the buildings). The In-
dian codes require major changes regarding (i} more real-
istic earthquake ground accelerations (ii) consideration of
flexibility of structure in design force calculation, and
{iii) provision of proper response reduction factors for differ-
ent elements of the bridges to account for ductility and
oversirength. Also, there is an urgent need to incorporate
provisions on vertical hold-down devices and horizontal link-
age elements, and minimum seat widths.
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The historical development of the seismic design codes for
bridges in USA has been presented in a companion paper’
along with a review of the AASHTO code of USA®. This pa-
per presents a review of the CALTRANS code’ of USA, the
Transit NZ code* of New Zealand, and the Indian codes®.
This paper shows that the New Zealand code has the least
gap between state-of-the-art and state-of-the-practice. For
instance, it uses an inelastic design spectrum to specify the
seismic design force. Such an approach is currently not be-
ing followed in the design codes of USA. Also, the use of a
soil amplification factor as a function of the natural period of
the bridge system is a special feature in the CAETRANS code;
in the AASHTO code, the site coefficient which reflects the
type of soil is independent of the natural period of the bridge
system. In light of the performance of bridges in India dur-
ing the past earthquakes® and the above mentioned review
of the design codes of USA and New Zealand, the paper raises
the relevant issues for consideration in the next revision of
the Indian code provisions for seismic design of bridges.

CALTRANS code (USA)

This standard specification is published by the California
Department of Transportation (CALTRANS} for the purpose
of seismic design of freeway/highway bridges in the State of
California, USA. This code has been a model code for many
others in the profession of code development.

Design philosophy

In this code, the design force is obtained in two steps. Firstly,
the elastic forces generated in the members and connections
under the maximum credible earthquake are obtained. Then,
depending on the capability of a component to provide duc-
tile behaviour, the above maximum elastic forces are divided
by the reduction factor of that component to arrive at its de-
sign forces. Thus, different components of a bridge are rec-
ognised to have different ductility and overstrength in them.
Since inelasticities are expected in substructures, the concept
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of capacity design is used in the design of substructures and
foundations.

The CALTRANS code is primarily based on the strength
criteria. There are no provisions to control the lateral
displacements (drift) in bridge structures. However, provi-
sions accounting for relative displacements between adjacent
components of the superstructure and between the super-
structure and supports are available. These specifications
focus on the design of horizontal linkage elements between
adjacent spans or on the design of vertical hold-down de-
vices at the supports, be it piers or abutments.

Seismic forces are required to be determined for two in-
dependent loading conditions in perpendicular directions,
usually along longitudinal and transverse axes, of the bridge.

Design force and reduction factors

The elastic response spectra (5 percent damping) at the site
for the maximum credible event(s) are obtained by the prod-
uct of peak rock accelerations A, acceleration spectra in rock
R, and soil amplification factor 5, described in the following
sub-sections.

Peak rock accelerations, A

Seismic risk at different Jocations in California is specified in
CALTRANS code through contour maps where the contours
join all locations of equal peak rock acceleration, that is, maxi-
mum expected acceleration A at bedrock or rock-like mate-
rial. Since local soil conditions will influence the accelera-
tion at a site, these contours are prepared assuming rock strata.
The effect of local soil conditions is incorporated in design
through soil amplification factor. The peak rock acceleration
contours are drawn up to 0.7g at 0.1g intervals.

Acceleration spectra in rock, A

The code provides normalised acceleration spectra R in rock,
for the different ranges of peak rock accelerations, Fig 1, as a
function of the natural period of the bridge T. Note that the
maximumn spectral amplification used in these curves is 2.6.
Also, the shape of spectrum appears different from usual
because (i) the natural period is plotted on a log scale, and
(i) the natural period axis starts at 0.1 s. The elastic spec-
trum for 5 percent damping on rock can thus be obtained for
any location in California by multiplying the peak rock ac-
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celeration, A with the normalised rock spectra, R.

Soll amplification factor, S

Depending on the type and depth of soil over bedrock, mo-
tions at the ground are modified from what is produced at
the rock level. Thus, the soil amplification factor S, which is
the ratio of the peak acceleration at the ground to that at the
bedrock, ha.g been developed. The CALTRANS code catego-
rizes soil sites into four categories : thickness of alluvium of
0-10 feet, 10-80 feet, 80-150 feet, and > 150 feet. For alluvium
thickness of 0-10 feet, $ = 1.0. For the three categories, the
plots of S versus T for different values of peak rock accelera-
tion (ranging from 0.1g to 0.7g) are given in Fig 2.

Fundamental natural period of bridge, T

While using the equivalent static method, the fundamental
natural period, in seconds, of the bridge as a whole in any
direction may be estimated by the relation
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Fig 2 Normaiised rock spectra R?
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where W is the dead load of the bridge and P is the total
uniform force applied to the superstructure which will cause
one-inch maximum horizontal deflection in the considered
direction of loading. Thus, P represents the total stiffness of
the superstructure, supporting members and surrounding
s0il.

Ductility and risk reduction factor, Z

Seismic design forces and moments for individual members
as per the CALTRANS code shall be determined by dividing
the individual elastic seismic member forces with the appro-
priate ductility and risk reduction factor, Z. This factor, which
is similar to the response reduction factor discussed earlier in
this report, is shown in Fig 3 for the different components of
the bridge. Factor Z accounts for ductility and risk to dam-
age as seen in the past earthquakes. It was seen that low-
level bridges with periods less than (.6 s were much less vul-
nerable to collapse than the more flexible bridges.

The Z factor is taken to be a higher value for low-height
bridge superstructures owing to favourable experiences in
past earthquakes. Hence, the Z factor is gradually reduced
with increase in T beyond 0.6 s. This implies higher design
force for bridge superstructures that are higher. For a single-
column bent,
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The Z factor for substructures, that is, piers, abutment
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Fig 3 Ductility and risk reduction factor Z*

much less ductility and no redundancy. Hence, the Z values
are lower than those used in case of superstructures. The Z
factor for restraining devices is also independent of the natu-
ral period of the structure. The value of Z for hinge restrained
cable is taken as 1.0 and that for well-restrained concrete shear
keys is taken as 0.8. These values indicate that restrainers
and shear keys are being designed for the maximum expected
elastic forces or more. These low values ensure that the com-
ponents are ot stressed beyond yield. Failure of these com-
ponents may lead to collapse conditions and thus lower Z
values are used.

Method of analysis

The CALTRANS code permits two methods of analysis,
namely, equivalent static analysis and dynamic analysis, de-
pending on the nature of the bridge. The design torces may
be estimated by using the ARS spectra and reducing the mo-
ments and forces by the ductility and risk reduction factor, Z.
Howevey, the deflections determined by using the ARS spec-
tra can be assumed to be realistic and are not to be reduced.

Equivalent static analysis

In case of relatively simple bridges, which have well-balanced
stiffness, supporting bents {or substructures) of approximately
equal stiffness, little or no skew, tangent or very large radius
of alignment, relatively light substructures and no interme-
diate expansion joints, the equivalent static analysis may be
used even though the dynamic analysis method is preferred.
When using this method of analysis, a minimum value of
ARS equal to 0.4 is imposed. Hoswever, there is no such mini-
mum force requirement when using dynamic analysis. On
the ather hand, the equivalent static analysis is the preferred
method o obtain forces in hinge restrainers.

The seismic load may be assumed as an equivalent uni-
form static load equal to ARS times W, applied at the vertical
centre of gravity of the total bridge structure. The distribu-
ton of this seismic force to individual members shall be in
accordance to the stiffness of the superstructure, substruc-
ture and the restraint at the abutments. The elastic forces
computed in the different bridge components are then di-
vided by the adjustment factor Z; the forces so obtained are
to be used as design forces.

Dynamic analysis

Bridge structures with irregular configuration or support
stiffnesses are required to be analvsed by this method. The
method employs modal analysis of the lumped mass space
frame of the bridge subjected to ground motion. The ground
motion may be given by the given response spectrum (ARS
spectrum) or it may be an equivalent site-spedific elastic re-
sponse spectrum (5 percent damping). The model of the
bridge structure shall also include the restraint offered by the
soil. This dynamic analysis technique is particularly preferred
to ascertain the forces and moments in colwmnn members and
transverse keys.

The commentary on the CALTRANS code clearly states
that the assumption that the usually recommended dynamic
analysis procedure (which is an elastic procedure} will allow
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the prediction of earthquake forces very accurately is not cor-
rect At best, elastic dynamic analysis can provide a good
distribution of the forces in the bridge structure and a gen-
eral estimate of deformations that can be expected. How-
ever, issues like cumulative damage need to be included to
refine the dynamic analysis to give “reasonable” results.

Combination of orthogonal seismic forces

To account for the directional uncertainty of the earthquake
ground motion, two load cases are recommended. The seis-
mic loads are calculated individually along two orthogonal
directions. Usually, one may consider the longitudinal axis
and the transverse axis of the bridge as these orthogonal di-
rections. These forces ave then combined by “100 percent +
30 percent rule” to obtain design forces. This rule is explained
in the following and illustrated in Fig 4.

The forces and moments resulting from the two analyses
of the bridge system subjected to the seismic load along the
two orthogonal directions, say direction 1 and direction 2,
shall be combined as below :

{i) Seismic load case 1 : Combine the forces and mo-
ments resulting from the analysis with seismic load along
direction 1 with 30 percent of the corresponding forces and
moments from the analysis with seismic load along direc-
tion 2.
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Fig 4 Combination of orthogonal seismic forces?®

(ii} Seismic load case 2 : Combine the forces and mo-
ments resulting from the analysis with seismic load along
direction 2 with 30 percent of the corresponding forces and
moments from the analysis with seismic load along direc-
tion 1.

Special cases

The code requires that all bridge structures at sites adjacent
to faults, at sites with unusual geologic conditions, unusual
bridge structure types, and bridges whose fundamental natu-
ral periods are greater than 3 s, be treated as special cases.
The design forces for such bridges shall be based on approved
site-specific soil response and dynamic analysis.

Restraining features to limit relative
displacements

Monolithic superstructures are preferable to reduce the joint
pull-apart and subsequent collapse. However, when girder-
bearing systems are used, protection against relative
displacements between the superstructure and substructure
is provided for through special vertical hold-down devices,
horizontal hinge restrainers and fixed restraining devices by
“design force” clauses. Interestingly, despite the numerous
loss-of-span type of failures in California, there is no require-
ment of minimum seating width in the CALTRANS code.
However, Memo to Designers of CALTRANS on abutments
mentions AASHTO requirements on minimum seat widths.
Further, CALTRANS uses a 24 inch minimum seat on all
bridges, and additional seat width at abutments on high
skew®.

Restrainers along longitudinal and transverse
directions

Positive longitudinal restraint is required to be provided be-
tween adjacent sections of superstructure at all intermediate
expansion joints. These restraints, for example, hinge restrain-
ers or flexible single-direction restraining devices, are expected
to limit the superstructure displacement. The forces in these
restrainers are to be determined using the equivalent static
method. When estimating the total stiffness of the frame
moving away from the joint, the longitudinal stiffness of one
adjacent superstructure frame, restraint at the abutment, gaps
at the joints and gaps at the restrainers are to be considered.
Further, in case of simple multiple spans, only one span is
required to be considered at a time. However, the code re-
quires that forces in shear keys and other types of fixed re-
straining devices be determined by using the dynamic analy-
sis.

In single span bridges, detailed analysis is not required to
estimate the forces in restrainers. The forces in the connec-
tions between superstructure and substructure are required
to be evaluated as per equivalent static method. When su-
perstructures are fixed to abutments in the transverse direc-
tion, their natural period of vibration may be taken as zero.

Restrainers in vertical direction

Where the vertical seismic force opposes and exceeds 50 per-
cent of the dead-load reaction at any support or intermediate
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hinge, the CALTRANS code requires that vertical hold-down
devices be provided at that support. The minimum design
force for such devices shall be the greater of (i) 10 percent of
the dead load reaction, and (ii) 1.2 times the net uplift force.

Substructure design

The design of the substructure components is based on the
capacity design concept. In calculating the probable plastic
moment capacities at the base of the column, the possible
overstrength in materials beyond their specified nominal char-
acteristic strengths are to be used. For reinforced concrete
columns, a strength reduction factor of 1.3 is recommended
for use in the calculation of overstrength plastic hinge capac-
ity from the nominal moment capacities. This strength re-
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duction factor of 1.3 for reinforced concrete columns increases
the ultimate strength, as against the values less than 1.0 nor-
mally used in design. In the CALTRANS code, this method
of determining the plastic hinge capacities is uniformly ap-
plicable to ali bridges in the State of California.

The code specifies that columns in substructures be de-
signed for the following loads.
L3

Design moment

The design moment for column is obtained by dividing the
seismic member forces by the appropriate factor, Z.

Shear force

The design shear force is determined from the probable plas-
tic moment of the column section and the distance between
the plastic hinges. Some examples of potential plastic hinge
locations are also discussed in the commentary of the code,
Fig 5. The length of the plastic hinge region may be assumed
to be the largest of (i) largest lateral dimensions of the pris-
matic portion of the column, (i} one-sixth the length of the
column, and (7ii) 24 inches. In case of flared columns, the
length of plastic hinge regions may be assumed to be the above
quantity enhanced by the flare length.

Axial force

The design axial force is the unfactored dead load axial force
plus or minus the axial force developed resulting from the
formation of the plastic hinges in the substructure.

Foundation design

Damages in foundations are not easily detectable. Hence,
unfavourable brittle failures in them, if any, are avoided by
designing them for forces which are envisaged correspond-
ing to the structure undergoing the maximum possible duc-
tile response (that is, the concept of capacity design). The
CALTRANS code requires that the design forces for founda-
tions of bents and piers shall be the smaller of (i) the max-
mum elastic force, and (i} the force at the foundation due to
formation of plastic hinge at the base of the column in the
substructure.

The code specifies that the ultimate soil or pile capacity
be used for resisting the seismic foundation loads.

TNZ Bridge Manual (New Zealand)

This draft specification* is published by Transit New Zealand
(the organisation in-charge of national roads), for the pur-
pose of seismic design of highway bridges in New Zealand.
The Bridge Manual of Transit New Zealand, here-in-after
called the TNZ code, today stands as the design code with
the least gap between the states-of-the-art and of-the-practice
in so far as the seismic design of bridges is concerned.

Design philosophy

The TNZ code is a strong advocate of the concept of capacity
design, The design approach involves the choice of an in-
tended mode of structural behaviour during strong shaking,
followed by design and detailing of members to ensure that
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the structure behaves as intended. Sufficient strength capac-
ity is provided elsewhere in the structure to ensure that the
chosen energy dissipation mechanism does indeed develop
in the event of a major earthquake. The TNZ code recognizes
the need to calculate the design force due to ground motion
in the two orthogonal directions to the bridge to account for
the directional uncertainty of the ground motien. However,
no combination of these forces is specified.

Importance categories and risk factor, R

The TNZ code defines three importance categories for bridges
depending on the average number of vehicles per day ex-
pected at the time of design, on location vis-a-vis motorways
and railways, and on whether on a national or provincial high-
way. Based on this importance category, a factor to be used
in determining the design force is introduced keeping in mind
a different seismic return period for each of the categories.
This factor, named the risk factor R, takes a value of 0.9, 1.1
and 1.3, the last one being the value for the most important
bridges, implying higher design seismic force for them.

Zone factor, Z

A zone factor Z, which reflects the peak ground acceleration
at the site, is given in the form of a contour map for the New
Zealand islands. The TNZ code takes a minimum value of Z
as 0.4 and a maximurmn value of 0.8. This implies that peak
ground accelerations in the range of 0.4 g to 0.8 g are envis-
aged in the country.

Ductitity, inelastic design spectra and soil type

The TNZ code discusses in detail the different types of struc-
tures from the point of view of ductility. 1t requires designers
to use the actual characteristic of the structure to evaluate the
design displacement ductility factor p. Here, indirect refer-
ence is made to the use of nonlinear analysis in obtaining .
The maximum allowable design displacement ductility fac-
tor gt is shown in Table 1 as a function of the different rein-

Table 1 : Maximum allowable values of design displacement ductility fac-
tor [TNZ code]

Energy dissipation svstem B

Ductile or partially ductile structure (Type 1), in which plastic hinges &
form at design load intensity, above ground of normal (or mean tide)
water level

Ductile or partally ductile structure (Type 1), in which plastichinges 4
form in reasonably accessible positions, example, less than 2 m below
ground, but not below normal (or mean tide) water level

-

Ductile or partially ductile structure (Type I), in which plastichinges 3
are inaccessible, forrmung more than 2 m below ground or below nor-
mal (or mean tide) water leve), or at a level reasonably predictable

Partially ductile structure (Type II)

Spread footings designed to rock (unless a larger value can be spedifi-
cally justified)

Hinging in racked piies in which earthquake load induces large axial 2
forces

‘Locked-in" struchure (T =0) 1

Elastic structure

Note : The design ductility factor for structures of limited capacity or
demand is to be deternined from actual structure characteristics

forcement detailing schemes recommended in the reinforced
concrete code’. Fig 6 gives examples of maximum value of
ductility allowed by TNZ,

The TNZ code specifies the basic acceleration coefficient
C,, which reflects the response amplification (due to the struc-
ture flexibility) and the response reduction factor (due to duc-
tility and overstrengﬂx) This coeffident C, is given for de-
sign dlsplacement ductility factor u values 0f1,2,3, 4and 6,
for two soil types and for a given fundamental natural pe-
riod T of the bridge structure in the considered direction of
design earthquake. This coefficient C, in the form of smooth
spectra is shown in Fig 7 for two soil types : namely, normal
soils and flexible soils. Foundations resting on soils that can
liquefy are to be treated as special cases, and detailed studies
are required to ascertain the likely ground response. The spec-
trum curves in Fig 7 show in the low period range (i) dotted
lines, and (i) solid line plateau. The code requires that the
ordinates for first mode response should not be less than the
plateau values. For higher mode responses, the dotted por-
tion of the curves may be used instead of the plateau. It is
interesting to note that TNZ is amongst the few codes to use
inelastic spectra in design as given in Fig 7.

Design force level

The seismic analysis is performed by constructing the basic
design spectrum given by the product of basic acceleration
coeffident C ., ZOne factor Z, the risk factor R. Neotice that no
response reduction factor is being used in the process. The
main component of response reduction factor, namely duc-
tility reduction factor and the overstrength, are accounted for
through C,. The effect of ductility reduction factor comes
directly by means of different curves for C, for different val-
ues of ductility. Even though TNZ code does not mention it
as such, it is apparent that the overstrength comes into de-
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Fig 6 Examples of maximum value of u allowed by TNZ*
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sign through the fact that the ordinate of C, curves at zero
period is 0.4 and not 1.0; this implies an overstmn«rth of 2.5
being assumed. The code allows three types of analysui,
namely (i) equivalent static force analysis, (i) modal analysis
(response spectrum method of analysis) and (iif) inelastic time
history analysis. The code provides detailed specifications
on material properties {0 be used in analysis (as against most
other codes which leave out this and thereby provide ample
scope for large variations in material properties and hence in
natural period calculations).

The TNZ code specifically states that the design forces
and moments in individual members calculated by the re-
sponse spectrum analysis shall be at least 80 percent of the
values obtained by the equivalent static analysis method.

Equivalent static force analysis
The design lateral force is given by

H=CZRW 2005 W, (4)

where, W is the total seismic weight {dead weight plus
part of superimposed weight). The other parameters are as
described in the previous sections.

Modal analysis

The modal analysis is to be performed with the design in-
elastic response spectrum C, for the specific soil condition

a.normai  soiis

Ca

b.tiexible soils

Ca

Fig 7 Varlation of basic acceleration coefficient C with natural
period for different soil types and different ductmty‘

and the chosen level of ductility, factored by the zone factor
Z and the risk factor R described in the previous sections.
The code specifies that sufficient number of modes shall be
taken in the analysis to ensure that the effective mass so in-
duded is at least 90 percent of the total bridge mass.

Inelastic time history analysis

Inelastic tigne history analysis is permitted with synthetic ac-
celeration ground motions appropriate to the site conditions.
These synthetic acceleration time histories shall be such that
the 5 percent damping inelastic response spectra factored by
Z and R factors shall be comparable with the design spectra
given by C,ZR. In fact, the ordinates of the synthetic ground
motion spectra are required to be within 90 percent of the
corresponding design spectra ordinates over the range of the
first three natural periods of the bridge in the considered di-
rection of motion. Further, the duration of strong shaking in
the ground motions records is required to be the larger of 15
s or 5 times the fundamental natural period of the structure.

Vertical seismic response

The TNZ code requires the bridge superstructure to remain
elastic under both positive and negative vertical acceleration.
The peak vertical acceleration is specified as

a,= 0.67C_ZRg (5)

where, C, is the basic elastic force coefficient for elastic
structures (that is, C, for ductility of I taken from the curves
of Fig 7, for T given by the natural period of vertical vibra-
tion), Z and R are as defined earlier, and g is acceleration due

to gravity.
Design of substructures and foundations

The TNZ code uses the capacity design principle in the de-
sign of substructures and foundations. For calculating the
overstrength capacities of members, reference is made to the
design code for buildings". No reduction factors or increase
in permissible stresses is stated in the TNZ code.

Design for relative displacements

Relative deformations between superstructure and substruc-
tures, and between adjacent sections of superstructure are to
be provided for through special vertical hold-down devices
at the substructure (that is, piers or abutments) and horizon-
tal linkage elements between adjacent spans. In addition to
these, the code also specifies minimum seating widths of the
superstructure spans over the substructure. Some of the im-
portant provisions of the TNZ code regarding structural in-
tegrity and relative displacements are given below.

¢ The code provides clear specifications regarding struc-
tural clearances at locations where relative movement
between structural elements is designed to occur

» Horizontal linkage elements, either tight or loose, are
required between all simply supported span ends and
their piers and between the two parts of the super-
structure at a hinge in the longitudinal beam system.
Acceptable means of linkages include linkage bolts,
shear keys and bearings specifically designed for the
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purpose. Elastomeric bearings with shear dowels are
net acceptable means.

The horizontal linkage elements are required to have a
dependable strength not less than the forces generated under
design seismic conditions, nor less than 0.2 times the dead
load of the smaller of the two superstructure elements. In
case of a suspended span between two Jonger lengths, the
strength is based on the longer of the two superstructure ele-
ments.

The vertical hold-down devices are required to be pro-
vided at all supports and structural hinges where the vertical
upward seismic reaction under design earthquake conditions
is more than 50 percent of the dead load reaction. These de-
vices shall have sufficient strength to prevent uplift of span
from its support or separation of the two hinged members
under design earthquake conditions and shali have a mini-
mum dependable strength {strength considering the factors
of safety} of 20 percent of dead load reaction.

The TNZ code has requirements of minimum seating
widths of the spans over the top of substructure (that is, piers
and abutments). These are specified in Table 2 as minimum
overlap requirements. The code distinguishes between the
span-support overlap lengths and bearing overlap lengths,
Fig 8. The former addresses the dislodging of the span from
the support while the latter only covers the dislodging of the

Table 2 : Minimum overlap requirements [TNZ Code]

Span support overlap Bearing overlap

No linkage system 20 E + 100 mun 125 E
(400 mm minimum)
Loase linkage system 1.5 El + 100 mm 10 E!

(300 mm minimum)

Tight linkage system 200mm

Note :
E = Relative movement between span and support, from median temperature
position at construction time, under design earthquake conditions,

EQ+SG+T—3P-

El = Equivalent relative movement at which the loose linkage operates, that is,
El 2E

EQ. G and TP are displacements resulting from load conditions described in the
code

bearings (which are fixed to the span) from the support. The
relative horizontal movements between superstructures and
substructures are required to be occurring simultaneously
along both longitudinal and fransverse directions.

Review of IS : 1893-1984

Design philosophy

This stanYard is published by the Bureau of Indian Stand-
ards, New Delhi, for the purpose of seismic design of several
types of structures including bridges. In this section, the ref-
erence to the IS code refers to only the part corresponding to

bridges {there are some internal inconsistencies in the code
between different sections).

The code discourages the use of masonry and plain con-
crete arch bridges with spans more than 10 m in the severe
seismic zones IV and V. Further, it states that seismic forces
need not be designed for in case of (i) slab culverts, box cul-
verts and pipe culverts; and (i) bridges of length less than
60 m with spans less than 15 m in seismic zones I, I and II1.

The code mentions that the modal analysis is necessary
for the following bridges in seismic zones IV and V (how-
ever, the code provides no information on the specifications
for the modal analysis) : (i} suspension bridge, bascule bridge,
cable stayed bridge, horizontally curved girder bridge, arch
{RC and steel) bridge (i) bridge with substructure height from
foundation base to pier top more than 30 m and (i#) bridge
with span more than 120 m.

In the design of the substructure, earthquake forces are to
be calculated based on the depth of scour caused by the dis-
charge corresponding to the annual flood. 1t is assumed that
the design earthquake forces and forces due to maximum
flood do not occur simultaneously.

Design force level

The IS code, while referring to the seismic coefficient method,
suggests that the seismic design force F shall be computed by

E= Bla,W, for horizontal force
“l05B81a, W, for verical force, (6)

where, B is the soil-foundation system factor, [ is the im-
portance factor, and ¢ is the basic horizontal seismic coeffi-
cient which reflects the seismic zone. The soil-foundation
system factor B takes value of 1.0 to 1.2 and 1.5 depending on
type of foundation and type of soil. The importance factor I
assumes a value of 1.5 for important bridges and 1.0 for regu-
lar bridges. The basic horizontal seismic coeffident e, takes
the values of 0.01, 0.02, 0.04, 0.05 and 0.08 for seismic zones
L 1L II, IV and V, respectively. W,_is the seismic weight (dead
weight plus part of superimposed weight) considered, ex-
cluding buoyancy or uplift. The code provides details on
what fraction of design live load is to be considered. Note
that there are two major omissions in this equation, which
appear to be inadvertent : the above equation does not incor-
porate a term reflection the variation in design spectrum with
the natural period of the structure, and the performance fac-
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tor. Both these factors are provided in the same code for the
case of buildings.

As far as the strength design of the bridge is concerned,
the above is the most significant provisicn of the code. Itis
obvious that the design force is same for all elements of the
bridge irrespective of the ductility of the element. Moreover,
the magnitude of the design force is extremely low for most
elements, particularly for the connections; just about 8 per-
cent of gravity in the most severe seismic zone.

Design considerations
Superstructure

The code requires the consideration of vertical acceleration
in design. Under the simultaneous action of horizontal and
vertical acceleration, the code requires superstructures to have
a factor of safety of at least 1.5 against overturning in the
transverse direction,

The IS code draws attention to an important aspect of rela-
tive displacements between superstructure and substructure.
It requires that superstructures of bridges be “properly se-
cured to the piers” by suitable methods, particularly in the
severe seismic zones IV and V, to prevent them from being
dislodged off the bearings during earthquake shaking. How-
ever, the code does not provide guidelines en how to do it
“properly”.

Hydrodynamic forces due to earthquake motion

The X5 code provides some specifications on the considera-
tion of hydrodynamic forces on the submerged portion of
the piers. Also, provisions are given for hydrodynamic pres-
sure on the submerged superstructure of submersible bridges.

Review of IRC: 6-1966

This standard is published by the Indian Roads Congress,
New Delhi, for the purpose of seismic design of highway
bridges in India. The IRC: 6-1966 specifications (1985 print),
hereinafter called the IRC code, are identical (except for some
editorial changes) to the IS: 1893-1984 provisions discussed
above with regard to the design seismic force calculations.
However, IRC code does not have provisions on hydrody-
namic forces under earthquake excitation.

The IRC code provides that (i} all bridges in zone V shall
be designed for seismic forces (1i} major bridges, that is, with
total length of more than 60 m, in zones III and IV are to be
designed for seismic forces and (iii) bridges in zone I and I
need not be designed for seismic forces. However, there is
no mention in the IRC code of minimum seating width, ver-
tical hold down devices and horizontal linkages.

Conclusions

The IS code in its current form requires major modifications
to bring it at par with the bridge code of countries with ad-
vanced seismic provisions. The following is a critical discus-
sion of the most important aspects; possible areas where
changes are to be made immediately are also indicated. Com-
ments made in this section on IS code are equally applicable
to the IRC code.

Design philosophy

The IS code specifications for bridges closely mimic the speci-
tications for buildings not withstanding the well-known dif-
ferences in the seismic behaviour of buildings and bridges.
Further, on some issues, the bridge specifications are even
poorer than the clauses for buildings, perhaps because more
attention has been paid to the past revision of building provi-
sions. The design force specifications for bridges in the IS
code do not follow a clear philosophy. All the components
in a bridge structure are to be designed for the same level of
force with respect to the maximum elastic force. While the IS
code focuses on the strength design aspect, no regard is shown
to the deformations in the structure. This is in stark contrast
to the numerous experiences in India and abroad during past
earthquakes, where failures are attributed to deformational
aspects of the structure than the strength. This factor was rec-
ognized by advanced seismic codes more than two decades
ago. This is a major lacuna in the IS code.

Design force level and design spectrum

It is now well understood internationally that the level of seis-
mic design coefficient is generally higher for bridges than for
buildings. This is because, unlike in buildings, bridges do
not have non-structural components and have little or no re-
dundancy. For example, it is of interest to note that (i) the
peak groeund acceleration used in the US bridge codes is about
twice as high as the value used in the US building codes, and
(ii) the response modification factor used in the US bridge
code is much lower than that in the case of buildings. The
net result is that in the US, bridges are designed for much
higher seismic coefficient than the buildings. This experi-
ence has somehow not found place in the IS code. We con-
tinue to provide for unrealistically low levels of seismic de-
sign force for bridges (the level of design seismic force for
buildings in the IS code are quite reasonable). The basic hori-
zontal seismic coeffident «, of 0.08 for the most severe seis-
mic zone V, is too small. In the US and New Zealand, the
peak ground acceleration used in the bridge codes is as high
as 0.8 g together with a response amplification factor of about
2.5 in low period range! The IS code does not recognize these
issues.

The calculation of design seismic force does not incorpo-
rate the response amplification due to the structure flexibil-
ity (even though the structural flexibility is properly accounted
in the IS code provisions for buildings; both in static as well
as dynamic methods) In fact, the code does not use any de-
sign spectra for the purpose of estimating the seismic design
force. The fundamental natural period T of the structure is
not used in the design force computations.

In the 1984 revision of the IS code, a new factor named
performance factor K, (to account for different seismic be-
haviour of structures with different ductility, different
overstrength, and different redundancy) was added in the
building provisions. Unfortunately no consideration for the
same was included in the provisions on bridges. As a result,
Indian code continues to provide for the same level of design
force for different components of the bridges irrespective of
the different expected performances of such components.

March 1998 * The Indian Concrete Journal

137



The design force for the connections between the super-
structure and the substructure in the Indian code remain ex-
tremely low. This, together with the absence of any holding
down and other devices, will be disastrous in the event of
strong shaking; this will lead to collapse of superstructure
similar to what was seen in the collapse of Gawana bridge in
the Uttarkashi earthquake of 1991'2%.

There is a need that the current soil-foundation factor B
in the IS code be replaced by a soil factor depending on the
type of soil at the site.

In the IS code, the importance factor I is 1.5 for important
bridges and 1.0 for others. However, the distinction between
important bridges and ordinary bridges is left to the discre-
tion of the designer. It is preferable if the code can define the
important bridges for this purpose. The IS code does not rec-
ognize the variation in possible detailing in RC structures.
Hence, there is no mention of ductility provision in this code.
It may be noted here that a separate IS code is now available
for ductile detailing of RC structure®, and the code must dis-
tinguish in seismic design force between bridges detailed as
per this code and those not detailed as per this code.

Capacity design of columns, piers, and
foundations

Even though the IS code is based on strength design criteria,
proper attention is not paid to preventing brittle failures in
the structure. In the sequence of load transfer from the su-
perstructure to the foundations, it is possible that under a
given lateral force, the brittle modes of failure may take place
prior to the hinging in the ductile regions. The American
and New Zealand codes cover this possibility through the
approach of capacity design. Similar provisions should be
added in the IS code.

Relative displacements and seating widths

Indian codes remain very much deficient with regard to pro-
visions on relative displacements and seating widths. There
is a need to provide in the Indian code specific clauses on
requirements of vertical hold-down devices and horizontal
linkage elements. Provisions need to be added on minimum
seat widths to prevent collapse of superstructures.
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