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n Fraser River Crossing is
construction near

vancouver, B«C. and is scheduled for
completion by late 1988. The bridge forms
a major component of extension Phase I1I of
the automatic light rail transit system
which serves the greater Vancouver area.
it is intended to carry light rail transit
vehicles from New Westminster, where it
presently terminates, across the river to
the suburb of Surrey.

The bridge is a cable-stayed structure
vith a centre span of 340 metres flanked
by 138 metre spans for a total length of
i:: I:traa between anchor piers. Towers
e, :l:t:d shaped extending some 120 m
—— “:hrli‘;e'l- The shafts of the
500 mg - Oow with a wall thickness of

€ connected at the top by a
Phragm to which the cables are

The deck consists of a pre-
Detweep t::h:rete solid slab spanning
beang, gy o d‘“ m deep upstand edge
12,56 angd :CR has an overall width of
“ab)eg _Bpﬁ%da Supported by two planes of

The bridge i&t 11.0 metres (Figure 1).

18 located in a highly

mm
th a deep seismic source

the Skytral
currently under

¢ area yj

B Soil conditions are

of “°*Y substantially from one

the m:::aﬂvar to the other.

]t:;ht“lqgu '_?1ta 1s underlain by bedrock
SOTER g ﬂ&pth ©Of some 30.0 metres on

R atte

and 80.0 metres on the

e Skytrain Fraser River Crossing is a cable-

BBTMC:;j,on near vancouver, B.C. ax.ld is scheduled for completion by late 1988
jocated in a highly seismic area with different soil conditions on the two
er and liquefaction potential in the event of a major earthqgquake

the analysis and design considerations of the bridge for earthquake
niscussed in the paper are site conditions, design criteria, input motion
r
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~rowther, Vancouver, British Columbia, Canads

Stayed bridge currently under
The

This

south side (Figure 1). On the New
Westminster side of the river the bedrock
is overlain by dense glacial deposits of
varying depth while the Surrey side is
overlain by a layer of compressible marine
silt and dense to loose Fraser river
sands.

These subsurface conditions are complex
and required careful evaluation of input
motion and detailed assessment of founda-
tion behaviour.

The Skytrain Bridge is a high level
cable-stayed structure and the manner 1in
which the deck is connected to the towers
has a major influence on the behaviour of
the bridge. If there is no connection
between the deck and towers the seismic
inertia forces will be kept to a minimum
but the structure may be too flexible
under service conditions since all longi-
tudinal loads are transmitted through the
cable system to the top of the towers.

The introduction of rubber block
bearings between the deck and the towers
increases the stiffness of the bridge,
thereby reducing service load displace-
ments to acceptable values. Although such
a bearing increases the seismic forces
fryom those which occur with no deck to
tower connections, they can be kept to
reasonably low values by judiciously
selecting the stiffness of the bearing.

The deck is supported by two large
rubber block bearings at each of the main
towers acting in shear under horizontal
l1oads. At the anchor piers the deck 1is
free to slide longitudinally while a shear



ould be available which

quake (CALTECH), 1971

o The Imperial Valley,

quake (CALTECH), 1979

o The Santiago, Chile earthquak, e

with several earthquakes a wider'ra 65
of energy content was covered 85 00e nng&
single earthquake could be Considerede
representative of the site.

b) In addition to these base rocy
records, the Olympia, Washington 1949
earthquake surface record was considereg
to be indicative of surface motion ip the

northwest region.

Figure 1)«
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enough to prevent hig mitted to the SOil farmatiorl- Three earthquake d
from being trans ; detailr S Wera
forces qeck (see pearing chosen:
towers from the o The San Fernando, Californj, carty

ag a vital link in t

ruption 1n service.

economic considerations
requirements at extremé earthqua
Put in more definitive terms, the two

design earthquakes are described as
follows:

preclude the same
ke levels.

a) Moderate Earthquake: This category
covers earthquakes with a return period of
up to 100 years, i.e. a probability of
exceedance of 1% in any one year. Site

c) The earthquake motions Propagate
through the overburden soil from the

underlying rock mainly in the form of
These motions transfer

seismicity puts the peak ground accelera- shear waves.

tion for such earthquakes at 12% of
gravity. Under this level of seismic
event the structure is to remain elastic.
b) Extreme Earthquake: This is an
earthquake with a return period of 475
years (i.e. 0.2% probability of exceedance

in any one year)
: + Under this

dynamic forces from the soil to the bridge
foundations and thence to the bridge

structure itself. In the analysis of the
bridge, these motions act in the form of
base accelerations applied to the founda-
tions of the bridge. To determine these
accelerations from the base rock time
histories, one-dimensional shear wave
Propagation analyses were performed using
the computer program (SHAKE). This
Procedure utilizes the time history at
bedrock to produce the free field motion
at the ground surface for a given soil
Profile (Byrne & Atukorala, 1985).
casl).i':;e wave propagation analysis was
out for the soil profiles at both

a8 been to g © Or the dasd
€velop a €Slgnerg
:l;rj;:ia;he Beism:[_c requfiiszetdeﬂigrl in E:: ngrth and South tOwerS resulting in
‘ N :
the Premi::m;nate the design :ngo not, in The :iti OF surface free field motions:
kept to 5 mini; ®arthquake resigtthere&?re earthq:a]}:‘?'l: was based on an extreme d
Rts ance jig € level of 24% of ity and @
gravity
of




the two towers for the
arthguake and a similar
noderate earthquake.

(v design, and accepti
e IR R e el
ﬂﬁa’t gimp + the bridge design would

-z)ﬁﬂdstwlled py seismic requirements,
i;bt .;oners opte‘i for a single smoothed
P9 sesid” ~trum to be used in all

The effects of out of
e evaluated separately.
um was constructed as an
sponse spectra resulting
. opagaticn analyses,
£yof t::;arll' ;jn the range of critical

c jon (greater than 1.0

. vibrat
e disregarding sharp local

ejqure ced by the wave propagation
: ;aPaSIOd;ell as the design response
a.allfsls also shown is the surface

SW'spectr‘m of the 1949 Olympia
re5ponse o scaled to 24% of gravity.

carthquaX

THE SUPERSTRUCTURE
ngﬂﬂﬁus OF

jimensional computer model of the

three
:ﬂtire hridge was created. The deck was
repieﬁaﬂte‘i by three elastic spines in the

mgitgdinal direction and transverse
embers at cable connections and supports.
sending and torsional stiffnesses in the
lmgitudinal direction were assigned to

:he three spines which added up to the
properties of the full section. The mass
- the deck slab was assigned to the
sransverse members which, together with
the mass of the edge beams, gave al

scourate distribution of the deck inertia.

Superimposed loads were represented by
additional masses.

The cables were represented by straight
members in this analysis. Their stiff-
%e83es were calculated on the basis of the

forces under full dead loads using a

::iliied Ernst's equation for a parabolic

Linear elagtic response spectra analyses

¥ere o
® carried out in both the longitudinal

and
hi:‘ertrmversa direction using the

the m:‘POﬂBe spectrum corresponding toO
| eme earthquake with a ground

Valyeg h:n of 24% of gravity. Response
ia_% to a moderate earthquake with
of ation of 12% of gravity are 50%

um“trm values. The three dimen~

inea « in all support gtructures were
h"‘-ﬁqle run. On the pbasis of

Preliminary analyses,

= .
1ﬂdes 1ln the transvers
Oowest thirty modes i

di '
rection were retain
calculation.

the lowest fifty
e direction and the

n the longitudinal
ed for response

Table 1 ] '
e s ‘ . gives the periods
YPe of vibration for the first twelve

modes. '

apparenthe flexibility of the bridge is

s mgdesrzé the féct that the predomi-

g o ave ?erlads in the range of 3

G thS- Since most of the energy

b on € earthquake lies in the range
perioda of 0.5 to 1 seconds, it was

rea
. sonable to expect low inertia forces
ue to seismic loads.

The square root of the sum of the
igzares (RMS) method was used to calculate
response values, provided the modes
were separated sufficiently to preclude

the possibility of their simultaneous

occurrence. This separation was consider-
ed acceptable if the periods of the

relevant modes were different by more than
ten percent, otherwise a method using the
peak plus the square root of the sum of

the squares of the remaining modes was
used.

Figure 3 shows a graphical representa-=
tion of some response values. The
vertical axis represents the value of
response as a percent of the maximum
values obtained in the analysis. The
horizontal axis shows the number of modes
used in the RMS calculation. The figures
illustrate that while some maximum values
of response are obtained by combining the
first few modes, some other values require
a large number of modes to calculate their
maxima.

some of the results of the analysis are
summarized in Table 2 corresponding to the
extreme earthquake with a ground accelera-
tion equal to 24% of gravity. The total
base moments are the overturning moments
a2t the top of the foundation piers. The
base shear values in terms of dead load
reaction were determined as 0.047 W and
0.056 W in the longitudinal and transverse
directions respectively. These values are
fairly low, reflecting the flexibility of

the bridge.
Moments al
absolute values an

ultimate moment ca 5
gection at the same axial for?e.

ong the tower leg are given as
d in terms of the

t values in accordance

omen
the MEABARES 7 1981). Moments

ATC
ith ATC guidelines ( '
1Zue to the moderate design earthquake with

00 years are 50% of
a return Periﬂd of 1 * and their
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analysis (see Table 2) ‘tnear TesUlts The appro _ elin utilizeg ,
. atatic ﬂﬂﬂl_‘{ﬂiﬂ oL the h‘r"i.t'iqt‘ LN Che

Ratioa of nonlinear t

ponge values were as follows!

longitudinal direct 1on. The max Lmum
field motion that may occur in the qron
N

{fication factor
Response Magniflc during an earthquake with a return beri

of 475 years was conservatively o8t {mal
: L [.‘l.’

for some Yes £y
ey

| 1.26
Tower base moment - : W
8 300 mm at the north tower. Sinee
| | al deflection 1.39 - | “8® The
g:::rh(::j.‘g::;icfinn 1.40 structure is so flexible, it is reasonah).
. op L @0 to assume that it can transmit litt)e

enargy into the soill. The free fielq
motion will not therefore be altered
markedly by the structure and the 300 mm
therefore provides an adequate measure of
the foundation displacement.

The analysis indicated that the lateral
loads representing the seismic inertia
forces introduce very low axial forces in
the deck and tower elements compared to
the dead load forces. This implied that

nearly all the second order effects were The surface response spectrum provides
due to the presence of axial loads from another source of foundation displacement,
diend load forces and the same magnifica- The maximum relative displacement at the
:0:: duL;O second order effects is there- period of the first longitudinal mode of
londi::; T]::r ‘“Ll“" earthquake vibration of the structure was found to bhe
- nonlinea
e g ar forces due to the 375 mm. It was considered that a relative
. ®arthquake were consequently 50% displ -
| Splacement between the main towers equal

of the extreme values.
Lo twice this movement constituted a

conservative estimate of the possible out
of phase motion.

MOTTION The moment at the base of tower N1 due
sk to a horizontal foundation displacement of
usual trea . 750 mm was calculated as 111,000 KN.m.

This moment is well below the moment
obtained from the response spectra
analysis and therefore did not present 4
Critical design condition.

! DESIGN AND DETAILING

of fault ru t from '
Pture. Howe the point
Practical applicationg oo ', 1N Most The main towers at N1 and S1 are the maJ

the structure is ON8 the bage length of @lements to resist longitudinal and

tl‘lnnv.r.. loads from wind and seismic |

::::ut. With the anchor piers N2 and §2

1ltt::;inq 4 minor share of the total
loads. The design criteria




e the bridge was b TeelLn

S she moderate Sareiquse

S tastic Gaforre  are

e ier extreme Sart ail e

g P s BRI SaRsionea; the
moderate earthquake are

g a0°  que to the extreme earth-

M‘ ;1e design under the extreme
gue . jth the ATC

on reduced

the reduction factor
as high as five. But
than two would result

qreater
than the forces due to the

" el
Md:ﬂ evident that if the towers are

hand wind 1oads are factored by
. 2+e strength design. Table 3
sives the tower base moments due to the
.1astic (moderate) earthquake and factored
comparing the two sets of

¢ind loads-

salues, it is apparent +hat wind forces

generally control the design. However,
particularly

jetailing of reinforcement,
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st all critical sections along
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Table 2, the moments
the tower
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On ly co
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The sizes
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e
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Eructure ter the r
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shown on . v

the tower elevation in Figure 1

The maxim
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researc
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taizgzzczzzzrfor the possibility of simul-
iy gt rzfce of earthguake shocks in
— 10ngitudi irection, seismic forces in
. i nal and transverse direction
c? ined such that 100% of the earth-
quake'ln one direction was considered to
act simultaneously with 30% of the earth-

gquake in the other direction.

8 FOUNDATIONS

The two main towers and the anchor piers
are all supported by pile foundations. On
the south side of the river at both S1 and

52 steel friction pipe piles 610 mm in
diameter are driven closed end and filled

with concrete. The piles are located in
the river sand where liquefaction of the

upper layers was predicte
a major earthquake.

compaction piles surround the foundation

locations to prevent

tively designed
ultimate load,
tor and

the resistance fac
strength, 18 not exceeded when subjected
m the extreme earthquake.

to forces fro
Piles are anchored to the foundation bY

reinforcing steel with gufficient
inside the pile to ensure tensile load
transfer to the concrete and then by bond

to the steel wall of the pile.

water.
steel H pile




a forces

are subject to lique-
of an earthquake
f lateral
Geotechni-

The upper sands
faction in the event

which could result in loss ©O

support of the vertical piles. .
cal investigations resulted 1n an estimat-

ed depth of liquefaction to 10 metres

below the base of the pier.
Computer analyses were carried out on a

plane frame model of the pier and support-
ing piles. In the model, shown in Figure
4, the bending stiffness of the piles were
lumped in a single line of elements fixed
to the base of concrete and extending down
to rock level. Horizontal linear springs

were connected to the bending elements to
Ieépresent the lateral soil support. The

stiffness of these SPrings was determined

depth
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the response spectra analyses describes

above.

9 CONCLUSIONS

The detailed seismic analysis and desion
of the Skytrain cable-stayed bridge has
been presented. The determination of
input motion, the treatment of second
order effects and detailing for ductility
have been described. It has been shown
that by properly selecting the bearing
conditions a degree of isolation was
achieved for the inertia of the deck and
the seismic forces are so controlled thi
they no longer govern the design. BY
detailing for ductility the bridge was
made capable of withstanding the forces
from more severe seismic events than W

design earthquakes.
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rable 1 - Modes of vibration

wode Period Type of
yumber (sec) Vibration
1 6.55 TD
2 6.07 LO
3 3.71 BS
4 331 BA
2 3.01 BA
o 2.28 TT
1 2.21 T
g 1.92 ™D
? 1.89 BS
1
1

ﬂhﬁuaz-Mmdmunv&hnscf:mspxme

[Extreme earthmquake, 0.24 G)

RESEON S O e I
= Longitudinal Transverse
B T 5640 5760
Total (.047 W) (.056 W)
tower base moment, KN.m 264000 538000
Tower leg moments:
Al bane 132000 169000
(.825 M,)  (1.35M))
Below deck cross beam 37000 56300
(0.35 M,  (1.17 M)
Above deck cross beam 37000 36900
(.36 M) (72 M,)
Below top diaphragm 18000 38000
(0.18 M,) (.86 M,)
Deck displacement, mm
Vertical 108 e
Tower top displacement, mm 428 280

Table 3 - Ultimate tower base moments

Longitudinal Transverse
Moments Moments

(KN.m) (KN.m)

C P O St oL BSOS RERER o

Loading

wind loads 111700 106000

Seismic, 100 yr. 66000 84500

S O SRR - e s et
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