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1. INTRODUCTION

Vancouver International Airport (VIA) is
1ocated on Sea Island in the delta of the

Fraser river as shown in Fig. 1. The
igland is flat, low lying and is ringed
by dykes to prevent flooding during high
tides. 1t is underlain by significant
depths of loose saturated sandy soils
that are susceptible to complete strength
1o0ss or liquefaction if subjected to
earthquake shaking of sufficient inten-
sity. Such liquefaction has led to very
severe earthquake induced damage tO
buildings, dykes, airports and lifeline
facilities in other areas underlain by

gimilar soil conditionmns.
The coastal area of British Columbia is

a region of high seismic activity. This
paper examines the probability of
triggering liquefaction, and the 1likely
consequences to the dykes and runways if
liquefaction should occur. In addition,
the feasibilty of expending money now LO
prevent liquefaction from occurring
as compared to repairing the damage if
and when it should occur is examined.
th?c:uae of the deep deltaic deposits at
facti te, a critical factor in the lique~
iction assessment 1is the magnitude of
the surface accelerations. These are

dimensional dynamic analysis with an
e-qqivalent linear soil stress—strain
relatiﬂnf The computed surface amplified
motion is compared with measured motions
at the sgite and with measurements at

cost of remedial
3 probabilities arzoitczt:;i(:h weulci. prevent liquefaction from occurring. These
N alllir the dyhas an{:éorated in an economic study which indicates that it
 Saiher than. expend m runways when and if they should be damaged by an
oney now to prevent such damage from occurring at a

other sites with similar soil conditions.
The possibility of long period base rock

motion such as occurred at Mexico City is
also examined.

2. METHODS OF ASSESSING LIQUEFACTION
RESISTANCE

In dealing with granular soils wunder
earthquake loading there are basically

three questions CLO address:
1) what level of shaking will trigger

initial liquefaction, and if triggered,

2) what strains are likely to occur,
and

3) what is the residual strength?
The answer to all three of these ques~
tions depends largely upon the state OT
density of the s0il and has Dbeen
addressed by Seed et al., (1984), and

Seed (1986).
A measure of density OT liquefaction

regsistance can be obtained from a
penetration test such as the standard

penetration test (SPT) or the cone
penetration test (CPT). Because€ the SPT

is currently the standard field test for
evaluating liquefaction potential and
because much of the field data at the
site comprised of SPT values, this test
was used to evaluate the likely earth-
quake response of the soil. In this test

the number O
tube 0.3 metres igs termed ¢t

penetration value, N. This value Wwas
corrected for both energy and confining
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which represent the current State of tp,
art in liquefaction assessment.

Fig. 2 shows the maximum distance fr
the epicentre at which liquefaction has
been observed to occur for various magp;-
tude earthquakes. The upper bound ljpe
represents very loose material that could
have an (Nl)60 value of about 4. §jtes
with denser materials with higher (Nl)ﬁ
values would not liquefy, but cannot Ee
accounted for in this plot.

In Fig. 3 the average cyclic stress
ratio Tav/oc; required to trigger lique-
faction is shown a8 a function of the
standard penetration value (N1)ea for
sands containing various percentages of
fines. Tay 18 taken as 0.65 the maximu

shear stress caused by the earthquake and
9, is the effective overburden pressure:

Fig. 3 ig appropriate for earthquakes of
Magnitude 7.5 on the Richter scale. Fof
Other magnituyde earthquakes the resist
dnce ratio should be corrected as sho¥
in Table l. This correction is necessdr)
becauge both field and 13b°rat?”
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3, S0IL CONDITIONS

0il conditions underlyin

have been described in :omeg S;eialisllar];d
Johnson (1981). The soils comprise 03;3
gbout 180 m of recent deltaic deposits
ynderlain by pleistocine glacial till and
pedrock - A typical soil profile is shown

in Figure 4.
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o wag is shown in Fig. 5. This

R cs:puteé using measured N

Mepcos Ao e liquefaction chart of
may be seen that the computed

liquef '
. %n rz;;;on {esistance ratios in the to
mainly between 0.05 and 0.2%

with
valuezn ?verage value of about 0.10. The
increase with depth below 8 m

ues wer i
bor : e obtained
eholes which were drilled at i;;TO;iE

mately equal -
the ‘dvke. spacing along the crest of

Liquefaction Resistance Ratio, T/0,
) 0.1 B2 U3 - OR :

Note !

e

Based upon N values from 22 Boreholes,

Fig. 5.
VIA Soils.

Dynamic resistance ratlos a
farm on Sea I1sland (Fig. 1) have

determined by Robertson

shown in Fig. 6.
are based on standa
cone penetration- tests,
tests on undisturbed samples,

between 0.08 and 0.2. It may

that these values are in
agreement wi i

and
be

th those determine
values beneath the dykes.

4. SEISMICITY

The coastal area of British Colum
within a high gseismic activity
Reports of seismic activity in the
mainland area in which Sea
Airport 18 located date ba
a large earthquake was f
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5. AMPLIFICATION OF ACCELERATU)N
PRESENCE OF DEEP SOFT DEPOSI;[V; OUg

i0. T,
Liquefaction Resistance Ralo, "% o

o 01 gE: By &8 predicted maximum acceleratiﬁng .
_O | Wm.ﬂﬁll;:::: EPB are for rock or flrm grmmd 1‘.‘1;% tl‘la
' o sy tions. g & Slte g, Overy, . Ndi.
cPrT = ez unconsolidated sedimentg 48 g ;-;”n' ,:
. here, there is a POSSibilj¢,y of “he Cag,
cation as the earthquake moti{}famplifi;
. upward through the softer sedip.. Pagg,
. a addition, there will . i ;?“ £
> oe longer period motion, A CQHlpa .1‘1.Fr r,
o sy eI recorded base rock anpg Surfacermqﬁ ﬁ;
o | was made by Seed (1976) , and i, S?Qtiﬁnq
- B . Fig. 7/, and indicatesg that ampllf.-“}wq b
= a generally occurs when the LCa b
acceleration levels are lage tE:kO ool
13 |
TR ot : £ 2
v
I5 0.36
R 0.32 '
y O o GowY’ 1
Tiks B, SPT, CPT and Laboratory ’ 028 /
Liquefaction Resistance at VIA E
(Robertson, 1982). R
s
g
most of settled British Columbia. The v
significant earthquake events for the <
Alrport are shown in Table 2. by
The probable acceleration levels at the
Airport were obtained from the Earth
Physics Branch (EPB) Canada and are shown
in Table 3.
g:obulned) it VIAPeak Accelerations (Firp
For Events of M>5
Year M Dist(km) PGA(g) Fig. 1. Comparison of Bedrock apg

Surface Acceleration.

AR 1.4 1
1939 &+ 8.1 120
: 0.025
119923 ?? 91 0.008 and deamPlification OCcurs at higher
1976 53 122 062 rock acceleratiop levels.
i e 0.036 fagynamic 4nalyses to estimate the sur-
; - Probab]e : % Motian.  for rescribed bedrock
4Cceleratigp based m::luztte o500 sotions, hav’e been pperfm'::ned for the

also perforned




- Fraser Delta.

. analyses and predicted Ssomewhat
SHA! » surface acceleration levels, 3]s

in Fig- /. Golder Assnciates’ in -
of the nearby Annacis I,slanz
: performed a similar study apg
_ ted higher acceleration as shown
SEAKE analyﬂes were also performed fo;:
o gtudy for the section shown in Fig.
a'gnd the pre_dicted su'rfac'e accelerationsg
Jhich are also shown in Fig. 7 lie above
11 the previous predictions. The
:ifferi!ﬂce in predicted response between
e various researchers is mainly due to
amplification effects in the top 3m. Oyr
predicwd acceleration at a depth of 3p
P well below th'at predicted at the
surface and essentially coincides with

rve shown in Fig. 7.

geed's CcU
{n the September 1985 Mexico earth-
quake, very high amplification of base

gotion occurred in the overlying, very
soft lake bed sediments of Mexico City.

gase motions of 0.04 g were amplified to
about 0.18 g on the surface. This point
ijg also shown in Fig. 7 and is higher
rhan all preceeding data. The motion
involved here was from a very large mag-
1itude earthquake, M8.1, at a distance of
some 400 km. Such a motion, even on firm
ground, would have had a high component
of long period waves, which could have
induced resonance in the long period
aatural modes of the very soft overlying
soils. Since such a high amplification
has not been observed elsewhere, it is
thought to be due to very low damping in
the very high water content clays of the
Mexico City basin. The deltaic soils at
the Airport are of low water content and
are quite unlike those of Mexico City.

The field evidence from the M5.4, 1976
Pender Island earthquake indicates that
little amplification of the bedrock
motion occurred at the 0.04 g level as
shown in Fig. 7. The lack of reported
damage from the 1909 M6.0 earthquake with
estimated bedrock acceleration of 0.12 g
suggests that 1little amplification
occurred with this earthquake.

The 1946 Campbell River earthquake
(M7.5) was the largest magnitude earth-
quake to affect the airport in the past
100 years. While this earthquake would,
because of its long distance from the
site, cause a predicted acceleration on
bedrock of only 0.06 g, there would have
been the possibility of a high level of
amplification due to a resonance effect.

Hodgson (1946) reporting on this earth-

quake makes no mention of damage in the
The newspaper reports of

- the earthquake state that the runways at

3 '_ ﬂwer Airport “rolled in waves” but

that t €4
N0 significant damage occurred.

"I‘ p
32?3 EZithEld Efldence suggests that the
e excesaidepDSltS should not give rise
i i Ss ;é amplification of bedrock
e uch as occurred at Mexico City.
rock accelerations in the range of

k)
faig'g will be of most concern for lique-
1lon considerations. Because the

i '
ame]l_ﬁl evidence suggests that excessive
Plification has not occurred at the

:lr]]-?or‘t during past earthquakes, an
mplification factor of 1.3, which is

bﬁsed ‘upon the average of the curves
8 m;r} in Fig. 7/, seems appropriate. This
lmplies that a predicted peak accelera-

tion of 0.10 g at the bedrock level will

be amplified to 0.13 g at the ground
surface.

6. EVALUATION OF LIQUEFACTION PROBABILITY

Liquefaction will be triggered if the
dynamic stresses caused by the earthquake
exceed the liquefaction resistance of the
soil. The resistance ratio of the soils
based upon the Koribayashi-Tatsuoka-Seed
chart, Fig. 2, and the Seed chart, Fig.
3, will be combined with the seismicity
to determine two separate estimates of
the probability of liquefaction.

Method 1:
Approach
If it is assumed that the foundation
materials are very weak and have a lique-
faction resistance corresponding to the
weakest materials that have been observed
during past earthquakes, then the
Koribayashi-Tatsuoka-Seed chart can be
used to assess the probability of lique-
faction. A modified version of the
computer program PROLIQ (Atkinson et al.,
1984) was used for this purpose and gave
a probability of 0.011 per annum (91 year
return period) that liquefaction would

occur.
The modified PROLIQ program computes

the probability as follows:
1) A magnitude of earthquake 1s

selected.

2) The maximum distance, D, from the
site at which such a magnitude of earth-
quake would cause liquefaction 1is
obtained from Figure 2. This determines
the area over which such a magnitude
earthquake could occur and cause lique~

faction at the site. _
3) The number of occurrences per unit

area of seismogenic zone is computed from
the magnitude recurrence relationship.
4) The total number of occurrences for

this magnitude of earthquake is then the

Koribayashi-Tatsuoka-Seed
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f:fff:ﬁ:f :yheth' contributing ”“;:se of
" 5) By considering the
earthquake magnitudes: =
of all magnitudes e ¢ 1iquefaction:

leads to the probability ©

Method 2:
The shear stress ratio imated from the

n
the earthquake ca
ground surface acce

ma x Lmum
follows:
0 1
Tav . 0.65 — A T4 fi
: o
00 'S
in which c shear stress

= the average cycli
a4V caused by the earthquake

= the total vertical stress

Y = the effective vertical stress
: acceleration in

T

o

o
AO = the maximum surface

gravity units
r = a reduction factor with depth which

varies from 1 at the surface to 0.9
at a depth of 10 m.

Liquefaction will be triggered if the

shear stress ratio caused by the eart:h-
quake, Tav/as;’ exceeds the liquefaction

resistance ratio of the soil, t,/0;.

The value of the surface acceleration
Acrit that will just cause liquefaction
to occur can be computed from the known
1,/0' values of Fig. 5 and Eq. 1. The

computed values are shown in Fig. 8 for
the depth range of concern, where it may
be seen that A rit ranges between about
0.05 g and 0,20 g with an average value
of about 0.10 g.
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faction, it is the acceleratiop <
that are known from the seism

analysis. Based upon anp amplif, Clgk
factor of 1.3 the critical el atJ:cm
on rock is given by: Catiog

Acrit(IOCk) = (0.2-0.0166 M)f (3)

The probabilities of triggerip
faction for the various A
Crit(rock)

assumptions were computed using ty
PROLIQ program, and are shown ip Tablez

together with the values shown fqr th
Method 1 study discussed earlijer. :

g l iun_

Table 4. Probability of Liquefaction, p
per annum

Probability Return

Method Per Annum Period
1 0.011 91
2(f = 0.5) 0.0215 46
2(f = 1.0) 0.0076 131
2(f = 2.0) 0.0022 454

The probabilities for Method 2 are based
on Earth Physics Branch seismogenic zones
and attenuation relation.

The Probability of liquefactio®
determined by Method 2 ‘can also Y
eXpressed in terms of the liquefactio?
;381atance of the soil and is shown
M:B- 9. The probability calculated frod

thod 1, when plotted on this diagr®
0.08 €8 a resistance ratio of abov*

-~ ’» Which is in reasonable 331’3@33‘:

:1 :? . ?&ry loose 3 aand having an (Nl)sﬂ
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Lique

;. DISCUSSION OF LIQUEFACTION PROBABILITY

The results indicate a ramge in probabi-
lity per annum of liquefaction from about

0.02 to .002 depending upon the liquefac-
tion resistance of the soil. These

obabilities correspond with ASG to Asog
year events. Since liquefaction has no
been observed to occur at the site,

perhaps the assumed low values of lique-
faction resistance can be discounted from

an examination of performance during past
uakes.

u:::lmtion of the earthquake history

in the past 120 years indicates that two

of the major earthquake events shown in

Table 2 would plot just below the line in

Pig. 2 indicating the possibility of

liquefaction at the airport for these

events, for materials having (Ny)g

~ Since liquefaction was not recorded,
" resistsnce of the soil must be at least
 equal to a material having (Hlt)ﬁﬂ

~ a liquefaction resistance ratio :
Thus a lower bound resistance ratio O

thod on 0.011.

ton will depend
<e of the solil

1f all of the

tance ratio as
3 liquefac~

towever, because the soil strength varies
SOmewhat along the length of the dyke,
the length of dyke to liquefy will vary
With the earthquake level. The estimated
length of liquefled dyke versus the
Probability per annum or earthquake
teturn period is shown in Figure 10. It
may be seen that liquefaction is predic-
ted to commence for the A g event, that
20% of the dykes would lfquefy for the
Ala event and that all of the dykes
wau?d liquefy for the Ay goq Year event.
This estimate is based on the assumption
that the 1length of 1liquefied dyke is
proportional to the number of penetration
values indicating liquefaction. Since
the penetration values were obtained from
22 boreholes distributed along the length

of the dyke this assumption is not
unreasonable.
heturn Period, years
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8.2 Damage to Runways

f liquefactrol

damage to the alrpor,

 Toagt _ idence O es aﬂd
much fiﬁld zv in past earthquakj_ncipﬂl Severe : h . a Phan
induced damag 11} be the Pk occurred duang the Niigatg, T B
such evidence wgtimatiﬂ'n' of 1964 and 1is reporteg by LHm
source of damage € (1964) - This damage was dye r::ix,:;;_:;.f-:,._m.i_;

faction of the underlying e Moy,
=9 Wir ="

result that the pavement BUrfae, ;m the
s 1 P

8+1 DYRES blOCkS reating upon a “Navy. .
e to dykes occurred in ?: the longitudinal diriem:m 111‘;”;;{5

. damfugnber of past earchqu'ﬂg?S there was essentially n§-ctlﬁn Whey,
Japan during a n Yokomura (1966), Slope Le
ounded to : -1

SIS A deszribegutz’{lki, (1971) and blECki’io: uand resujetr:c;er' -y -0 ;jw
o s i )’hi (1970). The i — :i lfjl.ing of the paven s mmpr‘ﬁs’sr%
WAREES: oo Kawaguire longitudinal cracks uc R & ) abie ent. In nt;f,ﬂ
involved very stev crest settlements of areas ;f e dg Cross slope Fﬂx]';g..ﬁr
RAOAE  tae. CLOBE bserved. The soils the blocks moved apart leaving e “leg
1/2 to 2m were oDbS s and fissures. Cac,

The damage to the Cunways 5. -

were
underlying these dykes
lluvial or deltaic deposits such as are - * @
allu be expecte O De similar ¢, bhas . Gl
Whi

hanism

t at the airport. The mec ca

f;::f:ed is basically one of liquefaction occurred at Niigata. ch
of the underlying soils causing a loss in

lope
strength, with the result that the s
s preads %orizontally due to the driviﬁng 9. OPTIONS FOR COPINGC WITH LIQUEFACTTW
forces caused by the raised dyke ground. PRONE SOILS [TON
The large horizontal movements result in

There are basically two Options fg,

severe cracks forming in the partially P
I"‘Jph

saturated dyke material, together with ing with liquefiable soilg:
An 1) Stabilize the 80ils g, e

large settlements of the crest.
estimate of the damage can be made from essentially prevent the OCCurrence .
the chart shown in Figure 1%, which 1i» liquefaction. 0L

LIMITING SHEAR STRAIN
IF LIQUEFACTION OCCURS

ways and aprons CEUROL be densifie

Ecsed on test gatg by
'CAIMCISU Cnd YosNim
€29

ard COSL estimates are provided in
W RO pleon dhan 15 economte perspec-

r?; 11 u f potential.
8ever Crackin ) 4Ction will 10 S
2 g of resule ¢ * OUMMARY OF COSTS
3 Wentg of he he dykeg "
c Pl sl
F “4nge betveen 0-?:;4 czm . "Pectee:lu: A sunmary ,f the tion
m, ” 4nd repair of thec:r;se:fandden:j:f::;s 8
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!mgiiatﬂ)
| COSt in Hj—ll'
I-_I;el of Dollars e
Range Avg
pykes
pensify Existing
pykes 2 :9-18 14
nepaif Dykes
after Earthquake
(if not densified) o PR P TR -
Bepair Wkﬂﬁ after
Earthquake
- (after densification) $§ 0-1 0
Runways
New Runway
(Densification
cost only) $ 0-10 7.5
New Runway
(Complete cost) $ 55-60 60
Repair current
rUnNways s 2>~10 s
Loss of revenue
if airport unuseable
for two months Not included

soils underlying the dykes would cost
§9-18 million depending on the
densification method used. If the Vibro
probe method is adequate, the cost will
be about $9 million. If stone columns
are necessary, the cost may be $18
million. Even if such densification is
undertaken, some earthquake damage 1is
likely to occur and is estimated to cost
about $1 million to repair.

If no densification is undertaken and
liquefaction occurs, the cost of repalr-
ing the dykes is estimated to be about $35
million.

Densification of the foundation soils
beneath a new runway are estimated to be

 between $5 and $10 million depending on

the method of densificatlon, Dynamic
Consolidation or Vibro Probe. The total
cost of constructing a new runway paver

ment including densification 1s likely to
_be In the range of $55-$60 million.

The cost of repairing the current Tuf”

-.-'_f“}" in the event of liquefaction is
~ estimated to be $5 to §10 million. The

time to complete such repairs cou

= mm of two months.
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ECONOMIC EVALUATION OF ALTERNATIVES

3 :
ii ?Z;Zfﬁfdlal work is done on the dykes
e Stimated that the probability of
S an eaﬁthquake large enough to
e aﬂivere liquefaction is about .0076
repairinﬁm. The estimated costs of
¥ 5 Fhe dykes in the event of such
quefaction is §5 million. The

zi;imated COSt per annum of the earth-
¢ damage is the product of the total

COSt times the probability per annum of
OCCurrence, namely $38,000.

iflfitrejiedaisaslmwc;rk is P:arr.ied out, 'aﬂd
L0 prevent liq;ifazzit %; e
earthquake, then th g e ?f
the cost D‘f the remed'calst S
ahar the 1tln b tt? 13 kwcrk amortized
forever For re 5 bty pre§umably

5 medial work costing $l4
million, and for a real interest rate of
say 3% (discounting inflation), this
would represent a cost of $420,000 per
year. Given these numbers it is clear
that it is not economically advantageous
to carry out any remedial work.

It is likely that the cost associated
with failure of the dykes would be
higher than just the cost of repairs.
The cost associated with the possibility
of flooding, as well as those due to the
airport and air navigation facilities
possibly being put out of service should
be considered. However, because of the
great disparity between the above costs,
it is unlikely that remedial measures
are economically viable.

It is not considered practical to
densify the soils beneath the present
runways so as to prevent liquefaction
from occurring. In the event of lique-~
faction, damage tO these runways 1s
likely to be about 7.5 million dollars.
The estimated annual cost of such damage
would be $57,000. The cost of cm}stl"uc"'
ting a new runway is about $60 milliom.
The annual cost at a 3% interest rate
wold be h-8 silifom.. Thus on 8 850
basis alone it 1is wot economically

favourable tO construct a new runway-
However, the time to complete th;
repairs to the runways in the event ©
liquefaction igs likely to exce.ed 1tw
months, and this may not be acceptable.

12. CONCLUSIONS

gignificant liquefac

derlying both the .
::y: hyas a probablility of occurrence of

about .0076 per annul which correspon%:
with a 130 year retuin period event.
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