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INTRODUCTION

Victoria is located in one of the most seismically active regions of Canada. Vancouver Island has experienced two large
earthquakes this century, in 1918 (M=7.0) and 1946 (M=7.3; Rogers, 1998). The latter was the most damaging in western
Canada and caused minor damage in the Victoria area, which was 200 km from the epicentre (Hodgson, 1946; Wuorinen,
1974, 1976). In addition, there is potential for very large (M~9) earthquakes on the Cascadia subduction zone west of Van-
couver Island (Rogers, 1988, 1994; Clague, 1996). Victoria is more likely to be subjected to strong earthquake ground mo-
tions than any other major city in the country (Adams et al., 1995).

The effects of earthquakes are not only dependent upon the magnitude of the earthquake and the distance from the
source, but they can vary considerably due to local geological conditions. These conditions can be mapped with varying de-
grees of completeness using existing geological and geotechnical data. It is the objective of this report and the accompanying
maps to show those areas of Greater Victoria where the earthquake hazard is increased due to the presence of soils susceptible
to liquefaction (Geoscience Map 2000-3a; Monahan et al., 2000b) and amplification of ground motion (Geoscience Map
2000-3b; Monahan et al., 2000c). Three additional maps relevant to earthquake hazards are also being published as part of
this investigation: a map of the Quaternary geology, on which these hazard maps are based (Geoscience Map 2000-2;
Monahan and Levson, 2000); a map that shows areas susceptible to earthquake-induced slope instability (Geoscience Map
2000-3c; McQuarrie and Bean, 2000); and a composite map that shows areas susceptible to the amplification of ground mo-
tion, liquefaction, and earthquake-induced slope instability hazards (Geoscience Map 2000-1; Monahan et al., 2000a). Pre-
liminary results of this investigation were discussed by Monahan and Levson (1997), Monahan ef al. (1998), and Valeriote
(1997).

An earthquake hazard map of the City of Victoria by Wuorinen (1974, 1976) focused on the amplification hazard. That
map was based on the thickness and distribution of Quaternary deposits overlying bedrock, and on eyewitness accounts of the
effects of the 1946 Vancouver Island earthquake. The maps described here include all of the Greater Victoria urban area, as-
sess the amplification hazard using modern techniques and data, and also address the liquefaction hazard. The area of this
study includes the municipalities of Victoria, Saanich, Oak Bay, Esquimalt, View Royal, Colwood and Langford. Small cor-
ridors were added to include Hartland Landfill and the Goldstream River valley upstream to the exit portal of the Kapoor tun-
nel.

These maps are intended for regional purposes only, such as land use and emergency response planning, and should
not be used for site-specific evaluations. Although these maps can be used with other criteria to help planners select potential
areas for development, avoid geologically vulnerable areas and prioritise seismic upgrading programs, the maps do not re-
place the need for site specific geotechnical evaluations prior to new construction or upgrading of buildings and other facili-
ties. The qualifications and limitations of these maps are discussed in more detail below.

The term soil refes here to all unlithified material overlying bedrock.
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SUMMARY OF QUATERNARY GEOLOGY

The lithology, thickness and distribution of the Quaternary sediments are the principal geological factors used for earth-
quake hazard mapping in the Greater Victoria area (Figure 1). These deposits overlie an irregular, glacially scoured bedrock
surface. The depth to bedrock can vary from zero to as much as 30 metres within the space of a city block (Crawford and
Sutherland, 1971; Wuorinen, 1974, 1976; Nasmith and Buck, 1998). Bedrock consists of high-grade metamorphics through-
out much of the area, metavolcanics and intrusive rocks in Saanich Peninsula, and volcanics in the Colwood area (Muller,
1983; Massey et al., 1994).

The oldest Quaternary deposits in the area underlie the Vashon till of the Late Wisconsinan Fraser Glaciation. They oc-
cur principally in the central and eastern parts of Saanich Peninsula, where they are up to 60 metres thick, and have commonly
been sculpted into a series of north-trending drumlinoid ridges and crag-and-tail features. These deposits are best known
from the sea cliffs on the east side of the peninsula. The following units have been recognized, in ascending order: an undated
till; interbedded sand and gravel of the non-glacial Pre-Wisconsinan Muir Point Formation; till and glaciomarine deposits as-
signed to the early Wisconsinan Dashwood drift; sand, silt and gravel of the middle Wisconsinan non-glacial Cowichan Head
Formation; and sand and gravel of the late Wisconsinan Quadra Formation, which has been interpreted as proglacial outwash
from the advancing glaciers of the Fraser Glaciation (Clague, 1976, 1977; Armstrong and Clague, 1977; Alley, 1979; Howes
and Nasmith, 1983; Hicock and Armstrong, 1983; Blyth and Nasmith, 1993, 1995; Blyth, 1996; Nasmith and Buck, 1998).

The Vashon till of the late Wisconsinan Fraser Glaciation overlies bedrock directly in much of the Greater Victoria area.
It is a discontinuous unit and is generally less than a few metres thick. However, it is locally up to 15 metres thick, as along the
Dallas Road sea cliffs (Hicock ez al., 1981; Nasmith and Buck, 1998). In the following discussions, the Vashon till and under-
lying Pleistocene deposits are grouped together as “older Pleistocene deposits”, because they are overconsolidated and gen-
erally have high shear-wave velocities (Monahan and Levson, 1997).

The Vashon Till is overlain by the Capilano sediments, which were deposited at the close of the Fraser Glaciation when
sea level was higher than present (Armstrong, 1981, 1984). The principal units of the Capilano sediments in the Victoria area
are the Victoria clay and the Colwood sand and gravel. Shells in these units have provided several radiocarbon dates between
12,100 and 12,750 Hc years B.P. (Dycketal., 1965, 1966; Lowden et al., 1971). These deposits are equivalent to those of the
Everson Interstade of northwestern Washington (Easterbrook, 1992, Dethier et al., 1995).
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The Victoria clay is a unit of glaciomarine clayey silt with scattered pebbles that forms a blanket-like deposit generally
below an elevation of 60 metres, but locally up to about 75 metres. It ranges in thickness from zero over bedrock knolls to 30
metres in depressions on the till or bedrock surface. The Victoria clay has three distinct facies. A lower, soft to firm, grey clay
(grey clay facies) is in most places gradationally overlain by a desiccated and oxidized crust of stiff, brown clay (brown clay
facies) 2 to 5 metres thick (Crawford and Sutherland, 1971; Buchanan, 1993, 1995; Nasmith and Buck, 1998). These two fa-
cies were deposited in the same depositional environment and are distinguished on the basis of post-depositional changes.
The Victoria clay commonly coarsens slightly upward, and a sand facies occurs locally near the top. The sand facies varies
over very short distances from clean, medium sand, up to several metres thick, to sand beds less than 1 metre thick
interbedded with either grey or brown clay (Figure 2). Where the sands occur above the water table, they are heavily oxidized.
The sand facies is interpreted to represent shoreline and nearshore deposits formed as sea level fell during deglaciation
(Monahan and Levson, 1997; Nasmith and Buck, 1998).

The brown clay facies of the Victoria clay is at the surface in most of the Victoria area. However, in closed depressions
and other low-lying areas, the brown clay facies is absent and the Victoria clay is gradationally overlain by up to 6 metres of
organic silt and peat that represent lake and bog deposits (Nasmith and Buck, 1998). Deposition of organic soils commenced
before the end of the Pleistocene, based on radiocarbon dates from the base of these deposits (Dyck ef al., 1966), and contin-
ued throughout the Holocene (e.g. Lowdon ez al., 1971). They are referred to here as Holocene organic soils. The upper part of
the grey clay facies is slightly overconsolidated where overlain by the brown clay facies, but normally consolidated where
overlain by Holocene organic soils (Figure 2; Nasmith and Buck, 1998).
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Figure 2. SCPT profiles through Victoria clay, Rf = friction ratio, qt =tip resistance, Vs = shear wave velocity: 2a) Victoria clay overlain by
Holocene peat and organic soil (map unit O1); note that grey clay facies is normally consolidated (Vs and qt increase with depth) and
presence of sand facies at top of clay; 2b) grey clay overlain by brown clay (map unit C2), note that upper part of grey clay is slightly
overconsolidated (Vs and qt decrease with depth).
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The Colwood sand and gravel is a glaciofluvial outwash
and deltaic deposit that occurs at the surface over much of
Colwood and Langford (Figure 3). It has been described
briefly by Howes and Nasmith (1983), Blyth and Levson
(1993), Huntley (1995) and Yorath and Nasmith (1995). The
maximum known thickness of the Colwood sand and gravel
is 30 metres, and the thickness is probably greater over much
of the delta and outwash plain. These deposits overlie bed-
rock near the margins of the delta and outwash plain, but in
the gravel pits south of Esquimalt Lagoon they overlie older
Pleistocene deposits that are locally over 50 metres thick. In
exposures in these gravel pits, topset deposits a few metres
thick overlie gravel and sand foreset deposits dipping 15° to
25° to the southeast.

The delta and outwash plain is between 60 and 90 metres
elevation and its apex is located on the Goldstream River up-
stream of Langford. Its surface has been incised by late-stage
glaciofluvial channels and contains closed depressions inter-
preted to be kettles. Some of these channels and depressions
are still occupied by creeks and lakes, and are in part filled
with peat. Silts occur in some abandoned channel deposits in
the topset of the delta. Wood found in topset deposits of the
Colwood delta during this study yielded a radiocarbon date of
12,360+70 '“C years B.P. (Beta 109128).

Deposits of silt up to several metres thick interbedded
with sands have been observed in testholes and exposures on
the delta slope on the northeast and southeast sides of the
delta (Figure 4). These are interpreted to represent distal and
lateral foreset deposits (Monahan and Levson, 1997). Similar
sediments likely underlie other parts of the delta plain. The
slope northwest of Esquimalt lagoon is interpreted to be the
flank of a large kettle rather than the primary delta slope, be-
cause the delta prograded around the lagoon without filling it
(Howes and Nasmith, 1983; Yorath and Nasmith, 1995).

In the vicinity of Happy Valley Road, glaciofluvial sands
and gravels are overlain by 1 to 2 metres of silt interpreted to
be a late-stage glaciolacustrine deposit. In the valley of
Millstream Creek, immediately upstream from the Colwood
delta and outwash plain, up to 14 metres of stiff clay and
interbedded fine sand occurs in testholes and surface expo-
sures. These deposits are interpreted here to represent
glaciolacustrine deposits marginal to the Colwood delta and
outwash plain, and similar deposits are inferred to occur in
other small valleys adjacent to the Colwood delta and
outwash plain.

In shoreline and nearshore settings, the brown clay facies
of the Victoria clay extends below modern sea level, because
relative sea level fell below its modern position in the latest
Pleistocene and earliest Holocene (Mathews et al., 1970;
Clague et al., 1982; Hutchinson, 1992). The extent of sea
level fall was at least 25 metres, because brown clay has been
reported in boreholes examined in the course of this study up
to this depth below modern sea level, and may have been as
much as 50 metres (Linden and Schurer, 1988). In these set-
tings, the brown clay facies is overlain by Holocene marine
mud deposited during the Holocene rise in sea level (Figure
5; Crawford and Sutherland, 1971; Nasmith and Buck, 1998).
Holocene marine muds are locally overlain by prograding
shoreline sands, derived from erosion of nearby sandy head-
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Figure 3. SCPT profile through sands and gravels of Colwood delta
and outwash plain (map unit G1), Rf = friction ratio, qt = tip
resistance, Vs = shear wave velocity.
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Figure 4. SCPT profile through lateral foreset deposits of Colwood
delta (map unit G2), Rf=friction ratio, qt =tip resistance, Vs = shear
wave velocity. From Monahan and Levson, 1997.
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lands. Shoreline sands are in turn locally overlain by peat
(Figure 6). In some places, shoreline peat deposits are over-
lain by recent beach sands and intertidal sediments, possibly
reflecting earthquake-related elevation changes (Clague,
1989; Clague and Bobrowsky, 1990; Bobrowsky and Clague,
1992; Mathewes and Clague, 1994; Clague, 1996; Monahan
and Levson, 1997).

GEOLOGICAL MAPPING

The initial step in evaluating the variation of earthquake
hazards in the Victoria area was the preparation of a geologi-
cal map that shows the thickness and distribution of Quater-
nary stratigraphic units (Monahan and Levson, 2000).
Subsurface geological data on which the geological map is
based include: over 5000 geotechnical borehole logs ob-
tained from a variety of public and private agencies; several
hundred water well logs obtained from the Groundwater Sec-
tion of the Ministry of the Environment and that are available
on the internet (http://www.env.gov.bc.ca/wat/gws/); nearly
3000 engineering drawings for municipal sewer and water
lines, that commonly show where bedrock was encountered
in excavations; and data from a shear-wave testing program
conducted to determine the average shear-wave velocities for
the principal Quaternary geological units (Monahan and
Levson, 1997).

Geological map units were defined on the basis of these
data (Table 1) and in part to coincide with the U.S. National
Earthquake Hazard Reduction Program (NEHRP) defini-
tions of site classes for susceptibility to amplification of
ground motion (Table 2; Building Seismic Safety Council,
1994). Map unit boundaries were interpreted on the basis of
the subsurface data, airphotos (~1:20,000 black and white
dated 1974 and ~1:5000 colour dated 1990) and large-scale
topographic maps (1:2000 to 1:5000). Soils maps by Day et
al. (1959) and Jungen (1985) also provided useful informa-
tion. Limited field checking was conducted.

In areas with little or no subsurface data, the subsurface
conditions are largely inferred from topographic and
geomorphic evidence. For example, scattered bedrock with
thin soil cover (unit R2), generally occurs in hills and upland
areas, and thick soft glaciomarine clays (units C2 and O1)
generally occur in low-lying areas. Also in areas little or no
subsurface data, map unit C1 was applied to areas of sloping
ground between occurrences of units R2 and C2, and in these
areas represents an uncertain proportion of both these units.
To assist the user in determining the accuracy of the
subsurface geological mapping, sites where subsurface geo-
logical data were obtained are shown on the accompanying
geological map and amplification hazard and liquefaction
hazard maps.
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Figure 6. SCPT profile through Holocene peat, Holocene beach
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velocity. From Monahan and Levson, 1997.
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TABLE 1

GEOLOGIC MAP UNITS AND HAZARD RATINGS

. . NEHRP Amplification| Liquefaction
Unit Description Site
Hazard Hazard
Class
Areas with Anthropogenic Fill at the surface
. . high to very
*
F Anthropogenic fill variable high**
FC2 Fill it C2 (thick soft cl D-E moderate to | high to very
ill over uni ick soft clay) - hich hioh**
Fill over unit C1 (variable and intermediate . high to very
kel thicknesses of clay) cE low to high high**
moderate
FG Fill over unit G1 (Colwood sand and gravel) Dy(]l)o-;a)ll rrfl(:i(;igé- hlf’ﬁigtg *v*ery
high)
FT Fill over unit T (thick older Pleistocene deposits) D-E moderate to | high to very
P high*** high**
. . . . low to high to very
FR2 Fill over unit R2 (thin soil cover over bedrock) C-D .
moderate high**
Areas with Holocene deposits at the surface
high t
S4 Holocene beach sands variable * '8 .0 N
high
S3 Stream deposits variable * high FO very
high
. high to very
S2 Goldstream delta deposits D moderate hich
S1 Alluvial fan and fan delta deposits variable Hokk moderaFe to
very high
05 Holocene peat over Holocene beach sand E-F high FO very | high FO N
high high
. . . moderate to low to
04 Holocene peat over glaciolacustrine deposits D-F .
very high moderate
03 Peat over sand and gravel of the Colwood delta and D-F moderate to low to
outwash plain very high moderate
O3a |Closed depressions, interpreted to be kettles D-F modera?e 0 low to
very high moderate
ek i moderate to | very low to
02 Upland peat deposits D-F very high low
Holocene peat over the grey clay facies of the high to very | very low to
(0)1 . E-F .
Victoria clay high moderate
Areas with Holocene deposits at the surface
high t
S4 Holocene beach sands variable * 8 .O very
high
. . high t
S3 Stream deposits variable * % ,O very
high
. high t
S2 Goldstream delta deposits D moderate & hi:l:l ey
. . . derate t
S1 Alluvial fan and fan delta deposits variable ok mo era'e ©
very high
05 Holocene peat over Holocene beach sand E-F high FO very | high FO Ve
high high
. . . moderate to low to
04 Holocene peat over glaciolacustrine deposits D-F .
very high moderate
Peat over sand and gravel of the Colwood delta and moderate to low to
03 . D-F .
outwash plain very high moderate
. . derate t low t
O3a |Closed depressions, interpreted to be kettles D-F mo era'e © owto
very high moderate
. moderate to | very low to
02 Upland peat d tg¥ARAK D-F .
pland peat deposits very high low
Holocene peat over the grey clay facies of the high to very | very low to
0O1 L. E-F .
Victoria clay high moderate

Geoscience Map 2000-3




TABLE 1 CONTINUED
GEOLOGIC MAP UNITS AND HAZARD RATINGS

NEHRP
. . . Amplification | Liquefaction
Unit Description Site
Hazard Hazard
Class
Areas with Capilano_deposits (latest Fraser Glaciation) at the surface
>3 metres of the grey clay facies of the Victoria moderate to | very low to
C5 clay over thick (>10 metres) older Pleistocene D-E R y
. high low
deposits
>5 metres of the Victoria clay and <3 metres of the
grey clay facies, over thick (>10 metres) older
: . . . very low to
C4 Pleistocene deposits, as well as areas where units C-E low to high low
C3 and C5 cannot be differentiated with data
available
>5 metres of the Victoria clay and <3 metres of the low to very low to
C4a |grey clay facies, over thick (>10 metres) older C-D y
: R moderate low
Pleistocene deposits
Areas where units C3 and C4 cannot be low to very low to
C4b |differentiated with data available, but the grey clay C-D Y
. - . moderate low
facies of the Victoria clay is <3 metres
< i i i >
C3 S metres of the chtorla clay oyer thick (>10 c TP—— very low
metres) older Pleistocene deposits
>3 metres of the grey clay facies of the Victoria
. . moderate to | very low to
C2 clay, under the brown clay facies and over thin D-E hioh low
(<10 metres) older Pleistocene deposits €
derate t I t
C2a |Victoria clay over lower slopes of Colwood delta D-E mo eira elo ] very owio
high moderate
Areas where units R2 and C2 cannot be
differentiated with data available; also includes . very low to
1 -E low to high
¢ areas with >5 metres of the Victoria clay but <3 ¢ owto g low
metres of the grey clay facies
Glaciolacustrine (?) deposits marginal to the low to very low to
G4 C-D
Colwood delta moderate low
&3 Late stage glacigﬂuvial channel on Colwood delta D moderate low to
and outwash plain moderate
Distal and lateral foreset sands and silts of the low to
G2 D moderate
Colwood delta moderate
Gl Sagd and gravel of the Colwood delta and outwash D moderate very low to
plain Jow*****
Areas with Older Pleistocene Deposits (Vashon Till and older) at the surface
T Thick (>10 metres) older Pleistocene deposits C low **** very low
Older Pleistocene at the surface indicated by
Ta |smooth topography, but borehole data indicate that C low**** very low
bedrock is locally shallow (<10 metres)
Intermediate between units T and C3, typically
T/C3 |areas with a discontinuous cover of Victoria clay C low**** very low
over thick (>10 metres) older Pleistocene deposits
Areas with bedrock at or near the surface
Thin soil cover over bedrock with scattered
outcrops; generally <5 m of Victoria clay over <10
. . very low to
R2 m of older Pleistocene; in Colwood delta, <5 m of A-C very low
. low
Colwood sand and gravel over bedrock; in upland
areas. <10 m sediment over bedrock
Areas of unit R2 where 5 to 10 metres of older
R2a . . C low very low
Pleistocene deposits can be mapped
R12 Areas of thn} soil cgver and nearly continuous AC very low to very low
outcrop undifferentiated low
R1 Bedrock; nearly continuous outcrop A-B very low very low

*Amplification variable, dependent upon adjoining map unit and underlying deposits

** Liquefaction hazard variable, but potentially high to very high; see text.

*** Amplification high because of thick fill
**** Amplification hazard may locally be greater than NEHRP ratings based on SHAKE results and

the effects of historic earthquakes; see text.
***x% Liquefaction hazard may locally be higher due to shallow or perched water table
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TABLE 2
CATEGORIES FOR SOIL SUSCEPTIBILITY TO AMPLIFICATION
[DEFINITIONS FROM BUILDING SAFETY COUNCIL (1994);
DESCRIPTIVE SUSCEPTIBILITY RATINGS FROM KLOHN-CRIPPEN 1994]

Site General Description Definition (Vg o=average shear-wave Susceptibility
Class velocity in upper 30 m, m/sec) Rating

A |Hard rock V0>1500 Nil

B |Rock 760<V30<1500 Very Low

C Very dense soil and soft 360<Vg0<760; or >3 m of soil over -
rock bedrock, where V3¢>760 m/sec

D Stiff soils 180<V0<360 Moderate
Soft soils, or soil profile| Vg30< 180; or >3 m silt and clay with

B with >3 m soft silt and plasticity index >20, moisture content High
clay >40%, and undrained shear strength <25

kPa
F 1:12 ?: or highly organic Peat thickness > 3 m Very High (?)

RELATIVE AMPLIFICATION OF GROUND MOTION HAZARD MAP
(Geoscience Map 2000-3b)

Amplification of ground motion refers to the increase in the intensity of ground shaking that can occur due to local geo-
logical conditions, such as the presence of soft soils. The amplification hazard map was prepared by assigning a relative am-
plification hazard rating or range of hazard ratings to each geological map unit (see also Table 1). Although this map is col-
our-coded as to the level of relative hazard, the geological map units are shown on the map and indicated by the appropriate
label in each polygon (see legend and Map 1, Geoscience Map 2000-3b). The amplification hazard for each geological map
unit is estimated on the basis of the NEHRP site classes for susceptibility to amplification.

NEHRP Site Class Definitions

The NEHRP site classes for amplification are defined primarily on the basis of the average shear-wave velocity in the up-
per 30 metres (Vs3o; Table 2; Building Seismic Safety Council, 1994; Finn, 1996). Vg3 is calculated using equation 1, which
in effect calculates a shear-wave travel time in the upper 30 metres:

Equation 1

T Qo=
al o

VSSO =

Qo
E/7< -

1

i

Where d; is the thickness and Vy; is the shear-wave velocity of any layer between 0 and 30 metres.
The descriptive susceptibility ratings shown on Table 2 are from Klohn-Crippen Consultants Ltd. (1994).

The NEHRP site classes range from “hard rock and “rock” (site classes A and B respectively), in which Vg3y exceeds
760 m/sec and which have no to very low susceptibility to amplification, to “soft soil” (site class E), in which Vg3 is less than
180 m/sec and which has a high susceptibility to amplification. Furthermore, site classes A and B are limited to sites with less
than 3 metres of soil over bedrock; and site class E also includes sites underlain by more than 3 metres of soft clay or silt,
which is defined as having a plasticity index greater than 20%, a water content greater than 40% and an undrained shear
strength less than 25 kPa. Site class F includes areas with greater than 3 metres of peat and is potentially susceptible to very
high amplification.

’The critical periods of ground period for specific buildings or building types should be determined by a qualified structural engineer-.
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NEHRP Amplification Factors TABLE 3
NEHRP AMPLIFICATION FACTORS

(MODIFIED FROM BUILDING SEISMIC

The amplification factor is the amount by which the in- SAFETY COUNCIL, 1994)

tensity of ground motion during an earthquake is multiplied
due to soil conditions. Amplification factors for the NEHRP

site classes for various intensities of ground motion on bed- a) short period motions (0.1 to 0.5 seconds)
rock (expressed as a fraction of “g”, the acceleration due to Site Approximate peak ground
gravity) and for short and long period ground motions are Class rcceleration on bedrock
shown in Table 3 (Building Seismic Safety Council, 1994; 0.1g ([ 02g(/03g][04g]05¢g

Finn, 1996). Short period ground motions typically affect
short buildings and long period ground motions typically af-
fect tall buildings, such as high rise structures”. Both short and
long period ground motions occur during an earthquake, but
usually one type dominates depending on earthquake magni-
tude and distance from the source. The NEHRP amplification
factors are average values based on a large number of site re-
sponse analyses, largely for California sites (Finn, 1996), and
are being adapted for use in the 2000 building code in Canada.
It should be noted that the NEHRP amplification factors are b) long period motions (approx. 1 second)
expressed relative to bedrock (i.e. site class B), whereas in the N
Canadian building codes, amplification is expressed relative
to “firm ground”, equivalent to NEHRP site class C (National
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Site Approximate peak ground
Class icceleration on bedrock

Table 3 shows that ground-motion amplification dimin-
ishes as the strength of ground-shaking (i.e. acceleration) in-
creases, because of the non-linear behaviour of soils. This re-
duction is more pronounced for short period ground motions
than for long period ground motions. For example, at ground
shaking levels of 0.1 g on bedrock (10% of the force of gravity,
and approximately the onset of damage in buildings not de-
signed to be earthquake resistant), short period ground mo-
tions can be amplified by a factor of 2.5 on soft soils of site class E (i.e. 0.25 g; see Map 2, Geoscience Map 2000-3b). Such
was the case during the 1989 Loma Prieta earthquake. In the San Francisco Bay area, which was 100 km north of the epi-
centre, peak ground acceleration was amplified from less than 0.1 g on firm ground to 0.25 g on nearby soft soil sites (Clough
et al., 1994). Consequently damage was concentrated in areas underlain by soft soils. However, at ground shaking levels of
0.4 g on bedrock (0.4 g is the current building code design acceleration for Victoria; National Research Council of Canada,
1995), amplification of short period ground motions due to soft soils is minimal, and all areas will be shaken strongly but
more or less equally (i.e. 0.4 g; see Map 4, Geoscience Map 2000-3b). For long period ground motions, amplification also di-
minishes as the strength of ground motions increase, but can still be significant at O.4 g (Maps 3 and 5, Geoscience Map
2000-3b).

Consequently, amplification of acceleration in Victoria may be minimal for short period ground motions in the event of a
large earthquake in close proximity to the city (i.e. all areas shaken strongly; Map 4 Geoscience Map 2000-3b), but could be
significant for a large earthquake a few tens of kilometres distant and generating moderate shaking on firm ground in the city
(Map 2, Geoscience Map 2000-3b). However, a moderate shaking event is much more likely to occur than a strong shaking
event. For example in the Victoria area, shaking of 0.1 g on firm ground is more than ten times as likely to occur as shaking of
0.4 g on firm ground. Thus, areas underlain by to NEHRP site class E soils and assigned high amplification hazard (Map 1,
Geoscience Map 2000-3b) will be subjected to potentially damaging ground motions much more often than areas assigned a
low hazard. The variation in ground motion predicted using the amplification factors shown here does not exceed the seismic
design criteria of the current building code (National Research Council of Canada, 1995), but could be significant for struc-
tures not governed by the seismic provisions of the code as well as older structures.

Sl ol N (@ - -2

Application of NEHRP Site Classes to Amplification Hazard Ratings in Victoria

Shear-wave velocity data were derived from 15 seismic cone penetration tests (SCPTs) and 4 spectral analysis of surface
wave tests (SASW) in the Victoria area (Appendix 1). These techniques are described by Robertson et al., 1992 and Stokoe et
al., 1994, respectively. The shear-wave velocity data were used to develop a shear-wave velocity model for the principal
Quaternary geological units (Table 4; Monahan and Levson, 1997), so that V3 could be estimated in each geological map
unit. The average shear-wave velocity of bedrock was assumed to be 1500 m/sec.
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TABLE 4
SHEAR-WAVE VELOCITIES OF THE QUATERNARY UNITS
(MODIFIED FROM MONAHAN AND LEVSON 1997)

Vsav+1
V; average - \A .
A A . most common | number | number standard . Vs maximum
Stratigraphic unit . . (Vsav) . minimum
map units of sites |of values deviation m/sec
m/sec m/sec
m/sec
Anthropogenic fill F 4 5 140 112-167 102 180
01, 02, 03, O3a, 3 9 85 52-113 40 164
Holocene organic soils 04, 05
Holocene beach sand S4. 05 1 4 131 122-140 120 140
Holocene marine mud FC2. 05.S1 2 147 121-173 117 178
Victoria clay. sand facies R2.C1-C5. 01 2 165 131-199 126 217
Victoria clay, brown clay facies R2.C1-C5 9 31 213 166-260 121 298
Cl1,C2,C4, C5, 10 126 147 114-180 89 279
Victoria clay, grey clay facies 01,05
ictori i Cl1, C2,C4, Cs,
Victoria clay, grey clay facies 9 69 132 104-160 89 214
<15 m depth* 01,05
Colwood delta top Gl 2 15 335 282-388 225 425
Colwood delta dlSt?.l and lateral G2 1 10 199 165-233 133 237
foreset sands and silts
R2a, T, Ta, T/C3,C3 3 17 499 420-577 350 650
Older Pleistocene C5

* Vs normally increases with depth in normally consolidated deposits such as the the grey clay facies, so that the values on
this line should be used to estimate the V, profile where the grey clay facies is shallower than 15 m.

Map units in which bedrock is near the surface (R1 and parts of R1/2 and R2) are assigned to NEHRP site classes A and B
(very low susceptibility to amplification). Map units consisting of stiff and/or dense soils 3-10 metres thick over bedrock
(R2a, and parts of R1/2, R2, G4 and C1) and those dominated by older Pleistocene deposits (T, Ta, T/C3, C3 and parts of C4a,
C4b and C4), have estimated Vg3 greater than 360 m/sec, and are assigned to NEHRP site class C (low susceptibility to am-
plification). Map units consisting of deposits of the Colwood delta and outwash plain and related deposits (G1, G2, G3, and
parts of G4, 03, O3a and O4; Figures 3 and 4; Table 4), and thick accumulations of the brown clay facies of the Victoria Clay
(parts of C4, C4a and C4B) have estimated Vg3o between 180 and 360 m/sec, and are assigned to NEHRP site class D (moder-
ate susceptibility to amplification). Although the subsurface conditions of the Goldstream River delta are unknown, the delta
is inferred to be underlain by firm to stiff silts and sands meeting the criteria for NEHRP site class D.

In map units with more than 3 metres of the grey clay facies of the Victoria Clay (C2, C5, 01 and OS5, and parts of C1 and
C4; Figure 2), estimated V3o generally varies from 150 m/sec to 360 m/sec, meeting the criteria for NEHRP site classes D
and E. Because the grey clay facies commonly meets the criteria for soft clay, much of these units could also be assigned to
NEHRP Site Class E on the basis of soft clay thickness greater than 3 metres (Table 2). However, not all of the grey clay facies
is soft. In deeper occurrences, the shear strength exceeds 25 kPa due to the normal increase of shear strength with depth. Fur-
thermore, the upper part of the grey clay facies is commonly slightly overconsolidated where overlain by the brown clay fa-
cies (Figure 2; Nasmith and Buck, 1998), and sandy intervals occur locally in the grey clay facies; and in these cases the grey
clay does not meet the criteria for soft clay. Consequently, the map units in which the grey clay facies is overlain by the brown
clay facies (C2 and C5 and parts of Cland C4) are assigned to site classes D and E (moderate to high susceptibility to amplifi-
cation). In the map units in which the brown clay is absent (O1 and O5), the grey clay is generally thicker and normally con-
solidated throughout, and these units are assigned to site class E (high susceptibility to amplification).

Areas underlain by more than 3 metres of peat (parts of map units O1, 02, O3, O3a, O4 and O5; Figure 6) are assigned to
Site Class F (very high susceptibility to amplification). The lower end of the hazard range for map units O1 and O3 to OS5 are
defined in preceding paragraphs, but map unit O2 is not well known form borehole data and is conservatively given a lower
hazard range of moderate.

The NEHRP site classes assigned to Holocene sands and most anthropogenic fills (map units S1, S3, S4, and F - includ-
ing FR2, FG, FC1, FC2 and parts of FG) are variable, depending on the deposits these materials overlie. However, some thick
loose fills overlying older Pleistocene deposits and part of the Colwood delta have estimated Vs; between 170 and 270
m/sec, and are assigned to site classes D and E (moderate to high susceptibility to amplification).
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Shake Analyses

Shake analyses were conducted at seven sites to provide further insights into the amplification hazard. SHAKE is a com-
puter program for estimating site response due to ground shaking using a one dimensional site-specific soil column and earth-
quake record as input data (Schnabel ef al., 1972). In these analyses, the following earthquake sources were considered,
which represent two out of many possible scenarios that could affect the city:

1) a strong local earthquake, with a peak acceleration on bedrock of 0.34 g. This earthquake was modelled using 5 re-
cords from the Loma Prieta and Northridge earthquakes.
2) a subduction earthquake, with a peak acceleration on bedrock of 0.12 g. This earthquake was modelled using 2 records
from the 1985 Mexico City Earthquake.

The results of SHAKE analyses are dependent upon the specific earthquake records used.

The results of the SHAKE analyses are summarized in Appendix 2. At most sites, amplification of acceleration is lower
for the local earthquake than for the subduction earthquake, because amplification diminishes at higher intensities of ground
motion on firm ground and the subduction earthquake has more long period ground motions (Table 3). However, the limited
results do not faithfully replicate the NEHRP amplification factors. Sites with thick NEHRP site class C and D soils, ampli-
fied acceleration as much or more than sites with NEHRP site class D and F soils, possibly because of resonance in the soil
column. The SHAKE analyses suggest that with the right earthquake and ground conditions, significant amplification can oc-
cur in all map units where a significant thickness of sediments overlies bedrock.

Effects of Historic Earthquakes

The effects of historic earthquakes in the Victoria area are generally consistent with the NEHRP site classes. Damage in
the City of Victoria from the 1946 Vancouver Island earthquake was concentrated in areas underlain by soft soils (map unit
O1 and parts of C2) and the effects were the least where bedrock is near surface (map units R1, R1/2 and R2; Hodgson, 1946;
Wuorinen, 1974, 1976). A survey of 125 sites following the May 1996 M,,=5.1 Duvall, Washington earthquake, indicated
that it too was felt most strongly on soft soils and least strongly where bedrock is near surface (Levson et al., 1998). However,
limited results from this survey indicate that the Duvall earthquake was felt nearly as strongly on older Pleistocene deposits
(map units C3, T and R2a; NEHRP site class C) as on some soft soils (map unit C2; NEHRP site classes D and E).

Limitations of the NEHRP Site Classes for Amplification Hazard Mapping

The NEHRP site classes have been defined on the basis of a large number of site response analyses and reflect the ampli-
fication hazard in a general way. However, their use has some specific limitations, which must be understood. The decrease in
amplification factors with an increase in the intensity of ground motions due to the non-linear behaviour of soils (Table 3) has
been discussed above. Furthermore, the SHAKE analyses and observations during historic earthquakes indicate that amplifi-
cation factors may in some circumstances differ from those predicted by use of the NEHRP site classes. These differences are
probably largely due to resonance.

NEHRP site classes do not specifically address amplification due to resonance in the soil column. In amplification due to
resonance, amplification factors for specific periods of ground motion that coincide with the natural periods of the site can be
much greater than shown in Table 3. Amplification due to resonance can be particularly damaging to structures whose natural
periods match those of the site (Reiter, 1990; Rial et al., 1992). The fundamental period (T) of a site can be estimated by:

Equation 2 T=4 E
A%

Where: H = thickness of the soils; and V= average shear-wave velocity of the soils.

Equation 2 defines the site period at low strain, but due to the non-linear behaviour of soils, the site period experienced at
large strain during an earthquake is somewhat greater. However, equation 2 provides reasonable order of magnitude esti-
mates of site periods (compare low strain periods and site periods derived from the SHAKE analyses in Appendix 2). The av-
erage shear-wave velocity, and thus the site period, can be estimated where the stratigraphy is known using the shear-wave
velocity model discussed above (Table 4). Periods for the SCPT sites using equation 2 are reported in Appendix 1. Amplifica-
tion due to resonance must be analysed on a site-specific basis.
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The natural period of a building can be roughly estimated by multiplying the number of stories by 0.1 second. However,
there are many exceptions to this rule, and a qualified structural engineer should be consulted to provide the natural period for
a specific building or building type.

The NEHRP site classes do not address amplification of ground motion due to topography, which can exceed amplifica-
tion due to soil conditions in some cases. High amplification is commonly experienced on hills, ridges and the tops of cliffs
(Gelietal., 1988; Finn, 1994; Somerville, 1998), which are generally underlain in the Victoria area by thin and/or dense soils
and bedrock (map units R1, R1/2, R2, and T). Consequently, the very low and low hazard ratings assigned to these map units
may not apply on such topographic features. Amplification due to topography is poorly understood and not readily quantified
at this time.

The NEHRP Site Classes do not address amplification due to three-dimensional effects, such as the focusing of energy
by buried bedrock structures, or basin edge effects (Somerville, 1998). Amplification due to three-dimensional effects can be
as great as amplification due to soil.

The amplification hazard map reflects variations in earthquake hazard due to soil conditions, which are applica-
ble to most earthquakes that will affect the region. Topographic and three-dimensional effects are more dependent on
the earthquake location and direction of seismic energy.

RELATIVE LIQUEFACTION HAZARD MAP
(Geoscience Map 2000-3a)

Liquefaction is the transformation that occurs when earthquake shaking (or other disturbance) causes a saturated granu-
lar soil (e.g. sand) to lose its strength and behave like a liquid. Liquefaction can be one of the major causes of damage during
an earthquake. The susceptibility of a site to liquefaction is dependent upon the depth to the water table and the density, grain
size and age of the underlying deposits (e.g. Youd and Perkins, 1978).

This map was prepared by assigning a hazard rating or range of hazard ratings to each geological map unit based on these
criteria and a suite of quantitative analyses using a modified version of PROLIQ2 and similar probabilistic analyses
(Monahan et al., 1998). Although this map is colour-coded as to the level of hazard, the geological map units are shown on the
map and indicated by the appropriate label in each polygon (see legend). PROLIQ2 (Atkinson et al., 1986) estimates the
probability that liquefaction will occur at a site by combining Seed’s method of determining liquefaction susceptibility (Seed
et al., 1985) with the probabilistic seismic model developed for the National Building Code of Canada (National Research
Council of Canada, 1995). However, the severity of surface disruption caused by liquefaction is a function of the depth and
thickness of the liquefied units. Consequently, Klohn-Crippen Consultants Ltd. introduced the term “probability of liquefac-
tion severity” (PLS), in which a depth-weighting function is applied to the layer by layer probabilities of liquefaction calcu-
lated in PROLIQ2 (Levson et al., 1996a, b, 1998). PLS is defined by:

. 3 TABLE 5
Equation 3 PLS = ao(W—HPl) LIQUEFACTION
a (wu,) HAZARD RATINGS

Where PI; is the probability of liquefaction at depth i PLS (in 50 years) Hazard Rating
(calculated from 0 to 20 metres), H; is the layer thickness, and >25%, very high
W; is the weighting function that decreases linearly from 0.1 15-25% hich
at the surface to 0 at a depth of 20 metres. Hazard ratings are 5.15% moderate
assigned to specific PLS ranges (Table 5; Levson et al., 2-5% )
1996b). . -

. 0-2% very low

Thirty-one PLS analyses
were conducted, with sand TABLE 6
density estimated primarily PLS SUMMARY

on the basis of dynamic cone

penetration tests (DCPTs; Ta- Stratigraphic Unit Mol\s/[t Com.mon I;umlilerl of PJ;S
ble 6). DCPT blowcounts are SIS —_— -

. . Holocene beach sand S4, 05 2 22+7
approximately equivalent to Victoria clay: sand facies R2. C1-C5. 01, O5 6 4.5+3
standard ~ penetration  test Colwood delta plain Gl 11 2+2
(SPT) blowcounts at shallow Colwood delta distal and lateral foreset G2 5 6+4
depths, and have been used in Colwood delta late stage channel G3 5.6
this way here. Cone penetra- Anthropogenic fill i 6 16411

tion test (CPT) tip resistance

* including F2, FT, FG, FC1 and FC2
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and shear-wave velocity data are also used to estimate liquefaction susceptibility, using the relationships defined by Robert-
son and Fear (1996) and Robertson et al. (1992), respectively (see also Boulanger ef al., 1997).

The principal stratigraphic units susceptible to liquefaction are the sand facies of the Victoria clay, the Colwood sand and
gravel, Holocene sands and modern anthropogenic fills (Tables 1 and 6). Older Pleistocene sands are generally too dense to
liquefy; SPT blowcounts in the Quadra sand exceed 70, and shear-wave velocities generally exceed 500 m/sec in the older
Pleistocene deposits (Monahan and Levson, 1997).

The sand facies of the Victoria clay varies from clean medium sand, up to 4 metres thick, to sand beds less than 1 metre
thick interbedded with clay and silt (Figure 2). The sand facies changes over very short distances, so that its thickness and dis-
tribution cannot be mapped with the data available. Furthermore, it occurs near the top of the Victoria clay and is generally
subject to seasonal variations in saturation. PLS values, based on fully saturated sands, average 4.5+3% (Table 6). Conse-
quently, map unit O1, in which the sand is usually saturated, is assigned a very low to moderate hazard. However, those map
units in which the sand is saturated seasonally are assigned a very low liquefaction hazard in upland areas (map units R2 and
C3), where the sands are likely to be saturated infrequently, and a very low to low liquefaction hazard elsewhere (map units
C1,C2,C4,C4a, C4b and C5). The liquefaction hazard estimate is conservative, because well developed sands occur only lo-
cally in the Victoria clay.

The Colwood sand and gravel is commonly too dense to be susceptible to liquefaction (average shear-wave velocity is
335 m/sec; Figure 3; Table 4; Monahan and Levson, 1997) and the water table is commonly deep (i.e. greater than a few
metres). In map unit G1 on the delta plain, PLS averages 2 +2% (Table 6). Consequently, this map unit is assigned a very low
to low liquefaction hazard. However, in the parts of the Colwood delta and outwash plain that are sand-rich and/or where the
water table tends to be shallow, the liquefaction hazard ranges from low to moderate: on the distal and lateral foresets (map
unit G2, Figure 4), where PLS averages 6+4%; in the late stage channel facies (map unit G3), where PLS is 5.6% at one site;
and where peat overlies the Colwood sand and gravel (map units O3 and O3a; Table 6).

Capilano-age sands occur in other map units and are interpreted to have similar characteristics as sands in the Victoria
clay and the Colwood sand and gravel. The liquefaction hazard is interpreted to be very low to low where the sands are thin
(map unit O2) or the water table is deep (map unit G4), and low to moderate where the sands are thicker and the water table is
shallow (map unit O4).

Of the Holocene deposits susceptible to liquefaction, quantitative data to assess liquefaction susceptibility are available
only for the beach sands (representative of map units O5 and S4). At Cadboro Bay, PLS is estimated to be 27% based on
DCPT data. Other data from the site are equivocal: a PLS value of 16% is estimated in the same sand from shear-wave veloc-
ity data in a nearby SCPT, although the CPT tip resistance in much of the sand is very high indicating a lower PLS (Figure 6;
Monahan and Levson, 1997). However, the latter may be a grain-size effect, with coarser or gravelly sands showing a higher
tip resistance (Lunne ez al., 1997; Monahan et al. 1995; Monahan, 1999). The sand unit on which the PLS calculation was per-
formed is overlain by peat, which is in turn overlain by the modern beach sand in seaward parts of the site. The modern beach
sand is locally 5 metres thick. Although no quantitative geotechnical data are available in this sand, it is probably more sus-
ceptible to liquefaction than the sand evaluated because it is younger. Consequently, areas underlain by Holocene beach sand
(map units O5 and S4) are assigned a high to very high liquefaction hazard. Consistent with this assignment, many sandy
shoreline deposits on the east coast of Vancouver Island liquefied during the 1946 Vancouver Island Earthquake (Hodgson,
1946; Rogers, 1980). Although borehole data are not available in other Holocene sandy deposits, these sediments are proba-
bly also highly susceptible to liquefaction. They are assigned a high to very high liquefaction hazard, where the water table is
shallow (i.e. within a few metres of surface; map units S2 and S3), and moderate to very high where the depth to water table
may be locally deeper (map unit S1).

Modern anthropogenic fills consist of a variety of materials varying from silt and clay to sands. The principal areas of fill
are in shoreline settings, commonly associated with port facilities, and reclaimed gravel pits. The thickness of fill can exceed
10 metres. The properties of fills vary from dense engineered fills with a very low liquefaction hazard to loose fills with a very
high liquefaction hazard. Insufficient data were available to distinguish these regionally, so that all fills mapped were as-
signed a high to very high hazard, to indicate that such a hazard could be present. PLS estimates for 6 fills analysed average
16+11% (Table 6). Historically, non-engineered fills perform very poorly in earthquakes.

QUALIFICATIONS AND LIMITATIONS OF THESE MAPS

1. These maps are intended for regional purposes only, such as land use and emergency response planning, and
should not be used for site-specific evaluations.
2. These maps are based on interpretations of borehole records, the approximate locations of which are shown. Where bore-
hole data are scarce, subsurface conditions had to be inferred from topographic and geomorphic evidence.

3. T he boundaries of most map units are gradational, particularly in the Victoria area due to the extreme irregularity of the
bedrock surface. For these reasons, map unit boundaries are approximate, may enclose smaller occurrences of other map
units, and are subject to revision as more borehole data become available. Furthermore, geological materials are variable,
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and deposits of a map unit locally may have unusual properties. Consequently, the hazard at a specific site could be ei-
ther higher or lower than that shown on these maps.

4. This map does not fully address man-made alterations to ground conditions, whether the changes lower or increase the
hazard at a site. Poor soil sites may have been improved during construction, which will change the hazard rating from
that shown on the maps.

5. Only the larger anthropogenic fills of which the authors were aware are shown on the maps. Other areas of fill may be pres-
ent, and new areas of fill will be developed in the future. As noted above, the properties of fills vary widely, from dense en-
gineered fills suitable for foundations to loose fills potentially with very to very high amplification and liquefaction
hazards. Because these could not be distinguished on a regional basis with the data available, all fill units were assigned a
high to very high hazard to indicate that such a hazard could be present. Non-engineered fills historically perform very
poorly in earthquakes.

6. The stability of dams under earthquake shaking, and hazards due to the failures of dams or other man-made structures have
not been addressed.

7. These maps show the variation in the earthquake hazard due to amplification of ground motion and liquefaction. However,
alow hazard on these maps does not mean freedom from earthquake hazards, because all areas could be subjected to sig-
nificant ground shaking during an earthquake. Furthermore, the degree of amplification on soft soils diminishes as the in-
tensity of ground shaking on firm ground increases, so that in the case of a strong earthquake close to the city, little
variation in ground shaking may occur due to local soil conditions at short period ground motions. However, the city will
be affected more often by more distant earthquakes that generate moderate shaking on firm ground, so that areas shown
with a high amplification hazard here (Geoscience Map 2000-3b) will be subjected to potentially damaging ground mo-
tions more often than sites with a low amplification hazard. The variation in ground motions predicted using the amplifi-
cation factors shown here does not exceed the seismic design criteria of the current building code (National Research
Council of Canada, 1995), but could be significant for structures not governed by the seismic provisions of the code as
well as older structures. See the section on amplification of ground motion for more details.

8. The amplification of ground motion hazard has been estimated on the basis of the National Earthquake Hazard Reduction
Program (NEHRP) site classes for susceptibility to amplification of ground motion (Building Seismic Safety Council,
1994), which are based on the average response of various types of soils. Thus, variation in amplification factors
within a site class is to be expected. In addition, the amplification hazard map does not address:

amplification of ground motion due to resonance, which can be particularly destructive to structures whose natural
periods match those of the site (Reiter, 1990; Rial ef al., 1992);

amplification of ground motion due to topography, by which ground motions can be amplified on hills, ridges and the
tops of cliffs (Geli et al., 1988; Finn, 1994; Somerville 1998); and

amplification due to three-dimensional effects, such as the focusing of energy by buried bedrock structures
(Somerville 1998).

9. Hazards due to earthquake-induced landslides are addressed on a companion map (McQuarrie and Bean, 1998). However,
other earthquake hazards, such as tsunamis, land subsidence and ground rupture are not addressed on this or any compan-
ion maps published as part of this investigation.

10. Furthermore, these maps can not be used to directly predict the amount of damage that will occur at any one site be-
cause many other factors, such as building design and construction details, must be considered. The maps in no way
shows how different types of buildings or other man-made structures will perform during earthquakes. They can be used
to estimate the relative natural hazard due to the susceptibility to soil amplification and liquefaction alone.

EXPANDED LEGEND

In this section, each map unit is described in detail and the amplification and liquefaction hazards are summarized. For
details regarding the estimation of these hazards, the reader should refer to the relevant sections above (see also Table 1).
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AREAS WITH BEDROCK AT OR NEAR SURFACE

Unit R1; Bedrock

This unit consists of nearly continuous outcrop and generally occurs in hilly and mountainous areas. This map unit is as-
signed to NEHRP site classes A and B, and a very low amplification hazard. However, high topographic amplification can oc-
cur on hills, ridges and the tops of cliffs (Geli ez al., 1988; Finn, 1994), so that the very low hazard rating may not apply on
such topographic features. This unit is assigned a very low liquefaction hazard, due to the general absence of liquefiable soils.

Unit R1/2; Outcrop and Thin Soil Cover Undifferentiated

This unit includes sparsely developed, mainly rocky, upland areas with little or no subsurface data, and where units R1
(bedrock) and R2 (thin soil cover) could not be readily differentiated on air photos due to extensive tree cover. This unit may
include small unmapped upland peat bogs and areas of older Pleistocene deposits. Like units R1 and R2, this unit is assigned a
very low to low amplification hazard, although high topographic amplification may occur on hills, ridges and the tops of cliffs
(Geli et al., 1988; Finn, 1994), and a very low liquefaction hazard.

Unit R2; Thin Soil Cover with Scattered Bedrock Outcrop

This unit generally consists of shallow soils over bedrock. In much of Greater Victoria, this unit includes areas with less
than 5 metres of Victoria Clay, mainly the brown clay facies, overlying thin older Pleistocene deposits or bedrock. Scattered
outcrops occur throughout the unit, and bedrock is commonly found in the upper few metres (e.g. in utility line excavations).
The thickness of older Pleistocene deposits in most places is less than a few metres, but may locally be up to 10 metres. In ar-
eas adjoining the Colwood delta and outwash plain, this unit is assigned to areas where borehole data show that less than 5
metres of the Colwood sand and gravel overlies bedrock. In upland regions above 60 metres elevation, the unit is assigned to
areas where bedrock is generally overlain by less than a few metres of sediment, commonly older Pleistocene deposits with
some colluvium, although locally sediment thicknesses are up to 10. This map unit generally occurs in hilly areas, where the
topography is clearly controlled by the irregular bedrock surface. Due to the irregularity of the bedrock surface, the thickness
ofthe sedimentary cover over bedrock can vary by several metres across short distances, such as the length of a building lot.

This map unit is assigned to NEHRP site classes A and B, where the soil thickness is less than 3 metres thick, and site
class C where the soil thickness exceeds 3 metres. Consequently, this unit is assigned a very low to low amplification hazard.
However, high topographic amplification can occur on hills, ridges and the tops of cliffs (Geli ez al., 1988; Finn, 1994), so that
these hazard ratings may not apply on such topographic features.

This unit is assigned a very low liquefaction hazard. Sands in the upper part of the Victoria clay are not widespread and
where sands are present they are likely to be above the water table at most times of the year, particularly in this unit which gen-
erally occurs in upland areas. However, the liquefaction hazard may locally be higher, such as where depressions occur on the
bedrock surface. Where Colwood sands and gravels occur in this unit, they are generally dense and above the water table most
times of the year.

Unit R2a consists of those areas of unit R2 where thicknesses of older Pleistocene deposits between 5 and 10 metres can
be mapped. This unit is assigned to NEHRP site class C, and a low amplification hazard. Like unit R2, this unit is assigned a
very low liquefaction hazard.

AREAS WITH OLDER PLEISTOCENE DEPOSITS AT SURFACE

Unit T; Thick Older Pleistocene Deposits

This unit occurs where older Pleistocene deposits are greater than 10 metres thick and are exposed at the surface. These
deposits are commonly thicker than 30 metres and locally exceed 60 metres, such as along the sea cliffs at Cowichan Head.
They occur principally as drumlinoid ridges, several kilometres in length, and as shorter ridges south of prominent bedrock
hills (crag-and-tail features). Hilly areas underlain by unit T are typically characterized by smooth topography, in contrast to
the irregular topography of areas underlain by shallow bedrock (unit R2). Locally, bedrock knobs reach almost to the surface
within this map unit but are rarely detectable with the borehole data available. The surficial deposits are commonly the
Vashon till or the Quadra sand but, where the drumlinoid ridges have been subjected to Holocene erosion, older deposits are
exposed.
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Based on the average shear-wave velocity of older Pleistocene units of 499 m/sec (Table 4), this map unit is assigned to
NEHRP site class C and a low amplification hazard. However, the limited results of the SHAKE analyses and survey of the
effects of recent minor earthquakes indicate that greater amplification than anticipated for site class C can sometimes occur
above thick older Pleistocene deposits. Furthermore, high topographic amplification can occur locally on hills, ridges and the
tops of cliffs (Geli ef al., 1988; Finn, 1994), so that this hazard rating may not apply on such topographic features.

The unitis assigned a very low liquefaction hazard, because the older Pleistocene sands are very dense. However, due to
near surface reworking by colluvial and fluvial processes, the liquefaction hazard in older Pleistocene sands may locally be
greater.

Unit Tais assigned to areas that have smooth surface topography, comparable to areas with thick older Pleistocene de-
posits (unit T), but where borehole data indicate that bedrock is locally shallow (<10 metres). Like unit T, this unit is assigned
a low amplification hazard and a very low liquefaction hazard.

Unit T/C3 is applied to those areas intermediate between units T and C3, typically areas with a discontinuous cover of
Victoria clay over older Pleistocene deposits. Like units T and C3, this unit is assigned a low amplification hazard and a very
low liquefaction hazard.

AREAS WITH CAPILANO DEPOSITS (LATEST FRASER GLACIATION) AT SURFACE

Colwood Sand And Gravel

Unit G1; Sand and Gravel of the Colwood Delta and Outwash Plain

This unit consists of interbedded sand and gravel of the raised Late Pleistocene delta and outwash plain centred on the
City of Colwood and the District of Langford (Figure 3). The delta and outwash plain have a terraced surface between 60 and
90 metres elevation. Few boreholes penetrate the entire thickness of these deposits, and these are all located in the eastern part
of the delta and outwash plain. The maximum known thickness of these deposits is 30 metres, and the thickness is probably
greater in much of Colwood and the eastern part of Langford. Silts occur locally in the delta topset in abandoned channel de-
posits. In the vicinity of Happy Valley Road, outwash sand and gravel are overlain by 1 to 2 metres of silt interpreted to be a
late-stage glaciolacustrine deposit marginal to the delta. Deposits of silt up to several metres thick also occur interbedded
with sand in lateral and distal parts of the delta foreset. Where these are exposed at the surface they are distinguished as unit
G2, but they are likely also present beneath parts of the delta and outwash plain in unit G1. On the margins of the delta, the
Colwood sand and gravel overlies bedrock (see unit R2), but in the gravel pits south of Esquimalt Lagoon they overlie older
Pleistocene deposits that are locally over 50 metres thick.

The average shear-wave velocity of the Colwood sands and gravels is 335 m/sec (Table 4). However, average shear
wave velocity of the deltaic deposits may be locally less, because distal and lateral foreset deposits (average shear-wave ve-
locity of 199 m/sec) may locally underlie the higher velocity sands and gravels observed at surface. On the basis of these data,
this unit generally meets the criteria for NEHRP site class D, and is assigned a moderate amplification hazard.

In this map unit, these deposits are generally dense and the water table is commonly deep, so that the unit is assigned a
very low to low liquefaction hazard (PLS=2 + 2%, Table 6). However, the liquefaction hazard may locally range up to mod-
erate in areas of perched and shallow water table, such as in the vicinity of Happy Valley Road.

Unit G2; Distal and Lateral Foreset Sand and Silt of the Colwood Delta

This unit consists primarily of interbedded silt and sand that are interpreted to be distal and lateral foreset deposits of the
Colwood delta, overlain by a few metres of the brown clay facies of the Victoria clay (Figure 4). In most areas it forms a regu-
larly sloping surface that descends from the surface of the Colwood delta and outwash plain and represents the final delta
slope. Locally it has been assigned to areas where the delta and outwash plain are incised by Holocene stream erosion, expos-
ing older delta foreset deposits. These deposits are commonly 10 to 30 metres thick.

The average shear-wave velocity of distal and lateral foreset beds at one site where no gravel was present is 199 m/sec
(Table 4), so that this unit is assigned to NEHRP site class D and a moderate amplification hazard. The unit is assigned a very
low to moderate liquefaction hazard (PLS = 6+4%). Compared to unit G1, this map unit includes more sand and the water ta-
ble is typically shallower.

Unit G3; Late Stage Glaciofluvial Channel

This map unit consists of late-stage channels and associated point bars. These are incised into the upper part of the
Colwood delta and outwash plain in the vicinity of Colwood Creek. Where borehole data are available, sediments consist of
fine sand and silt a few metres thick, and elsewhere the deposits are interpreted to be finer than adjacent parts of the delta and
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outwash plain. Parts of the channels are filled with peat and are assigned to map unit O3.

Like units G1 and G2, this map unit is assigned to NEHRP site class D and a moderate amplification hazard. This map
unit is assigned a low to moderate liquefaction hazard based on the inferred presence of finer sands more susceptible to lique-
faction than in unit G1, and a relatively shallow water table due to the proximity of Colwood Creek. One PLS calculation
(5.6%) is consistent with this assignment.

Unit G4; Glaciolacustrine Deposits Marginal to the Colwood Delta

This unit occurs in small valleys adjacent to the Colwood Delta and outwash plain. Borehole control in these areas is
poor. Where Highway 1 crosses Millstream Creek, a borehole encountered 14 metres of stiff silt and clay with interbedded
compact to dense sand, overlying 3 metres of very dense gravelly till. Downstream, thinly bedded to laminated fine sand and
silt were observed in a small exposure. The surface expression of this unit is flat or gently sloping, as in Millstream Creek val-
ley. These areas are interpreted to represent glaciolacustrine deposits marginal to the Colwood delta and outwash plain, and
may include glaciofluvial and fluvial sediments.

Estimated V3 at the site described above is ~360 m/sec, so that this map unit is assigned to NEHRP site classes C and D
and a low to moderate amplification hazard. The liquefaction hazard is interpreted to be very low to low, similar to the other
units with sands of Capilano age and low water table - the Victoria Clay and the Colwood delta. The sand present in the bore-
hole at Millstream Creek is consistent with this rating.

Victoria Clay

Unit CI1; Intermediate between Units R2 and C2, Including Undifferentiated Areas

This unit mainly consists of areas where soil profiles typical of units R2 and C2 occur together on a scale that is not
‘mappable’ with the data available. This unit also includes areas where there is greater than 5 metres of Victoria clay, but
where the thickness of the lower grey clay facies is less than 3 metres. In regions of poor subsurface control, the unit is com-
monly assigned to areas of sloping ground between units R2 and C2, and to small low-lying areas that cannot be confidently
mapped as unit C2. In such cases, use of this map unit indicates uncertainty. However, where borehole data are present, they
commonly demonstrate that the subsurface conditions are truly a complex mixture of units R2 and C2. In some areas of slop-
ing ground mapped as unit C1, the absence of reported bedrock may indicate that older Pleistocene deposits underlie the Vic-
toria clay. As additional data become available, much of unit C1 could be reassigned to units R2, C2, and possibly C3, C4,
C4a, C4b, and C5.

This unit is assigned to NEHRP site classes C, D and E, reflecting the range in conditions from units R2 to C2 and sedi-
ment thicknesses generally greater than 3 metres in this map units. Consequently, this map unit is assigned a low to high am-
plification hazard. As in units R2 and C2, the liquefaction hazard is estimated to vary from very low to low.

Unit C2; Thick Soft Clay

This unit is assigned to areas with more than 3 metres of the grey clay facies of the Victoria clay (Figure 2). The thickness
of the grey clay facies is commonly greater than 10 metres and locally exceeds 20 metres. In this unit, the grey clay facies is
overlain by the brown clay facies of the Victoria clay, which is generally 2 to 5 metres thick. The thickness of older Pleisto-
cene deposits underlying the Victoria clay is generally less than a few metres, but may be greater adjacent to drumlinoid
ridges. The unit occupies low-lying and gently sloping ground, and where borehole data are not available, this unit is assigned
to such areas below 60 metres elevation.

Estimated Vg3 in this map unit is generally between 155 and 360 m/sec, so that this unit is assigned to NEHRP site
classes D and E, and a moderate to high amplification hazard. Because the grey clay facies commonly meets the criteria for
soft clay, much of this unit can be assigned to NEHRP Site Class E on the basis of soft clay thickness greater than 3 metres
(Table 2). However, not all of the grey clay facies is soft. In deeper occurrences, the shear strength exceeds 25 kPa due to the
normal increase of shear strength with depth. Furthermore, the upper part of the grey clay facies is commonly slightly
overconsolidated where overlain by the brown clay facies; and in occurrences of unit C2 that are a few tens of metres wide, the
grey clay is commonly sandy. In these cases the grey clay facies may not meet the criteria for soft clay.

The liquefaction hazard is estimated to be very low to low in this unit, because sands in the upper part of the Victoria clay
are not widespread, and where sands are present they are likely to be above the water table at most times of the year.

Unit C2a is assigned to areas where the lower slopes of the Colwood delta are overlain by the Victoria clay. Little is
known about the thickness or geotechnical properties of the Victoria clay in these areas. However, the land is low-lying and
organic soils locally occur at surface (unit O1), indicating that thicknesses of soft clay greater than 3 metres could be present.
The hazards are interpreted to be the same as unit C2.
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Unit C3; Thin Clay Over Thick Older Pleistocene Deposits

This unit occurs in areas with less than 5 metres of Victoria clay overlying older Pleistocene deposits greater than 10
metres thick. It generally occurs on the upper flanks of drumlinoid ridges.

Based on estimated V39 between 400 and 660 m/sec, this map unit is assigned to NEHRP site class C and a low amplifi-
cation hazard. However, the limited results of the SHAKE analyses and the survey of the effects of recent minor earthquakes
indicate that greater amplification than anticipated for site class C can sometimes occur above thick older Pleistocene depos-
its.

This unit is assigned a very low liquefaction hazard, because the older Pleistocene sands are very dense. Furthermore,
sands in the upper part of the Victoria clay are not widespread and are likely to be above the water table at most times of the
year, particularly in this unit which generally occurs in upland areas.

Unit C4; Intermediate between Units C3 and C5, Including Undifferentiated Areas

This map unit includes areas with more than 5 metres of Victoria clay but less than 3 metres of the grey clay facies, under-
lain by more than 10 metres of older Pleistocene deposits, as well as areas of poor subsurface control on gently sloping ground
that may include profiles typical of both units C3 and C5. The brown clay facies tends to be thicker (up to 10 metres) where the
Victoria clay overlies thick older Pleistocene deposits than where it overlies bedrock, probably because of better drainage
through the Quadra sand.

This unit is assigned to NEHRP site classes C, D and E, reflecting the range in conditions from units C3 to C5 and sedi-
ment thicknesses generally greater than 3 metres in this map units. Consequently, this map unit is assigned a low to high am-
plification hazard. As in units C3 and CS5, the liquefaction hazard is estimated to vary from very low to low.

Unit C4a is assigned to the part of unit C4 where subsurface control is sufficient to show that it consists of more than 5
metres of Victoria clay but less than 3 metres of the grey clay facies. The only area assigned to this unit is located in a gentle
depression on the top of a Pleistocene drumlinoid ridge in the vicinity of the University of Victoria.

Based on estimated V3¢ between 345 and 580 m/sec, this map unit is assigned to NEHRP site classes C and D and a low
to moderate amplification hazard. This unit is assigned a very low to low liquefaction hazard, because the older Pleistocene
sands are very dense, and sands in the upper part of the Victoria clay are not widespread and are likely to be above the water ta-
ble at most times of the year.

Unit C4b is assigned to areas of sloping ground with poor subsurface control between units C3 and C4. In this map unit,
the Victoria clay overlies thick older Pleistocene deposits and may be greater than 5 metres, but the thickness of the grey clay
facies is interpreted to be less than 3 metres.

Based on estimated V3¢ between 345 and 580 m/sec, this map unit is assigned to NEHRP site classes C and D and a low
to moderate amplification hazard. This unit is assigned a very low to low liquefaction hazard, because the older Pleistocene
sands are very dense, and sands in the upper part of the Victoria clay are not widespread and are likely to be above the water ta-
ble at most times of the year.

Unit C5; Thick Soft Clay Over Thick Older Pleistocene Deposits

This unit consists of Victoria clay with more than 3 metres of the grey clay facies overlying older Pleistocene deposits
thicker than 10 metres. It occupies small low-lying areas on the crest and flanks of the drumlinoid ridge at the University of
Victoria. In these areas, 5 metres of the grey clay facies has been observed

This map unit is assigned to NEHRP site classes D and E, because estimated is V39 between 300 and 340 m/sec and the
grey clay facies commonly meets the criteria for soft clay (Table 2), and is assigned a moderate to high amplification hazard.

This unit is assigned a very low to low liquefaction hazard, because the older Pleistocene sands are very dense, and sands
inthe upper part of the Victoria clay are not widespread and are likely to be above the water table at most times of the year.

AREAS WITH HOLOCENE DEPOSITS AT SURFACE

Holocene Peats

Unit O1; Peat Over Soft Clay

This map unit is defined as Holocene peat and organic soil overlying the Victoria clay (Figure 2). The thickness of peat
varies from less than 1 metre to a maximum known thickness of 8 metres immediately northwest of the Saanich Public Works
Yard at McKenzie Avenue and Quadra Street. The brown clay facies is not present in this map unit, and the grey clay facies is
generally normally consolidated. The thickness of the underlying grey clay facies commonly exceeds 10 metres and has a
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maximum known thickness of 30 metres. In the absence of borehole data, this map unit is applied to swamps and closed de-
pressions that occur in areas below 60 metres elevation.

This map unitis assigned to NEHRP site classes E and F, because the grey clay facies is normally consolidated so that the
thickness of soft clay generally exceeds 3 metres and the thickness of peat locally exceeds 3 metres, respectively. The map
unit is assigned a high to very high amplification hazard.

The liquefaction hazard is estimated to be very low to moderate. Compact to dense sands occur at the top of the Victoria
clay. These sands are only well developed locally and are not mappable with the data available, but they are probably satu-
rated at most times of the year.

Unit 02; Upland Peat

This unit consists of upland peat deposits above 60 metres elevation. The peats in this unit are commonly less than a few
metres thick, but locally exceed 5 metres. In boreholes, these deposits have been observed to overlie up to 3 metres of soft
clayey silts and sands, that in turn overlie older Pleistocene deposits or bedrock. However, they may also overlie other sedi-
ment types, such as colluvial deposits, outwash sand and gravel, and glaciolacustrine sediments.

Where peat thickness exceeds 3 metres, this map unit can be assigned to NEHRP site class F. Although the estimated
Vs301s between 300 and 340 m/sec, this map unit is poorly known in boreholes, and it is conservatively assigned a moderate to
very high amplification hazard.

The liquefaction hazard is estimated to be very low to low, because sands are thin and have comparable age and density to
Capilano age sand (sand facies of the Victoria clay and the Colwood sand and gravel). The sands are likely to be saturated
most times of the year.

Unit O3; Peat Over Sand and Gravel of the Colwood Delta and Outwash Plain

This unit consists of peat deposits overlying sand and gravel of the Colwood delta and outwash plain. Peat deposits are
generally less than 4 m thick, but locally reach 7 metres. These deposits occur in low-lying areas on the delta and outwash
plain, such as late-stage abandoned channels and around the margins of modern lakes like Langford and Glen lakes.

As other map units associated with the Colwood delta and outwash plain (G1, G2 and G3), much of this unit can be as-
signed to NEHRP site class D, although where peat thickness exceeds 3 metres, it can be assigned to NEHRP site class F.
Consequently, it is assigned a moderate to very high amplification hazard.

This map unit is assigned a low to moderate liquefaction hazard, as in other map units associated with the Colwood delta
and outwash plain with a shallow water table (G2 and G3). Furthermore, finer sands more susceptible to liquefaction may oc-
cur in this unit than in than in map unit G1, particularly adjacent to Colwood Creek.

Unit O3a consists of closed depressions, mainly interpreted to be kettles, on the surface of the Colwood delta and
outwash plain and in which peat may occur. The unit is assigned the same amplification and liquefaction hazard rating as unit
03.

Unit O4; Holocene Peat Over Glaciolacustrine Deposits

This unit consists of peat overlying glaciolacustrine deposits marginal to the Colwood delta and outwash plain (unit G4).
The presence of peat is documented in soil surveys (Day et al., 1959; Jungen, 1985), observed in the field, and inferred from
the local presence of swamps.

This unit is in part assigned a NEHRP site class D, because the thickness of glaciolacustrine deposits is likely to be
thicker and thus the Vg3 lower than in adjoining parts of map unit G4 (assigned to site classes C and D). However, part of the
map unit likely could be assigned to NEHRP site class F, if peat thicknesses exceed 3 metres. Consequently, this map unit is
assigned a moderate to very high amplification hazard.

The liquefaction hazard is estimated to be low to moderate, as in other map units with Capilano age sand and shallow wa-
ter table.

Unit O5; Peat Over Holocene Beach Sand

This unit is assigned to areas where peat overlies Holocene sand in a shoreline setting. At Cadboro Bay, where borehole
dataare available, the peat unit is 2 to 6 metres thick and the underlying sand is 3 to 9 metres thick (Figure 6). These deposits in
turn overlie over 30 metres of Holocene marine mud and the grey clay facies of the Victoria clay.

This map unit is assigned to NEHRP site classes E and F, because V3 in the SCPT at Cadboro Bay is 157 m/sec (Figure
6) and the thickness of peat locally exceeds 3 metres. Consequently, this map unit is assigned a moderate to very high amplifi-
cation hazard. The liquefaction hazard is high to very high due to the presence of the Holocene beach sands and shallow water
table. Two PLS calculations average 22+7 (Table 6).
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Holocene Sands

Unit S1; Alluvial Fan and Fan Delta Deposits

This unit consists of small alluvial fans and fan deltas. No borehole data are available in this unit, but the fans probably
consist of sand and gravel, particularly where they occur along the lower flanks of sandy and gravelly drumlinoid ridges from
which they have been derived.

The amplification hazard assigned to this map unit varies according to the deposits that the alluvial fans and fan deltas
overlie: low to moderate (NEHRP site classes C to D) where they overlie bedrock and older Pleistocene deposits; and moder-
ate to high (NEHRP site classes D to E) where they overlie thick accumulations of Victoria clay. This map unit is assigned a
moderate to very high liquefaction based on the inferred presence of young sandy sediments, and a variable depth to the water
table. Further investigations may reduce this hazard in some cases.

Unit S2; Goldstream Delta Deposits

The Goldstream River has built a small delta at the head of Saanich Inlet. The landward part of the delta plain consists of
pebble to cobble gravel alluvial deposits, and the seaward part consists of predominantly sandy tidal flats. The gravel allu-
vium is interpreted to have prograded over finer deltaic deposits, including tidal flat deposits.

The amplification hazard is interpreted to be moderate, based on an inferred thick accumulation of deltaic deposits that
probably have shear-wave velocities that would place it in site class D. The liquefaction hazard is interpreted to be high to
very high because of the inferred presence of deltaic sands beneath the alluvial gravels and the shallow water table.

Unit 83; Stream Deposits

Sandy alluvial deposits have been mapped only where they are interpreted to be more than a few metres thick or are ex-
tensive enough to be mapped.

The amplification hazard assigned to this map unit varies according to the deposits that the stream deposits overlie: mod-
erate (NEHRP site class D) where they overlie glaciolacustrine deposits; and moderate to high (NEHRP site classes D to E),
where they overlie thick accumulations of Victoria clay.

This map unit is assigned a high to very high liquefaction hazard, based on the inferred presence of Holocene sands and
the shallow water table. Observations along most streams indicate that they are generally downcutting or have a boulder and
cobble gravel bed. In such cases, the liquefaction hazard appears to be negligible. However, the streams have not been inves-
tigated along their entire length. Furthermore, some of the most serious damage during many earthquakes occurs as aresult of
liquefaction adjacent to streams. Consequently, the streams are highlighted as a zone where a high to very high liquefaction
hazard may locally occur and where caution should be exercised.

Unit S4; Beach Sands

This unit includes modern beach sands. These deposits are up to several metres thick at Ross Bay and the northern part of
Cadboro Bay, but elsewhere thicknesses are unknown.

The amplification hazard assigned to this map unit varies according to the deposits that the beach sands overlie: low to
moderate (NEHRP site classes C to D) where they overlie thin accumulations of Victoria clay; moderate (NEHRP site class
D) where they overlie Colwood sands and gravels or intermediate thicknesses of Victoria clay; and moderate to high or very
high (NEHRP site classes D to F) where they overlie thick accumulations of Victoria clay and/or Holocene peat.

This map unit is assigned a high to very high liquefaction hazard due to the presence of the young Holocene sands and a
shallow water table. Consistent with this assignment, PLS calculations in slightly older shoreline sands (and probably
slightly less susceptible to liquefaction) in map unit O5 adjacent to this map unit at Cadboro Bay indicate a high to very high
liquefaction hazard (PLS = 22+7, Table 6).

AREAS WITH ANTHROPOGENIC FILL AT SURFACE
Unit F; Fill

Only the larger and thicker deposits of anthropogenic fill of which the authors are aware are included in this map unit, the
principal areas being in shoreline settings and in reclaimed gravel pits. The thickness of fill can exceed 10 metres. The proper-
ties of fill vary widely, from dense engineered fills that present little earthquake hazard, to loose fills that can contribute sig-
nificantly to the amplification and liquefaction hazards. However, there are insufficient data to distinguish these on a regional
basis. This map unit consists of fills in which the underlying natural deposits are not as well defined in borehole data as in the
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other fill map units described below (FR2, FT, FG, FC1 and FC2).

The amplification hazard assigned to this map unit varies according to the deposits that the fills are inferred to overlie:
low to moderate (NEHRP site classes C to D) over bedrock and thin accumulations of Victoria clay; low to high (NEHRP site
classes C to E) over unknown or variable accumulations of Victoria clay; and moderate to high (NEHRP site classes D to E)
over thick accumulations of Victoria clay.

Because there are insufficient data to distinguish engineered fills from loose fills regionally, all fill units are assigned
high to very high liquefaction to indicate that a high to very high hazard could be present. PLS calculations in 6 fills analysed
average 16+11 (Table 6). Non-engineered fills historically perform very poorly in earthquakes.

Unit FR2 is assigned to areas where fill overlies bedrock or thin native soils (unit R2).

This map unitis assigned to NEHRP site class C where fills are thin, to site class D, where thicker fills occur. The amplifi-
cation hazard is estimated to be low to moderate. As in map unit F, this map unit is assigned a high to very high liquefaction
hazard.

Unit FT is assigned to large areas of fill in reclaimed gravel pits in older Pleistocene deposits (Quadra sand and gravel;
part of unit T). Fill thicknesses are between 10 and 20 metres, so that the estimated V3 is between 170 and 270 m/sec. This
map unit is assigned to NEHRP site classes D and E and a moderate to high amplification hazard. As in map unit F, this map
unit is assigned a high to very high liquefaction hazard.

Unit FG is assigned to large areas of fill in reclaimed gravel pits in Colwood sand and gravel (unit G1). Generally, re-
ported fill thicknesses are up to 9 metres, where the estimated Vg3 is 210. Consequently, most of this map unit is assigned to
NEHRP site class D like other parts of unit G1, and is assigned a moderate amplification hazard. However, one small area
with up to 30 metres of clayey fill (E.J. McQuarrie, pers. comm.) is assigned to NEHRP site classes D and E and a moderate to
high amplification hazard. As in map unit F, this map unit is assigned a high to very high liquefaction hazard.

Unit FC1 is assigned to areas where fill overlies unknown or variable thicknesses of Victoria clay (unit C1). Like map
unit C1, this map unit is assigned to NEHRP site classes C to E, and a low to high amplification hazard. As in map unitF, this
map unit is assigned a high to very high liquefaction hazard.

Unit FC2 is assigned to areas where fill overlies unit C2. In shoreline settings, fill may overlie soft Holocene marine mud
that in turn overlies the Victoria clay, in which the brown and grey clay facies are both present (Figure 5). Like map unit C2,
this map unit is assigned NEHRP site classes D to E, and a moderate to high amplification hazard. As in map unit F, this map
unit is assigned a high to very high liquefaction hazard.
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H aZ ard M a.p NEHRP Site Class ang

Hazard Rating —

Unit Description AB| C|D|E]|F
Viow | Low | Mod | High | Vhig

Hazard Ratings Areas with Anthropogenic Fill at the surface

Relative Amplification of Ground Motion Hazard Map

of Greater Victoria

) F | Anthropogenic fill *
Very High /T TRIM SHEETS (92B.043, 044, 053 & 054) 977000
i FC2 | Fill over unit C2 (thick soft clay) . .
o FC1 | Fill overunit C1 (variable and intermediate thicknesses of clay) Patan A Monahan, P.Geo.l, VIC’[OI’ M LeVSOI’], P Geo.z,
E/Ioc\J/(\jerate | FG [Filloverunit G1 (Colwood sand and gravel) Paul Henderson, P. Eng.3 and Alex Sy, P Eng.3
FT |Filloverunit T (thick older Pleistocene deposits)** . ;
Very Low _ FR2 | Fill over unit R2 (thin soil cover over bedrock) Scale 1'25’000 (apprOXImate)

Areas with Holocene deposits at the surface

X\\&X\ S4 |Holocene beach sands* _I

0.5 0 0.5 1 15k

e — 5476000

IMonahan Petroleum Consulting
2 British Columbia Geological Survey
3 Klohn-Crippen Consultants Ltd.

S—

This map and accompanying information are not intended to be used for site spegific S3 | Stream deposits*
evaluation of properties. Soil and grounohditions in the map area were interpreted
based on borehole data and other information, available prior to the date of publicgtion S2 |Goldstream delta deposits

————

and obtained from a variety of sources. Conditions and interpretations are subject to S1 |Alluvial fan andfan delta deposits*

change with time as the quantity and quality of available data improves. The authors|and

the Ministry of Energy and Mines are not liable for any claims or actions arrsimgt 05 |Holocene peat over Holocene beach sand Elk Lake
use or interpretation of this data and do not warrant its accuracy and reliability. 04 |Holocene peat over glaciolacustrine deposits
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03 |Peatoversand and gravelof the Colwood delta and outwash|plain

03a| Closed depressions, interpreted to be kettles
| \ 02 |Upland peat deposits

01 |Holocene peatoverthe grey clay facies of the Victoria clay

Borehole Legend Areaswith Capilano deposits (late stFrasefslaciation) at the surface
A Peat >3 metres of the grey clay facies of theVictoria clay over thic
C5 . .
] n >3 G C| (>10 metres) older Pleistocene deposits
>5m Grey Clay >5 metres of the Victoria clay and <3 metres of the grey cldy
v >5 m VicoriaClay & <3 m Grey Clay c4 |facies, overthick (>10 metres) older Pleistocene deposits, ja
well as areaswhere unitsC3 andC5 cannot be differentiat¢d \ RS/8000

¢ <5 m of Victoria Clay . )
) . with data available
Adjacent to unit G1: < 3 m to bedrock >5 metres of the Victoria clay and <3 metres of the grey cldy

or in upland areas < 10 m sediment over bedrock 43 facies, over thick (>10 metres) older Pleistocene deposit
. . . . .. Areas where units C3 and C4 cannot be differentiated with data
* Boreholes Wlth I'th0|Og|C data but insufficient C4blavailable, but the grey clay facies of the Victoria clayis<3
depth to classify metres
In unit G1: sand and gravel c3 <5 metres of the Victoria clay over thick (>10 metres) older

Pleistocene deposits*** Cordova Bay

AN

°
) present at borehole >3 metres of the grey clay facies of theVictoria clay, undet the /
] ] . . . 373000
0 Bedrock in shallow (genera”y <3 m) excavation C2 |brown _clay facies and over thin (<10 metres) oRleitocene 537
deposits
* Small outcrop C2q Victoria clay over lower slopes of Colwood delta
Areas where units R2 and C2 cannot be differentiated with data
J\/\{{ | C1 |available; also includes areaswith>5metres of theVictorig
clay but <3 metres of the grey clay facies
4 | Glaciolacustrine (?) depositsmarginal to the ©oldvdelta
G3 Late stage glaciofluvial channel on Colwood delta a
outwash plain
G2 | Distal and lateral foreset sands and silts of the Colwood delta
Gl | Sand and gravel of the Colwood delta and outwash plain 5372000
Areas with Older Pleistocene Deposits (Vashon Till and older) at the surface
1 T |Thick (>10 metres) older Pleistocene deposits***
Older Pleistocene at the surface indicated by smooth Ty Cormorant Pt
Taltopography, but borehole data indicate that bedrock is locally
shallow (<10 metres)*** Gordon Head
Intermediate between units T and C3, typically areas with a
T/IC3 |discontinuous cover of Victoria clay over thick (>10 metres) w
older Pleistocene deposits***
7 Areas with bedrock at or near the surface l
Thin soilcoveroverbedrock with scattered outcrops; s [ 5371000
Ry [generally <5 m of Victoria clay over <10 m of older Pl@seng; wee | Amplification variable, dependent upon adjoining t
in Colwood delta, <5 m of Colwood sand and gravelover map unit and underlying deposits l
bedrock; in upland areas, <10 m sediment over bedrock. **Amplification high because of thick fill Q ‘l
RogATes of unit R2 where 5 to 10 metres of older Pleistocene *** Amplification hazard may be locally higher than §
deposits can be mapped NEHRP ratings based on effects of historic ©2
Areas of thin soil cover and nearly continuous outcrop «exx | €arthquakes and SHAKE results; see accompanying r
R1/2 . .
undifferentiated report. l
. _ .|, 7 Very high amplification due to ®pography may l
R1 |Bedrock; nearly continuous outcrop locally occur in these map units; see report. |
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This map and accompanying information are not intended to be used for site
specific evaluation of properties. Soil and ground conditions in the map area
were interpreted based on borehole data and other information, available prior to
the date of publication and obtained from a variety of sources. Conditions and
interpretations are subject to change with time as the quantity and quality of
available data improves. The authors and the Ministry of Energy and Mines are
not liable for any claims or actions arising from the use or interpretation of this
data and do not warrant its accuracy and reliability.
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SEISMIC SLOPE STABILITY MAP OF GREATER VICTORIA

TRIM SHEETS 92B.043, 044, 053, 054, 063 & 064

By Eric J. McQuarrie, P. Eng., and Stephen M. Bean, P. Eng.,
Thurber Engineering Ltd.
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INTRODUCTION

Seismic slope hazard mapping is intended to show relative susceptibilitythguzde-induced slope
failures. This map is part of alarger earthquake hazard mapping project. Two companion earthquake hazard
maps are published separately: an “Amplification of Ground Motion and LiquefactiardHslap” anc
composite map showing all three hazards. Detailedig¢isns of the methodology and the cifisation

system used to prapethis seismic slope hazard map are provideith@ThurbeEngineering Ltd. report

entitled “Victoria Microzonation of Seismic Slope Hazards, SumnReport” to theCapital Regional

District, dated January 23998.

The maps aréntended to provide dsic regional data for langse planning, comunity planning and
emergency rgponse planning. Although this map can be used with other critdr@p@lanners select
potential areas for development, avoid ggalally vulnerable areas and to prioritize seismic upgrading
programsthis map does not replace the need f@-sjiecific geotechnical eletions.

METHODOLOGY

The seismic slope hazard map is based on a compilation of existing subsurface data, previous slope stability
assessments, bedrockoygy and surficial gology maps, topographic data, anghoto interpretton.

Limited field observabns were made at representative sites as well as sites flagged during airphoto
interpretation as potentially unstable. Stability analyses wertucted on twelve different slope models
including typical or simplified slopes found throughout the Victoria area as well as specific, compéex slop
models where more dekad information was available. The stabilityadyses determinebdoth the static

factor of safety and the yield acceleration (the intensity of seismic motions that would cause a slope failure).

SEISMIC SLOPE HAZARD CLASSIFICATION SYSTEM
The seismic slope hazard mages a 5 class systene(y low, low,moderae, high and veryiggh) based

primarily on the yield acceletians determined from the stability dyses. The general criteria for soil
slopes using yield acaghation were as follows:

HAZARD YIELD ACCELERATION PROBABILITY OF SLOPE
RATING (g = acceleration due to FAILURE
gravity) (in 50 years)

Very Hig less than 0.05g greater than 62%

High 0.05gt0 0.15¢g 16 to 62%
Moderate 0.15g to 0.25¢g 810 16%

Low greater than 0.25g less than 8%
Very Low n/a n/a

Rock slopes wereonsidered more qualitatively. The two most common rock types in Ghateria are
relatively stable with relatively low relief, thus werergrdly given a low hazard rating. The pat&l for

boulder ravelling or very small rocklfexists throughout much of these hilly areas, padityduring &
earthquake, but overall such rock hazards are of relatively minor regional impact and can only be identified
by site specific assessments. A low hazard rating is a reflection of the relative overall slope stability hazard
and does not imply that a structure located at the base of a steep bedrockthiopsueih an area is safe

since the map is not intended to identify hazards on a Ithasis.

The Mount nlaysam/Malahat/®ldstream River areaonsists of skper terrain, greater relief, and much
weaker bedrock creating steeply erodedley terrain that pses considerably greater terrain hazards.
Bedrock also has a direct influence on the slope stability atdite end of the Saanich Penites where
northward dipping bedding in the sedimentary bedrock forms potential failure suidaties overlying
colluvium.

The study, as a rule, does not consider Btaliazads created by cuts or fills fooads or developments
because such conditions are constantly changing and are usually at a scalaiitest aatptailed, site-
specific assessment. Exceptions to this ruktape primarily to areas where there has been large scale
alterations to the natal terran. In such cases, a natural hazard rating has been g with a secan

rating pertaining to the areas altered by development (i.e. L(H*)) means a low seismic slope hazard naturally
but several areas ofrghropogenically-caused high hazéaddntified).

The slope hazard classes do not consider subaqueous failures that mayngdheatoastline or the shores
of lakes since slope conditions below the water cannaidesaed by airphotos and are notudet on the
T.R.I.LM. maps. Polygons along theasline refer to the seismic slope hazard abovehigk water level.

A low rating does not necessary mean tlopes should be safe dng anearthquake since a subaqueous
failure could impact the slope abotree shoreline.

LIMITATIONS OF THIS MAP

The map is intended for regional purposes only, such asueand emgency respose planning and
should not be usefbr site specific evaations, property assessments or approsuntability for
development. Responsibility for independent conclusions, interpretations or decistbnsebysing this
map, lie with the user, including decisions to either purchaselbiand.

This map has beerrgpared in accordanaith generally acepted hazard mapping practices. The map
boundaries are based primarily on a slope map prepared from T.R.I.M. data, airphoto interpretatioh, regiona
surficial and bedrock geology maps and available site speciBsssents or investigations. #sch, the

level of detail is not consistent across the entire map area or even within any given pahigomap area

Those areas where a site asses# has been conducted will have been mappedaalgsed in much

greater detail than other areas. The boundaries of each ipgprpare approximate only, particularly where

less detailed ifmrmation was available. Also, each pgbyn has been given mating that is considered
representative of the relative seismic slope hazard but may often contdar sne@s wittboth higher am

lower hazard ratings.

There is a practicdimit to the size of potential slope failures that can be considered inanaégnappin

study. Small failures caused by locally steeper terrain, not readily apparent on the slope map, orfpockets o
colluvium on a steep rock slope, cannot be identified at this scale. As arule, the seismic slope hazard ratings
do not consider hazards caused by ciilts, or other athropogenic alterations to thataral terrain.
Exceptions to this rule have bemsted

Hazard Rating
(Probability of Seismically-induced
Slope Failure in 50 yrs.)

Very Hig (>62%

High (16-62%)

Moderate (8-16%)

L(H*) see text

- Low (<8%)

Very Low (n/a)

UTM Projection NAD83
Compilation Scale 1:20,000

Cartography by
Axys Environmental Consulting Ltd., 1999.
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This map accompanies the "Relative Liquefaction and Amplification of Ground Motion Hazard Maps of Greater
Victoria (Geoscience Maps 2000-3a and 3b): Report and Expanded Legend”, by P.A. Monahan, V.M. Levson,
P. Henderson and A. Sy.

Victoria is located in one of the most seismically active regions of Canada (Rogers, 1998; Clague, 1996). The effects
of earthquakes are not only dependent upon the magnitude of the earthquake and the distance from the source, but they
can vary considerably due to local geological conditions. These conditions can be mapped with varying degrees of
completeness using existing geological and geotechnical data. It is the objective of this map to show those areas of

Greater Victoria in which the earthquake hazant@seaseddue to the presence sbils susceptible to amplificatio

of ground motion. This map accompanies four other maps relevant to earthquake hazards in Greater Victoria: a map

of the Quaternary geology, on which this hazard map is based ( Geoscience Map 2000-2; Monahan an200éyson,
a map that shows areas susceptible to liquefaction (Geoscience Map 2000-3a; Moahh2D00b); a map that shows

areas susceptible to earthquake-induced slope instability (Geoscience Map 2000-3c¢; McQuarrie and Bean, 2000); and
a composite map that shows areas susceptible to the amplification of ground motion, liquefaction, and earthquake-

induced slope instability hazards (Geoscience Map 2000-1; Morethaln 2000a). Results of this project are also
discussed by Monahan and Levson (1997) and Monahah(1998).

For the proper use of this map, the accompanying report and expanded legend should be carefully read and

understood.This map is intended for regional purposes only, such as land use and emergency response planning
and should not be used for site-specific evaluatiohisis map can be used with other criteria to help planners select

potential areas for development, avoid geologically vulnerable areas, and prioritize seismic upgrading programs.

However, this map does not replace the need for site-specific geotechnicaltievalpgor to new construction or

upgrading of buildings and other facilities. The qualifications and limitations of this map are discussed in more detalil

below and in the accompanying report and expanded legend.

GEOLOGICAL MAP PING

The initial step in the evaluation of the relative amplification of ground motion hazard in the Victorsisartkee preparation

of a geological map that shows the thickness and distribution of Qatestratigraphic units (Monahan andvken, 2000)
Subsurface geological data on which the geological map is based include: over 5000 geoteckhitlal logs; several
hundred water well logs; and nearly 3000 engineeringidgs for municipal sewer and water lines. Geological map units

were defined on the basis of these data, and in part coincide with the U.S. National Earthquake Hazard Reduction Program

(NEHRP) site classes for susceptibility to amplification of ground motion (Building Seismic SafeigilC©€994). Although
the relative amplification of ground motion hazard map is colour-coded as to the level of hazard, theadjewdqminits are
shown on the map and indicated by the appropriate label in each polygon (see legend). The geolagidal anemlescribed
in more detail in the accompanying report and expanded legend. Mdmuniaries were farpreted on the basis of the

subsurface data, airphotos, large-scale topographic maps, and published soil maps. In addition, limited field checking was

conducted. In areasith little or no subsurface data, the subsurface conditions are lanfedsed from topographic and

geomorphic evidence. To assist the user in determining the accuracy of the subsurface geological mapping, sites where

subsurface geological data were available to us are shown on the maps.

AMPLIFICATION OF GROUND MOTION HAZARD MAPPING

Amplification of ground motion refers to the increase in the intensity of ground shaking that can occimchlegtnlogical
conditions, such as the presence of soft soils. In the Victoria area, the amplification hazard rating émiegicialgnap unit

is estimated primarily on the basis of the NEHRP site classes for susceptibility to amplification (see Table Shamthare
on the legend of this map.

The NEHRP site classes are defined primarily on the basis of the average shear-wave velocity in the uppsn(Biildéng

Seismic Safety Council, 1994). Shear-wave velocity data were derived from 15 seismic cone penetration tests (SCPTs) and

4 spectral analysis of surface wave tests (SASW) in the Victoria area. These techniques are deRuoiimrtsbyet al, 1992

and Stokoet al, 1994, respectively. The shear-wave velocity data were used to develop a shear-wave velocity model for the

principal Quaternary geological units, so that the average shear-wave velocity in the upper 30 metres could be estimated at 11iS map does not show areas susceptible to amplification due to topogreitibly can exceed amplification due to
soil conditions in some casesighlanplification is canmonlyexperienced anills, ridges and the tops dfffs (Finn,

1994; Sommerville, 1998), which are generaltgerlain in the Victoria area by thin and/or densls and bedrock
(units R1, R1/2, R2, and T). Consequently, the very low and low hazargksrassigned to these map units may not

other sites where such data were not available (Monahan and Levson, 1997).

On the basis of these criteria, the amplification hazard varies from very low, where bedrock is exposed (unit R1*), to

high where soft clay is present (units C2, C5, O1 and O5). The assigned hazard rating extends to very high in units where @PPly on such topographic featuresnplification due to topgraphy is pody understood and not readily quantified

peat more than 3 metres thick occurs at the surface (Map 1 Mogiahlari 998). Consistent with these hazard ratings,

most damage experienced inVictoria during the 1946 Vancouver Island earthquake was concentrated in areas underlain

by soft soils, and damage was the least where bedrock is near or at the surface Wuorinen, 1974, 1976).

TABLE 1

Site |General Description Definition (Vs—=average shearwave veIocihSuscepﬁbiIity Rating
Class in upper 30 m, m/sec)
A [Hard rock Vs>1500 Nil*
B Rock 760<Vs<1500 Very Low*
C |Very dense soil andB60<Vs<760; or Vs>760 m/sec where >B Low
soft rock m of soil over bedrock
D |Sitiff soils 180<Vs<360 Moderate
E |Soft soils Vs<180; or >3 m silt and clay with plasticit High
index >20, moisture content >40%, and
undrained shear strength <25 kPa
F Peats or highly Peat thickness > 3 Very High (?)
organic clays

Categories for Soil Susceptibility to Amplification (definitions from Building Seismic Safety
Council (1994); descriptive susceptibility ratings from Klohn-Crippen Consultants Ltd., 1994)

* Amplification on rock sites due to topography can be significant, and can exceed

amplification due to soils in some

cases. See below.

However, several important qualifiers must be added to these hazard ratings.

1. Variation in amplification levels

The intensity of amplification on soft soils diminishes as the strength of ground shaking (i.e. acceleration)
increaseqBuilding Seismic Safety Counci,994). This decrease is more poanced for short period ground
motions, which typically affect short buildings, than for long period ground motions, which typically affect tall
buildings such as high rises** (see Maps 2 to 5 and adjoining text, and the accompanying report and expand
legend for more details). For example, at ground shaking levels of 0.1 g on bedrock (0.1 g is acceleration equal
to 10% of the force of gravity, and approximately aheet of damage in buililys not designed to be earthquake
resistant; bedrock refers to NEHRP site class B), short period ground motions can be amplified by a factor of 2.
on soft soils (i.e. 0.25 g; Map 2). However, at ground shaking levels of 0.4 g on bedrock (0.4 g is the curren
building code design acceleration for Victoria; National Research Council of Canada, 1995), amplification of shor
period ground motions due to soft soils is minimal, and all areas will be shaken strongly but more or less equally
(i.e. ~0.4 g; Map 4). Consequently, amplification on soft soils in Victoria may be minimal fopshod gound
motions in the event of a large earthquake in close proximity to the cigll(aesas will be shaken strongly), but
could be significant for a large earthquake tens of kilometres distant and generating moderate shaking on bedt
in the city. However, a moderate shaking evemigsh more likelyo occur than a strong shaking event. For
example in the Victoria area, shaking of 0.1 g on bedrock is more than ten times as likely to occur as shaking
0.4 g on firm ground. Thus, areas assigned a high amplification hazard on Map 1 will be subjected to potential
damaging ground motiomsuch more oftethan areas with a very low hazard. For long periodmgtenotons,
amplification due to soil conditions also diminishes as the strength of ground motions increase, but can still b

significant at 0.4 g (Maps 3 and 5).

This map does not address amplification of ground motion due to reson&heespecific periods of grodn
motion that match the natural periods of a site can be greatly amplified, and can be particularly destructive to

structures whose natural periods match those of the site** (Reiter, 1990; Rial, 1992).

2. Topographic effects

at this time.

3. Three-dimensional effects

This map does not codsr amplificaton due to three-dimensionafedts, such as the focussing of energy due to the
structure of the earth’s crustin the region, which can be as great as amplifitegitm soil coditions (Somerville,

1998).

This map reflects variations in ehguake hazard due to soil conditions, which are applicable to most earthquakes
that will affect the region. Topographic and three-dimensional effects are more dependent on the earthquake locatio

and direction of seismic energy.

** The critical period of ground motion for a specific building or building type should be determined by a qualified structuralengineer.

APPROXIMATE AMPLIFICATION FACTORS FOR DIFFERENT GROUND MOTIONS

The relative amplification hazard ratings shown on Map 1 are generalized ratings and do not reflect the amplification hazatdases.In particular, the amount of amplification due to
soil conditions diminishes as the strength of ground shaking (i.e. acceleration) increases. Maps 2 to 5 show howlification factors (not the actual amount of earthquake ground
motion) can vary with different strengths and periods of ground motion. See below and see text under "Variation in amplificatidevels".
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Map 2. amplification factors for short period ground motions at a moderate level of shakin
on bedrock. Note that short period ground motions may be amplified 2.5 times (i.e. to 0.2
g) on soft soils. Note also that the high hazard areas shown on Map 1 also have high
amplification on this map.

5

Seh [

Map 4. amplification factors for short period ground motions at a strong level of shaking
on bedrock. Note that in this case, there is little difference in amplification due to soil
conditions across the area, and all areas will be shaken strongly but more or less equal

(i.e.~0.4 g).

y

SHORT PERIOD GROUND MOTIONS

(typically affecting tall buildings**)

b 7

LONG PERIOD GROUND MOTIONS

Map 3. amplification factors for long period ground motions at a moderate level of shaking
on bedrock. Note thabhg pe&iod ground motions may be amplified greater than 2.5 times
or more on soft soils. Note also that the high hazard areas shown on Map 1 also have h
amplification on this map.
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Map 5. amplification factors for long period ground motions at a strong level of shaking on
bedrock. Note that long period ground motions may be amplified 2.5 times on soft soils
Note also that the high hazard areas shown on Map 1 also have high anglificethis

map.

MODERATE EARTHQUAKE SHAKING

STRONG
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Legend for Maps 2to 5

Approximate Amplification Factors Relative
to Rock, NEHRP Site class B)

~1
Low
Moderate ~1.5
on Map 1 will reflect the intensity of amplification due to soil conditions (see also text under "Variation in amplification levs").
High
>~2.5 B.

** The critical period of ground motion for a specific building or building type should be determined by a qualified structurgineer.

Maps 2, 3, 4 and show the approximatemplification factordor moderate and strong shaking (accelerations on bedrock of 0.1 g and 0.4 g, respectively), and folshgrt and
period ground motions (typically affecting short and tall buildings, respectively**).afty@ification factoris the amount by which ground motion on bedrock (i.e.NEHRP site
class B) is multiplied due to soil conditions. Acceleration of 0.1 g represents the approximate onset of damage in buildgigisaubto be earthquake resistant,Gadd) is the
current building code design acceleration for Victoria (National Rels€zouncil of Canada, 1995). Both short and long periodrgtonotions occur during an earthquake, but
usually one type dominates depending on earthquake magnitude andalfsbm the source. Thesapswere prepared using the estimated average NEHRP site class for each
geological map unit shown on Map 1 and the corresponding NEHRP amplification factors for short and long period strudtalés Jsgfehe accompanying report).

The variation in ground motions predicted usng the amplification factors shown here does not exceed the seismic design criteria of the current building code (National
Research Council of Canada, 1995), but could be significant for structures not governed by the seismic provisions of the cedeedl as older stuctures. In the current
building code amplification factors are expressed relative to fimand”, typically NEHRP site class C, aieas NEHRP amplification factors are expressed relatisiéetolas

Amplification factors decrease as the acceleration 0 bedrock increasesd this decrease is more pronounced for short period than long period ground motions. Short period
ground motions can be amplified 2.5 times or more on soft soils during moderate shaking (Map 2; i.e. to 0.25 g, wheienacnebarditock is 0.1 g). Conversely, relative
amplification of short period ground motions due to the presence of soft soils during strong shakiimyak and all areas will be shaken strongly but more or les#ye@uap

4; in this case ~0.4 g). Although little amplification of short period ground motions will occur during strong $h&lng), moderate shaking is much more likely to o¢car
that areastewn as high hazard on Map 1 will be subjected teniially damaging short ged ground motiormuch more oftethan low hazard areas. For example in the Victoria
area, shaking of 0.1 g on bedrock is more than ten times as likely to occur as shaking of 0.4 g on bedrock. Althougioaroplificgtperiod ground ations also diminishes
as the intensity of ground shaking increases, itis still significant at 0.4 g (Megas3).Thus, in most cases (e.g. Maps 2, 3 and 5) and most often, the hazard ratings shown
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) 5 2. The map is based on interpretations of borehole recordsppinoximatdocations of which are shown. \&fe boreholeata are scarce,
t subsurface conditions had toib&erredfrom topographi@and geomorphic evidence.
t

3. The boundaries of most map units ar gradational, particularly in the Victoria area duexteethe @regularity of the bedrogurfae

QUALIFICATIONS AND LIMITATIONS OF THIS MAP

1. This map is intended for regional purposes only, such as land use and emergency response planning, and should not be used
for site-specific evaluations.

For these reasons map unit boundariegjpproximate may include smaller occurrences of other map units, and are subject to reyision
as more borehole data become available. Furthermore, geological materials are variable, and deposits of a map unithagy lpcally
unusual propertie€onsequently, the haard at a specific sitenay be higher or lower than shown on the map.

ock
4. This map does not fully address man-made alterations to ground conditions, whether the changes decrease or increaatghe haz:

of . o . ) : . .

ly site. Poor soil sites may have been improved during construction, which will change the hazard from that shown on the map.

b 5. Only the larger fills of which the authors were aware are shown on the map. Other areas of fill are present, and neill arias |of f
be developed in the future. The properties of fills vary from dense engineered fills to loose fills with a potentially Hiigatéonp
hazard

6. The stability of dams under earthquake shaking, and hazards due to the failures of dams or other man-made structuresrnave nc
addressed.
7. This map shows areas where the earthquake hazaatéaseddue to amplificion of ground motionHowever, a low hazar

on this map does not mean freedom from ground shaking due to earthquakes, because all areas could be subjected to
significant ground shaking during an earthquakd-urthermore, the degree of amplification on soft soils diminishes as the
intensity of ground shaking on bedrock increases, so that in the case of a strong earthquake close to theaitgtidtlen
ground shaking (i.e. acceleration) may occur due to local soil conditions at short period ground motions. However, the city wil
be affected more often by more distant earthquakes that generate moderate shaking on bedrock, so that areas shown with a |
amplification hazard here will be subjected to potentially damaging ground motoa®fterthan sites with a low amplification
hazard. This subject is discussed in more detail above under “Variation in amplification levels” and illustrated in Maps 2 to0 5

8. The amplification of ground motion hazard has been estimated on the basis of the National Earthquake Hazard Reduction Progr:
(NEHRP) site classes for susceptibility to amplification of ground motiatdl{By Seismic Safety Council, 1994), which are based
on the average response of various types of soils. Thus, variation in the amplification hazard should be expected within
geological map unifThis map does not address

a) amplification of ground motion due to resonance, which can be particuktiiydige to structures whose natural
periods match those of the site (Reiter, 1990; Rial, 1992);

b) amplification of ground motion due to topography, by which ground motions can be amplified on hills, ridges and th
tops of cliffs (Finn, 1994; Somerville, 1998); an
c) amplification due to three-dimensional effects, such as the focussing of energ due to the structure of the earth’s cru
in the region (Somerville, 1998).

inan

9. This map addresses only the amplifmaof ground motion hazard@heliquefaction and earthquakeduced landslide hazards are
addressed on accompanying maps (Monahaih, 2000b, and McQuarrie and Bean, 2000, respectively). Other earthquake hazards,
such as tsunamis, land subsidence and ground rupture are not addressed on this or any other maps published as part of
investigation.

10. This map can not be used tdlirectly predict the amount of damage that will occur at any one site because many other factors,
such as building design and construction details, must be consideréhe map in no way shows how different types of building
or other man-made structures will perform during earthquakes. This map can be used to estimate the relative naturatdazargd due
the susceptibility to soil amplification alone.
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