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ABSTRACT

Cone penetration tests (CPTs) have been developed for engineering investigations of sands
and finer sediments. CPTs produce high resolution, repeatable and continuous records to
depths of several tens of metres, and resemble wireline logs used in the petroleum industry.
It is the objective of this dissertation to demonstrate that they can be used for facies analysis
in a similar manner, by using these data to develop a facies model for the modem Fraser
River delta, British Columbia, Canada. CPT data provide reliable estimates of sediment type
and grain size, so that bed thicknesses, sharp and gradational contacts, coarsening and fining

upward sequences, bed continuity and dips can be readily identified.

The facies model of the Fraser delta is based on a database of over 800 CPTs and 20
continuously cored boreholes. These data demonstrate that the topset is dominated by a
nearly continuous sharp-based sand unit that is 8 to 30 m thick, fines upward and is
interpreted to represent a complex of disiributary channel deposits. The widespread
distribution of this sand unit is the result of distributary channel migration in a tidal flat
setting and avulsion or channel switching in the upper delta plain. The sand unit is
gradationally overlain by a thinner sequence of interbedded sands and silts deposited in tidal
flat, abandoned channel and floodplain environments. Deposits of the upper foreset (<60 m)
dip up to 7°seaward and are dominated by silts, interbedded and interlaminated with sands.
Several intergradational facies, ranging from dominantly silt to dominantly sand, occur and
represent increasing proximity to active distributary mouths. These sediments are organized
into metre-scale sandy and silty coarsening-upward sequences that are interpreted to
represent annual deposits, and sharp-based sand units that represent sedimentary gravity flow
deposits. Deeper foreset deposits are dominated by bioturbated silts. The distribution of
facies on both the topset and the foreset has been controlled by the interaction of tidal and

fluvial processes.



iii
CPT data played a key role in developing this facies model of the Fraser River delta. Most
facies have distinct CPT signatures. For example, the topset sand unit and overlying deposits
have a CPT signature comparable to the "bell-shaped” gamma ray log signature typical of
channel deposits. In the foreset, the seaward dips, the coarsening upward seciuences and the
sharp-based sands are readily observable on CPT data. Although cores were essential to
confirm the facies significance of these signatures, the large volume of CPT data permitted
recognition of facies distributions and relationships "at a glance" throughout the delta, rather
than at the relatively few site where continuous cores were available. Furthermore, CPTs can
be acquired for a fraction of the cost of continuous cores, so that CPT data are potentially an
invaluable tool for stratigraphic investigations of other modern sedimentary environments

dominated by sands and finer sediments.
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CHAPTER 1
INTRODUCTION

Cone penetration tests (CPTs) are now widely used in geotechnicai investigations of sands
and finer sediments, but to date have had limited application to geological investigations.
CPTs produce continuous records of subsurface conditions, from which estimates of the
types of sediments penetrated and their properties can be made (Campanella et al., 1983;
Robertson and Campanella, 1983a, b, 1986; Lunne et al., 1997). These records resemble
wireline (i.e. geophysical) logs used in the petroleum industry, which are a primary tool for
subsurface geological investigations. Furthermore, the patterns of log curves can be used as
indicators of depositional environment, or sedimentary facies (Figure 1-1; e.g. Reading,
1986). The principal objective of this dissertation is to demonstrate that CPT data can be
used for facies analysis in a similar manner, by using these data to develop a facies model
for the modern Fraser River delta, British Columbia. This dissertation is relevant to
geologists interested in facies analysis of modern sediments, as well as geotechnical
engineers knowledgeable about CPTs and who could apply facies analysis to their

investigations.

CPTs provide continuous and repeatable measurements of sands and finer sedimentsA to
depths of tens of metres at a fraction of the cost of boreholes cored to comparable depths.
Furthermore, CPTs are commonly available from engineering investigations, so that CPT
data can provide a vastly larger database for stratigraphic investigations of modern
sedimentary environments than would be provided by conventional coring programs alone.
The Fraser delta is ideally suited for this purpose because thousands of CPTs have been
conducted in the course of engineering investigations since 1980. Over 800 have been

obtained for this study.

The use of wireline logs for facies identification was first described in the literature by

Visher (1969), and since then has become standard practice in subsurface investigations



2

(Serra, 1986; Reading, 1986; Cant, 1992). Facies attributes provided by wireline logs are
generally limited to gross lithology, grain size trends and the nature of geological contacts
(sharp or gradational). In sands and sandstones, two of the most commonly described natural
gamma ray (gamma ray) or spontaneous potential (SP) log signatures are the fining-upward
"bell" shape typical of channel deposits and the coarsening-upward "funnel" shape typical
of beach and barrier bar deposits (Figure 1-1). Many authors have cautioned against
uncritical use of log shape for facies interpretation (e.g. Reading, 1986; Rider, 1990; Cant,
1992). Similar log shapes may be generated in different facies and other factors can cause
a log shape to vary from the norm for that environment. For example, the presence of a
shale-clast conglomerate at the base of a channel sand can obscure the sharp base and fining-
upward appearance of the log signature. However, log shape can be a valuable first
approximation of facies in order to direct future investigations. Furthermore, the repetition
of distinct log signatures throughout a particular area has geological significance; and if core
data are available to determine the facies of those signatures, then log shape can be a

powerful tool in facies mapping and analysis.

Accordingly, in this study a suite of continuously cored boreholes located adjacent to CPTs
provides the basis for facies identification of the CPT log signatures. These signatures are
then be applied to other CPTs to determine facies distributions and relationships beyond the

limits of borehole control.

This dissertation begins with a discussion of pertinent background information. The Fraser
delta is discussed in Chapter 2: its geographic, fluvial and oceanographic setting, the
previous subsurface investigations conducted there and its stratigraphic framework. In

Chapter 3 a summary of cone penetration testing is presented.

The field and laboratory procedures used in this project are described in Chapter 4. This
chapter discusses: the CPT database; the procedures for CPT data analysis; the coring

methods and associated drilling-induced errors; the field and laboratory core logging
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procedures; the selection of samples for grain size analysis to compare with CPT
measurements; the use of gamma ray logs to depth correct core depths in order iv correlate

grain size samples with adjacent CPTs; the procedures used to correct '“C dates for reservoir
age; and the terminology used.
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Figure 1-1. Typical grain size profiles and gamma ray log signatures for channel and barrier bar sands (from
Serra and Sulpice, 1975, and Rider, 1990).

The results of investigations into the relationship of grain size to CPT measurements in the

Fraser delta are presented in Chapter 5. This subject is discussed in detail because grain size
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is an important control over CPT measurements, as indicated by the CPT soil classification
charts (e.g. Olsen and Malone, 1988; Robertson, 1990). Furthermore, in the Fraser delta
grain size also correlates with cone bearing in sand deposits (e.g. Monahan et al., 1995b),
although in most industrial applications variations in cone bearing measurements in sands
are generally interpreted to represent variations in density. The grain size to CPT
correlations established here provide the basis for the recognition of grain size trends in the
deposits of the Fraser delta. Grain size trends are among the facies attributes best represented

in CPTs, as they are in wireline logs.

In Chapter 6, the sedimentary facies of the Fraser delta are defined, the CPT signatures of
each facies are described and the facies are interpreted on the basis of these data and
integrated into a facies model for the delta. Because CPTs in the delta have penetrated to a
maximum depth of 100 metres and deposits of the modem Fraser delta extend to much

greater depths, this discussion focusses on facies occurring above that depth.

The contribution made by CPT data to this analysis and the applicability of using CPT data
for facies analysis in general are discussed in Chapter 7, followed by the conclusions in
Chapter 8. The analysis presented in this dissertation is intended to provide a model for the

application of CPT data to facies analysis in other modern sedimentary environments.

Early results of this study have been presented in a series of papers, conference proceedings
and abstracts (Monahan, 1993; Monahan et al., 1993a, b, ¢, 1994, 1995a, b, 1996, 1997;
Lutemauer et al., 1993, 1994; Christian et al., 1994; Clague et al., 1998). These papers are
referenced in this dissertation to show where data and conclusions have been published, but
are not used to support the interpretations made here. All data and interpretations that appear

in these sources and are relevant to this dissertation are also presented here.



CHAPTER 2

THE FRASER RIVER DELTA: SETTING AND GEOLOGICAL SUMMARY

SETTING OF THE FRASER RIVER DELTA

Geographic Setting

The modern Fraser River delta has a subaerial and subaqueous area of 975 km? and is the
largest on the west coast of Canada (Milliman, 1980). It is located at the west end of the
Fraser Lowland, a triangular-shaped lowland that separates the Coast Mountains on the north
from the Cascade Mountains to the south; and at the southeastern end of the Strait of
Georgia, a semi-enclosed marine basin separated from the Pacific Ocean by Vancouver

[sland (Holland, 1976; Figure 2-1).

The Fraser delta underlies the southern parts of Greater Vancouver and is experiencing rapid
urban and industrial growth. It includes all of the City of Richmond, most of the District of
Delta, and parts of the Cities of Vancouver, Burnaby, and New Westminster. This area is
situated in one of the most seismically active regions in Canada (Rogers, 1994), and the
deltaic sands are susceptible to earthquake-induced liquefaction (Byrne, 1978; Clague et al.,
1992, 1997; Watts et al., 1992). Consequently, a large volume of CPT data has been
generated in the area for both foundation design and liquefaction assessment (Finn et al.,
1989; Finn et al., 1990).

Fluvial Regime

The Fraser River is the largest river to reach Canada's west coast. It flows 1360 km to the sea
from its source in the Rocky Mountains and drains an area of 250,000 km? in central and
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southern British Columbia. The mean discharge at Mission, 75 km upstream from the river
mouth, is 3400 m’s™* (Church ¢t al., 1990; Wolman et al., 1990). River flows show marked
seasonal variations. Peak flows during the spring freshet are generally between 5GG0 and
15000 m’s”, whereas minimum flow during the winter is less than 1000 m’s™ (Milliman,
1980; Church et al., 1990; McLean and Tassone, 1991). In terms of mean flow, the Fraser
is the 30™ largest of the world's rivers to reach tidewater, larger than the Nile and the Rhine
(Nace, 1970; in Leopold, 1994).

The mean annual sediment load is 17.3 million tonnes, of which 35% is sand, 50% is silt and
15%is clay (McLean and Tassone, 1991). Of this sediment load, 80% is transported during
the spring freshet (Milliman, 1980). However, the peak in sediment load precedes the peak
in river flow by a month or more (Kostaschuk et al., 1989, 1992b; Kostaschuk and
Luternauer, 1989; Church et al., 1990; Wolman et al., 1990).

Oceanographic Regime

The Fraser River flows into the Strait of Georgia, a northwest-trending, glacially-scoured
marine trough that is 220 km long and 30 km wide (Figures 2-1and 2-2; Holland, 1976).
Water depths in the Strait of Georgia exceed 400 m, and at the base of the delta slope, water
depth varies from 100 to 300 m.

Wave energy in the Strait of Georgia is low. Significant wave heights exeeed 0.8 m only
10% of the time off the Fraser delta, and they generally do not exceed 2.7 m. Winds from
the northwest have the longest fetch, so that waves generated by these winds are the largest
to affect the delta front (Thomson, undated; 1981).

Tides in the Strait of Georgia are mixed semi-diurnal. At the river mouth at Sand Heads the
mean tidal range is 3.1 m and the spring (i.e. large) tidal range is 4.8 m (Thomson, 1981).
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Tidal influence extends 120 km upstream when river flow is low, and 75 km upstream when
it is high (Thomson, 1981). On a rising tide, a wedge of salt water from the Strait of Georgia
intrudes beneath the fresh river water in the river channel, and subsequently flows back to
sea on the falling tide. This salt wedge can extend 30 km upstream as far as the head of the
delta during periods of low flow, but during peak flow it is restricted in the Main Channel
to the reach crossing the tidal flats (Figure 2-2; Thomson, 1981; Church et al., 1990;
Kostaschuk et al., 1989, 1992b; Kostaschuk and Luternauer, 1989). As the salt wedge lifts
the river water off its bed, sand in suspension is deposited in the river channel. The sand is
resuspended as the salt wedge withdraws on a falling tide, so that transport of sand in
suspension past the river mouth occurs only during low tide (Kostaschuk et al., 1989, 1992b;
Kostaschuk and Luternauer, 1989).

At the river mouth at Sand Heads, the river discharges a plume of sediment-laden fresh to
brackish water that drifts preferentially to the north, primarily as a result of Coriolis force,
tidal currents and possibly internal gravity waves in the Strait of Georgia (Thomson, undated,
1975,1981; Luternauer, 1980).

Along the delta slope off the southern part of Roberts Bank, northwest-flowing flood tidal
currents are stronger than ebb tidal currents, and are strong enough to transport sand size
material at depths of up to 100 m (Luternauer, 1977, 1980; Kostaschuk et al., 1995; Hart et
al., 1998).

MODERN SEDIMENTARY ENVIRONMENTS (Figure 2-2)

The delta is flanked by Pleistocene uplands that are up to 120 m in elevation and underlie the

municipalities of Vancouver, Burnaby and New Westminster to the north and Surrey and
parts of Delta to the east .



10

An upper delta plain extends 23 km west from 2 gap in the Pleistocene uplands at New
Westminster (Armstrong and Hicock, 1976a, b; Clague et al., 1983, 1991; Williams and
Roberts, 1989). The upper delta plain is mantled by silt deposited in fresh to brackish
floodplain marshes and, in its eastern parts, by domed peat deposits up to 8 m thick. Most
of it is between mean sea level and the level of the highest tides, although the parts of the
peat bogs are higher in elevation. The upper delta plain is now dyked to protect it from
flooding, and a system of drainage ditches and pumping stations maintain the water table
below the ground surface. The upper delta plain forms the inhabited part of the delta.

At its southern end, the upper delta plain adjoins the Tsawwassen upland, a Pleistocene
upland that was a former island in the Strait of Georgia before being connected with the
mainland by growth of the delta (Mathews and Shepard, 1963; Clague et al., 1983, 1991).
The Tsawwassen upland separates the marine parts of the delta (i.e. seaward from the upper
delta plain) into a western, active part that is prograding into the Strait of Georgia and a
southern, abandoned part that faces onto Boundary Bay. Prior to construction of the dykes
that stabilized it, the Boundary Bay shoreline was undergoing a marine transgression
(Armstrong and Hicock, 1976a, b; Hutchinson et al., 1995).

A lower delta plain consisting of dominantly sandy tidal flats up to 9 km wide extends
seaward from the upper delta plain to the lowest limit of tides. Large-scale (50-100 m) sandy
bedforms are developed on the tidal flats north of the Main Channel, which are most exposed
to winds with the longest fetch in the Strait of Georgia (Luternauer, 1980). Tidal flat
sediments grade landward from fine sand to silt. The tidal flats are primarily unvegetated,
but a strip of tidal marshes underlain by silt occurs along the landward margin of this zone
(Luternauer and Murray, 1973; Luternauer, 1980; Clague et al., 1983, 1991; Williams and
Roberts, 1989). A subaqueous deita plain mantled by sand extends up to 2 km from the low
tide line to a break in slope at a depth of up to 9 m below low tide ( Luternauer and Murray,
1973; Williams and Roberts, 1989).
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The river divides into four distributaries where it crosses the upper delta plain. However, 75-
80% of the flow and of the sedimentary load is carried by the Main Channel (Milliman,
1980; Thiomson, 1981). Distributary channels have a maximum depth of 22 m and are
floored by fine to coarse sand, locally including gravel (Johnston, 1521; Mathews and
Shepard, 1962). Historical records show that the Main Channel has migrated extensively
across the tidal flats prior to construction of jetties that now fix its position (Figure 2-3;
Johnston, 1921; Clague et al., 1983; Luternauer and Finn, 1983). Although distributary
channels in the modem upper delta plain have been more stable, some channel migration has
occurred in historical times (Figure 2-4; Johnston, 1921; North et al., 1979; Monahan, et al.,
1993c, 1995). The linear gap in the peat bogs in eastern Lulu Island, which has been
interpreted to represent a former distributary crossing the floodplain, indicates that major
avulsive events have also occurred (Johnston, 1921; Clague et al., 1983; Monahan et al.,
1993¢c; Hutchinson et al., 1995).

Beyond the subaqueous platform, the western deita slope descends at an average of 1.5° to
depths of up to 300 m in the Strait of Georgia. The upper part of this slope is commonly
inclined 7° or more. The southern delta slope facing onto Boundary Bay is less well defined

and terminates in water depths of approximately 30 m (Clague et al., 1983, 1991).

The western delta slope is dominantly silty to the north and sandy to the south of the mouth
of the Main Channel (Clague et al., 1983, 1991; McLaren and Ren, 1995). Delta slope silts
were deposited from suspension from the plume of sediment-laden fresh to brackish water
discharged from the river mouth (Hart et al., 1992; Evoy et al., 1994). Some of the deita
slope sands have been deposited from sediment gravity flows that originated at the top of the
slope and were transported downslope in a series of large gulleys, or "sea-valleys", bypassing
the upper slope (Kostaschuk et al., 1992a; Hart et al., 1992, 1998; Evoy et al., 1994).

Failures at the river mouth involving up to 10° m’ of sediment have occurred and provide a
likely source for these gravity flow deposits (McKenna et al., 1992). A sand-wave field that
occurs on the delta slope off the southern part of Roberts Bank and extends to depths greater
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than 100 m is being developed under the influence of the dominant northwest-flowing flood
tidal currents described above (Luternauer, 1977, 1980; Kostaschuk et al., 1995; Barrie and
Currie, in press). The sand-wave field is sourced from a complex of sandy river mouth
failure deposits that underlies this part of the slope (Hart et al., 1995, 1998; Currie and
Mosher, 1996; Barrie and Currie, in press). Consequently, this part of the delta slope is
erosional under present conditions - sand is not supplied from fluvial or other sources
southeast of Roberts Bank. In addition to the river-mouth failures described above, evidence
of delta slope instability is provided by a series of shallow rotational slides on the delta slope
immediately south of the Main Channel, and a series of ridges of disturbed sediment near the
base of the slope called the "foreslope hills" (Tiffin et al.,1971; Hart et al., 1992, 1995; Hart,
1993; Christian et al., 1997b).

Northwest of the delta slope, the Strait of Georgia is floored with silt and clay derived from
the Fraser River, and can be considered the delta bottomset (Pharo and Barnes, 1976).
Northwest fining of these sediments indicates that net sediment transport is in that direction.

PREVIOUS INVESTIGATIONS OF THE STRATIGRAPHY OF THE DELTA

The initial investigations of the Fraser delta by Johnston (1921) and Mathews and Shepard
(1962) concentrated on the surficial deposits, supplemented by data from some deep
geotechnical testholes and petroleum exploratory wells. The first systematic subsurface
investigation of the stratigraphy of the delta was by Clague et al. (1983) who established the
basic chronology of the growth of the delta. They incorporated data from the logs of over
1500 geotechnical testholes into their interpretations and on the basis of these data,
representative vertical stratigraphic sections for several parts of the delta were prepared.
However, the borehole logs were primarily descriptive with standard penetration test (SPT)
data and did not lend themselves to more detailed correlations and stratigraphic

interpretations.
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Scientific drilling and geophysical investigations with the intent of documenting the
stratigraphy of the delta commenced in the mid 1980's, primarily under the leadership of the
Geological Survey of Canada (GSC) and Simon Fraser University (SFU). Roberts et al.
(1985) reported on a shallow coring program that focussed on the southern part of the delta
and identified the presence of both fluvial and littoral sediments. Williams (1988) and
Williams and Roberts (1989, 1990) investigated the uppermost topset deposits on Lulu Island
in detail in a series of shallow boreholes and documented the chronology of the mid to late
Holocene sea level rise from the depth and thickness of floodplain silts. Luternauer et al.
(1986, 1991), Jol (1988), Jol and Roberts (1988, 1992), Pullan et al. (1989, 1998), and
Clague et al. (1991) discussed the results of reflection seismic and drilling programs in the
southernmost part of the delta. They documented the chronology of delta progradation in
that area, the closure of the channel that separated Point Roberts from the delta, and the
presence of a thick sequence of sandy foreset beds below topset silts and sands. Patterson
and Cameron (1991) and Patterson and Luternauer (1993) described the foraminiferal faunas
recovered from the GSC drillholes. Preliminary results of wireline logging have been
presented by Hunter et al. (1994, 1998) and Mwenifumbo et al. (1994).

In the early phases of this study, Monahan (1993) and Monahan et al. (1993a, b, c, 1994,
1995a, b, 1997) documented the presence of a complex of distributary channel sand deposits
underlying most of the delta plain and described the upper part of the foreset, on the basis
of the GSC drillhole data and a large database of geotechnical testholes, (Figure 2-5). CPT
data were critical to these studies for the widespread recognition of sharp and gradational

lithological boundaries, coarsening and fining upward sequences and dips in foreset beds.
Concurrently with this study, Williams and Luternauer (1991) and Hutchinson et al. (1995)
documented the presence of a former distributary channel that flowed into Mud Bay on the

southern margin of the delta. This investigation is discussed in more detail in Appendix I.

Some of the GSC drilling programs in which the author participated and which provided data
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for this dissertation have been described in part by other authors. Christian et al. (1994a,
1994b, 1995, 1997a) published preliminary results of recent onshore and offshore GSC
drilling and CPT programs in the Roberts Bank and Sand Heads areas. Dallimore et al.
(1995, 1996) described the preliminary results of three 300 m holes in 1994 and 1996.

Many geotechnical studies have been conducted in the delta (e.g. Luternauer and Finn, 1983,
Campanella et al., 1983). Notable among those that pertain to the stratigraphy of the delta
are those by Terzhagi (1962), who commented on the stratigraphic conclusions drawn by
Mathews and Shepard (1962); Wallis (1979), who prepared representative vertical
stratigraphic sections for several parts of the delta; and Watts et al. (1992) who used CPT
data to correlate the stratigraphic unit defined by Williams and Roberts (1989).

STRATIGRAPHIC SUMMARY OF THE FRASER DELTA

The Fraser River delta is entirely Holocene in age (Clague et al., 1993, 1991). Deposits of
the delta have a maximum known thickness of 305 m (Dallimore et al., 1996) and overlie
Pleistocene glaciogenic sediments (Hamilton, 1991; Hart et al., 1995; Luternauer et al., 1994;
Clague et al., 1998). Relative sea level has risen approximately 13 m as the Fraser delta has
prograded into the Strait of Georgia, although most of this rise occurred between 8000 and
4500 “C years B.P. (Clague et al., 1983; Williams and Roberts, 1989, 1991). The deltaic
section can be subdivided into topset, foreset and bottomset units (Monahan et al., 1993c,
1997; Luternauer et al., 1993, 1994, Clague et al., 1998).

The topset thins from a maximum of 40 m at the apex of the delta to 20 m or less at the
western margin of the upper delta plain as a result of the mid Holocene rise in relative sea
level (Figure 2-5; Clague et al., 1983; Williams, 1988; Williams and Roberts, 1989, 1991;
Monahan et al., 1993a, b, ¢, 1995b, 1997; Hutchinson et al., 1995). The topset forms an

overall fining-upward sequence that grades up from a lower sand unit, that forms a distinct



17

stratigraphic marker, to an overlying package of sands and silts. The topset is dominated by
the lower sand unit, which is generally 8 to 30 m thick, has a sharp base with several metres
of local relief and has a gradational top (Monahan et al., 1993a, b, ¢, 1995, 1997). The sand
unit is overlain by a thin unit of interbedded sands and siits. On the upper delta plain, these
are in turn overlain by floodplain silts, which are locally capped by peat.

Deposits of the topset sand unit sharply overlie sediments in which seaward dips up to 7° can
commonly be recognized on reflection seismic profiles and CPT correlations, and represent
foreset deposits (Pullan et al., 1989, 1998; Clague et al., 1991, 1998; Monahan, 1993;
Monahan et al., 1993c, 1995, 1997). Foreset deposits are up to 165 m thick.

Foreset deposits include both silts and sands interlaminated and interbedded on a variety of
scales. Silts of the upper foreset (<60 m) are laminated and commonly include thin very fine
sand interbeds. Silts of the lower foreset are commonly bioturbated and are progressively
finer with depth (Christian et al., 1994; Dallimore et al., 1995, 1996). Sand is most common
in the upper foreset. In the southernmost part of the delta, sand-dominated units up to 30 m
thick occur interbedded with thinner silt-dominated units and extend to depths as great as 130
m (Clague et al., 1991; Luternauer et al., 1991). Further to the north, where the foreset as
a whole is dominated by silt, sand-dominated units up to 30 m thick occur locally at the top
of the foreset (Monahan, 1993; Monahan et al., 1997; Luternauer et al., 1994; Clague et al.,
1998).

In deeper deltaic sections, the foreset deposits overlie up to 120 m of clayey silt with minor
sand that accumulated more slowly than the overlying foreset (Figure 2-6; from Luternauer
et al., 1994; Figure 7). These form the bottomset of the delta and are analogous to the
sediments of the modern Strait of Georgia (Clague et al., 1983, 1991; Luternauer, et al.,
1993, 1994; Clague et al., 1998).

Deltaic deposits conformably overlie glaciomarine pebbly silts deposited at the close of the
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Figure 2-6. Holocene and Pleistocene stratigraphy in GSC borehole FD87-1, from Luternauer et al., 1994,
Figure 7. Note the identification of bottomset deposits based on the slower sedimentation rate than foreset
deposits and presence of sandy interbeds; and the identification of Capilano glaciomarine deposits based on the
presence of pebbly silts and radiocarbon dates (Armstrong, 1981). Note that '“C dates are uncorrected for
reservoir effects. See Appendix F for corrected depths.
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Late Wisconsinan Fraser Glaciation 11,000 to 13,000 years B.P. (Figure 2-4; Armstrong,
1981; Hamilton, 1991; Hart et al., 1995; Luternauer et al., 1994; Clague et al., 1998). The
glaciomarine sediments, which are a facies of the Capilano sediments (Armstrong, 1981), are
generally a few metres thick in borehc!es on the modern upper delta plain, but are locally as
thick as 20 m (Luternauer et al., 1991, 1994; Dallimore 1995, 1996; Clague et al., 1998).
They overlie dense diamicton of the Vashon Till of the Fraser Glaciation, which in turn
overlies older overconsolidated' glacial and non-glacial deposits. At sites where Capilano
glaciomarine deposits have not been identified on the margins of the delta, the base of the
deltaic section is marked by the presence of dense sand and gravel deposits and refusal in
standard penetration tests (SPTs) and CPTs (e.g. Figure 6-21; Monahan et al., 1995). These
coarser sediments may include shallower facies of the Capilano sediments, as well as the

Vashon Till and earlier Pleistocene deposits.

'For definition, see Appendix A.
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CHAPTER 3

CONE PENETRATION TESTING

BASIC PRINCIPLES AND OPERATION

Excellent descriptions of cone penetration testing are provided by Campanella et al. (1983),
Campanella and Robertson (1988), Robertson and Campanella (1983a, b, 1986), Robertson
et al. (1986), Robertson (1990) and Lunne et al. (1997). Much of this chapter is derived
from these sources. The summary presented here is not intended to be exhaustive, but to
focus on those factors critical to the geological interpretation of cone penetration test (CPT)
data.

Cone penetration testing originated in the Netherlands in the 1930's with the use of
mechanical devices (Broms and Flodin, 1988; Lunne et al., 1997). Electrical cone
penetrometers, which permitted continuous recording and the use of load cells capable of
much more sensitive measurements than mechanical devices, were first introduced in
Germany in 1944. Much of the subsequent development of these devices occurred in the
Netherlands (Broms and Flodin, 1988). In the last 20 years, cone penetration testing has
been greatly advanced by Campanella and his students at the University of British Columbia
(Campanella et al., 1983; Robertson and Campanella, 1983a, b, 1986; Robertson et al.,
1986), and as a results of their efforts, a large volume of CPT data has been generated in the

Fraser delta.

A CPT is performed by pushing an instrumented cone-tipped rod into unlithified sediment
at 2 cm/sec, usually with a purpose-built drilling rig using a hydraulic jacking system. The
equipment and operating procedures conform to internationally defined standards (e.g.

[SSMFE Technical Committee on Penetration Testing, 1988; ISSMFE, 1989). A sketch
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of a cone penetrometer is shown in Figure 3-1 and a typical CPT plot is shown in Figure 3-2.
The cone has a 60° apical angle and most cones used have a 10 cm? projection area, although
15 cm? cones are also available. A load cell in the tip records the resistance to penetration
at the cone tip - the cone bearing or tip resistance. In general, cone bearing in sands is
higher than in finer sediments. A friction sleeve is located immediately above the cone tip
and records the frictional resistance of the sediments penetrated - the sleeve friction in
Figure 3-2. The friction sleeve has an area of 150 cm? in a 10 cm? cone, and 225 cm’ina 15
cm? cone. The absolute values of friction are greater in sands than finer sediments.
However, the friction ratio, the ratio of sleeve friction to the cone bearing, is lower in sands
than in finer sediments, and the friction ratio curve resembles a gamma ray log used in the
petroleum industry. The cone bearing and friction ratio curves can be cross plotted to
provide a more reliable estimate of sediment type on "soil classification charts"' developed

by several workers (Figure 3-3a; e.g. Robertson and Campanella, 1986).

Uy —-—

Pore pressure
filter location
Friction { Cone

sleeve [ penetrometer

shoulder= , J

Uy > Cone

Figure 3-1. Terminology for cone penetrometers. 10 cm? cone penetrometers have a diameter of 3.56 cm, and
15 cm? cone penetrometers have a diameter of 4.37 cm. From Lunne at al. (1997).

The term "soil classification chart” appears throughout the industry and is used here as well.
However, it provides an estimate of the sediment type based on CPT responses. Strictly
speaking, soil classification requires samples.
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Figure 3-2. Cone penetration test plot from the UBC test site at McDonald's Farm on the north side of Sea

Island, Fraser River delta. Data courtesy of R.C. Campanella. From left to right: cone bearing, is a measure
of the resistance to penetration at the cone tip; sleeve friction, is a measure of the frictional resistance recorded
immediately above the tip; friction ratio is the ratio of sleeve friction to cone bearing; pore pressure is the
dynamic pore pressure induced by the cone, and is referenced to hydrostatic pressure shown by the straight line;
and interpreted profile is the lithology (modified from Campanella et al., 1983; and Robertson et al., 1983).
Cone bearing and sleeve friction are recorded in bars, and pore pressure is recorded in metres of water (I m of
water = 0.0981 bars). Note that cone bearing is high in sand and low in finer sediments, and that friction ratio
is low in sands and higher in finer sediments. Pore pressures are greater than hydrostatic in silts and below
hydrostatic in fine sands. Pore pressures in medium and coarser sands generally fall on the hydrostatic gradient.
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A pore pressure transducer records the dynamic pore pressure induced by penetration of the
cone. CPTs with pore pressure data are also called "CPTUs" or "piezocones"”, and most
modern CPTs are CPTUs. Pore pressure measurements are referenced to the hydrostatic
water pressure, shown by the straight line on the pore pressure curve in Figure 3-2. Silts and
clays generally have pore pressures greater than hydrostatic. Conversely, fine and/or dense
sands have pore pressures less than hydrostatic, because they dilate as they fail under cone
penetration, causing a volume increase and corresponding pore pressure decrease. In coarser
and/or looser sands, in which the permeability is sufficient to overcome any induced pore
pressure changes, the pore pressures plot on the hydrostatic pressure gradient. Pore pressure
data can also be cross-plotted with cone bearing to provide an estimate of sediment type
(Figure 3-3a; Robertson and Campanella, 1986). Pore pressure on the soil classification
chart is represented by B,, the pore pressure parameter ratio, which is defined below in the
section on normalization of CPT data. Pore pressure can be measured at several positions
on the cone: on the cone tip itself - U,; immediately above the cone tip - U,; and above the
friction sleeve - U, (Figure 3-1). In most commercial cones, the pore pressure is measured
at the U, position, because it is less susceptible to damage than the U, position, yet it is close
enough to the tip where the maximum pore pressure changes occur. Furthermore, the U,
position is the best to measure pore pressure for corrections to cone bearing (Robertson and

Campanella, 1986). This will be discussed further below.

Additional sensors can be added. A resistivity module located above the friction sleeve can
be added to provide a continuous record of resistivity (RCPT, i.e. resistivity cone penetration
test; van der Graaf and Zuidberg, 1985; Campanella and Weemees, 1990). A geophone can
be added above the friction sleeve to record a shear-wave velocity profile (SCPT, i.e. seismic
cone penetration test; Robertson et al., 1992a). Shear wave arrivals are generally recorded
every meter during rod breaks, and interval velocities are computed from the difference in
arrival times. Both RCPTs and SCPTs are routinely, if not commonly, recorded in the Fraser
delta. Other sensors, that are currently being introduced in CPTs conducted in the Fraser

delta include a natural gamma ray module that measures natural radioactivity and is
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Figure 3-3. Soil classification charts based on CPT data. These charts are used to cross plot CPT data to

provide an estimate of the sediment type (i.e. soil behaviour type).
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terms see Appendix A.
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parameter ratio (B,) on the right. See text for definitions. Abbreviations as in Figure 3-3a. From Robertson
(1990).
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comparable to a gamma ray log used in the petroleum industry (Singha et al., 1997); a
gamma-gamma module that measures density and is comparable to a density log used in the
petroleum industry (van der Graaf, 1985; Sully and Echezuria, 1988; Singha et ai., 1997);
and a ultra-violet induced fluorescence moduie to identify hydrocarbon contaminants
(Woeller and Robertson, 1997). This dissertation deals with the standard CPT measurements

and parameters derived from them, that is cone bearing, sleeve friction and pore pressure.

Data are recorded by the cone penetrometer are transmitted to the surface, usually by means
of a cable threaded through the push rods. However, in some cases data is transmitted to the
surface acoustically (e.g. Sy et al., 1987; Moran et al., 1989). Data are recorded digitally,

usually every 2.5 or 5 cm. Push rods are 1 m in length.

Because measurements are measured at or near the cone tip, they are unaffected by friction
of the push rods in the sediment. However, rod friction limits the depth of penetration,
which is usually 30 to 70 m. Deeper penetration requires pushing the cone from the base of
a drilled hole. CPT's cannot usually penetrate thick gravel beds, till, or overconsolidated?

sand.

Several methods have been developed to acquire CPT data offshore (e.g. van der Graaf,
1985; Lunne et al., 1997). One of the simplest for shallow water depths, and that used for
offshore operations in the Fraser delta, is using a land-based rig mounted on a spud barge

with a moon pool?.

*For definition see Appendix A.
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CPT MEASUREMENTS AND CORRECTIONS

With appropriate calibration and maintenance, load cells and pressure transducers can have
an accuracy and precision of 0.2% of full scale output, but under field conditions,
repeatability is usually less (Lunne et al., 1997). The most significant source of error in cone
bearing measurements is a zero shift due to temperature, although in the Fraser delta this is
estimated to be generally less than 1 bar (I. Weemees (ConeTec), pers. comm. 1998; see also
Schaap and Zuidberg, 1982; Lunne et al., 1986). The effect of this zero shift is
proportionately greater in soft fine grained sediments in which cone bearing is low. Field
tests of a variety of cones have shown that the variation in cone bearing in a uniform

sediment independent of temperature is usually less than 1 bar (Lunne et al., 1986).

Cone bearing values in all cone penetrometers must be corrected for the effect of pore
pressure acting on the shoulder area immediately above the cone. Cone bearing corrected

for pore pressure, "q,", is defined as:

q =q.+(l-a)u 1)

where: q. = measured cone bearing,
u = measured pore pressure, and
a = cone bearing net area ratio, which is approximately the ratio of the load cell

cross sectional area to the projected area of the cone.

The value of "a" may be estimated from the cone geometry, but in practice should be
determined in a calibration vessel (Campanella and Robertson, 1988; Robertson, 1990). In
data used for this project, "a" varies from 0.57 to 0.85 (Table 4-1). As can be seen from
equation 1 and Figure 3-2, this correction is significant principally in fine grained soiis,
where q. is small and u may be large. The U, position provides the best measure of pore

pressure ("u") for this correction.
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~ Where pore pressure data are available, the friction ratio, R; is usually expressed as:
Re=f/q, 2)
where: f, = measured sleeve friction.

A correction for water pressure similar to that for cone bearing can theoretically be applied
to the friction sleeve measurements, because the dynamic water pressure varies from one end
of the friction sleeve to the other (Robertson, 1990; Lunne at al., 1997). This correction is
greatly reduced if a cone penetrometer with an equal end area friction sleeve is used’.
However, pore pressure data are required at both ends of the friction sleeve (i.e. U,and U,

positions) to make reliable corrections, and CPTs with such measurements are rare.

Friction sleeve measurements, and consequently the derived friction ratio values, are
commonly less accurate and repeatable than cone bearing measurements (Lunne et al., 1986;
Robertson, 1990). Reasons for this include the inability to apply the water pressure
correction on friction sleeve measurements, as described above, and design difference
between cones, such as the end area ratio of the friction sleeve, can cause differences in
sleeve friction measurements (Lunne et al., 1997; Robertson and Wride, 1997). In addition,
wear on the friction sleeve after prolonged use reduces friction measurements, in some cases
up to 45% (Schaap and Zuidberg, 1982; Lunne et al., 1986; Jekel, 1988). Conversely, a new
friction sleeve placed behind a worn cone may record higher friction if the diameter
difference between the sleeve and cone exceeds established specifications (D. Gillespie, pers.
comm. 1998). Furthermore, many cones are subtraction cones, in which two load cells in
series record the cone bearing and the cone bearing plus sleeve friction respectively and the
sleeve friction is derived by subtraction. This arrangement provides a robust design, but

friction sleeve measurements are much lower than cone bearing measurements and the total

3
i.e. the ends of the friction sleeve exposed to water pressure have the same area.



29

capacity of the load cells, so that errors in friction sleeve measurements are proportionately
larger. Finally, errors in cone bearing can have a significant effect on the friction ratio in fine
sediments, where cone bearing is typically low and friction ratio high. As a result of thcse
errors, friction ratio measurements are generally consistent within a particular CPT, but may

not be repeatable between tests.

Pore pressure data are commonly expressed as the excess pore pressure, "dU", the difference

between the measured pore pressure and hydrostatic pressure;

dU=u-u, 3)

where: u, = hydrostatic pore pressure.

CPT DATA INTERPRETATION

Cone bearing measurements increase with relative density, shear strength, grain size, age*,
cementation, overconsolidation’ and in situ stress (Figure 3-3; Robertson and Campanella,
1986; Robertson et al., 1986). Gravelly intervals can cause sharp increases in cone bearing.
Mineralogy affects the compressibility of the sediment, and as compressibility increases,
cone bearing decreases. Friction ratio increases with overconsolidation and decreases with

increasing sensitivity’ in fine sediments.

Cone bearing measurements are also affected by strata above and below the cone tip, so that

4

Sediment ageing includes several processes that increase shear strength with time. These
appear to be primarily due to particle rearrangement on a microscopic scale rather than
cementation (Schmertmann, 1992). See also Chapter 5.

s

For definition, see Appendix A.
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abrupt stratigraphic changes are reflected as a more gradual change on cone bearing
measurements, and cone bearing values in thin beds are different from those in thicker beds
of exactly the same material (Robertson and Campanella, 1986; Robertson and Fear, 1996;
Lunne et al., 1997) . The sphere of influence of cone bearing measurements increases with
sediment stiffness. Consequently, thin beds with low cone bearing are better resolved (i.e.
mechanical properties correctly measured) than thin beds with higher cone bearing. Based
on a theoretical approach, Vreugenhill et al. (1994) have proposed correction factors for thin
beds of sand encased in finer sediments. Because the correction factors are large, Robertson
and Fear (1996) and Lunne et al. (1997) have recommended conservative application of these

correction factors.

As noted above, pore pressure measurements provide an estimate of the permeability of the
sediment, and consequently, its grain size and/or density. During pauses in cone penetration,
that usually occur during rod breaks, pore pressures dissipate, and the rate of dissipation can
be measured and provide additional information on the permeability and coefficient of
consolidation (Robertson et al., 1992b). Pore pressure measurements also provide
information as to whether penetration is taking place under drained or undrained conditions®.
As penetration in fine grained soils changes from undrained to drained conditions, cone
bearing increases slightly, but sleeve friction, and consequently friction ratio increases
several fold (Campanellaet al., 1983). Changes in drainage conditions in a uniform sediment
can occur due to dissipation of pore pressures during rod breaks, particularly the prolonged
rod breaks that occur in SCPTs. Consequently, rod breaks can be expressed in a uniform
sediment as pronounced friction ratio peaks and pore pressure minima (in fine sediments)

with sharp tops and gradational bases 1 m apart (see Chapter 5).

6

For definition, see Appendix A.
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NORMALIZATION OF CPT DATA FOR OVERBURDEN STRESS

In situ stress conditions are an important control over CPT measurements. A uniform
sediment appears to change from one sediment type to another with depth on sediment
classification charts that do not take in situ stresses into consideration. Consequently,
Robertson (1990) developed a soil classification chart based on CPT data normalized for

overburden stress (Figure 3-3b), using the following equations:

Normalized cone bearing: Q, =(q,-0,.)/0', 4)
Normalized friction ratio: Fr = £/ (q-0,) x 100% 5)
Pore pressure parameter ratio: B, =dU/(q-0,,) 6)

where: 0., = vertical overburden stress (i.e. average unit weight times depth; unit weight is

density times gravitational acceleration), and

o', = effective vertical overburden stress (i.e. 0, less hydrostatic pressure).
Robertson and Fear (1996) and Lunne et al. (1997) have defined a normalized soil behaviour
type index, I, based on the observation that normally consolidated sediments fall on a
straight line on the normalized soil classification chart, and that with increasing

overconsolidation, age and cementation would follow an arcuate path normal to this line

(Figure 3-3b). I is defined as followss:

I. = [(3.47 - log Q, )* + (log Fg + 1.22)4]%5 7

The boundaries of soil behaviour type are listed in the Table 3-1.
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TABLE 3-1: Boundaries of Soil Behaviour Types (Robertson and Fear, 1996)

Soil Behaviour Type Index, I. | Soil Behaviour Type

[ <131 gravelly sand

1.31 <I. <2.05 sands: clean sand to silty sand
2.05<I-.<2.60 sand mixtures: silty sand to sandy silt
2.60 <I.<2.95 silt mixtures: clayey silt to silty clay
2.95 <I. <3.60 clays

I >3.60 organic soils: peats

In addition, Robertson and Fear (1996) and Lunne et al. (1997) proposed a general

relationship between I and fines content (FC):

FC=1.7512-3.7. 8)

In this context, "fines content" is that of the engineering literature, the fraction finer than

0.074 mm or 3.75 ¢ (see Chapter 4).

However, several other procedures are used for normalizing cone bearing for overburden
stress in sand in the assessment of liquefaction susceptibility, and normalization of cone
bearing in sand is still a matter of debate. For example, Robertson and colleagues (Robertson
and Campanella, 1985; Robertson et al., 1992a; Robertson and Fear, 1996; and Lunne et al.,
1997) use the following equation:

Normalized cone bearing:  q., = (q/Pa)(Pa/0',,)** 9)

where: Pa = atmospheric pressure.

Equation 9 uses the same correction factor, (Pa/a’,,)**, as that generally used to normalize
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standard penetration test blowcount data for overburden stress (Liao and Whitman, 1986).
In this equation, measured cone bearing (q,) is divided by Pa to make q., dimensionless, as
are Q,, Fg, and B.. However, others (Kayen et al., 1992; Stark and Olson 1995; Olson and
Stark, 1998) use the following equation:

Qeikayeny = 9:(1.8/(0.8+(a",/Pa)) 10)

Olsen and Malone (1988) and Olsen (1994) have proposed normalization of cone bearing

data according to the general equation:

qcl(Olsen) = (qc 'ovo) (Pa/o’vo)c 1 l)

where c, the cone stress exponent, varies from approximately 0.5 in sands to 1.0 in normally
consolidated silts and clays. This equation links equations 4 and 9, where the stress
exponents are 1 and 0.5 respectively’. This approach appears to be conceptually sound. In
normally consolidated silts and clays, cone bearing generally increases linearly with depth
(i.e. ¢ =1.0), justifying the use of Q, in these sediments (Robertson, 1990; Lunne et al., 1997).
In sand, Konrad (1997) has derived a cone stress exponent of 0.627 from laboratory data.
However, application of equation 11 requires a cumbersome iterative process (Robertson,

pers. comm. 1995; Lunne et al., 1997).

More recently, Robertson and Wride (1997, 1998) have proposed a simple iterative
procedure based on I. to normalize cone bearing data using a variable cone stress exponent.
Most silts and clays are normalized using c=1, sands are normalized using ¢=0.5, and

intermediate soil types are normalized with a somewhat arbitrarily defined value of ¢c=0.75.

7

[n sands, q.~q,, and q.>>0,, so that q.~(q,-0,,). Furthermore, q g can be made
dimensionless by dividing (q.-g,,) by Pa.



34

In this procedure the parameter herein referred to as Q is substituted for Q, in equation 7 and

is defined as:
Q = (qt°ovo)(Pa/o'vo)c 12)

I is calculated initially using c=1 (ie Q=Q, ). Where I. is greater than 2.6, no
further adjustment is required. Where L. is less than 2.6, Q and I are recalculated using
c=0.5. If the recalculated I is greater than 2.6, then Q and I.. are recalculated again using
¢=0.75. The final value of I, based on the appropriate values of ¢ and hence of Q, is herein

referred to as I;.

In investigations where o', is between 0.5 and 1.5 atmospheres (0.5 to 1.5 bar, or ~5 to ~15
m depth in most Fraser delta deposits), the different normalization procedures produce
similar results (Robertson and Fear, 1997; Olson and Stark, 1998). However, appropriate
normalization is required for investigations that span greater depth ranges, such as this study.
The choice of normalization procedures used for this research is discussed and justified in

Chapters 4 and S.

GEOLOGICAL USE OF CPT DATA

CPTs have been used extensively for geologic mapping in the Netherlands (de Mulder, 1990,
pers. comm. 1993), but published results elsewhere are limited. De Mulder (1979) and de
Mulder and Bakker (1989) presented cross sections from sites in the Netherlands based on
penetration resistance values, with representative CPT's. De Mulder and Westerhoff (1985)
briefly described CPT characteristics of three coastal sand depositional environments and

related those characteristics to depositional processes.

In North America, Schoustra (1975) recognized that CPT data could be used for stratigraphic
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correlation in a manner similar to wireline logs, and showed a representative cross section
from a site in California. Moran et al. (1989) showed that sedimentologically distinct units
in the Late Wisconsin Mackenzie delta could be distinguished in a CPT profile at a site in
the Beaufort Sea, and could be correlated with borehole and seismic data. Taylor et al.
(1993) integrated CPT, seismic and borehole data in their investigation of Hibernia on the
Grand Banks of Newfoundland.

Several studies have used CPT data for geological investigations in the Fraser River delta.
Watts et al. (1992) showed a CPT cross section correlating the stratigraphic units defined by
Williams and Roberts (1989). Both Monahan et al., (1993a, c) and Mwenifumbo et al.
(written communication, 1992; 1994) have commented on the similarity of the friction ratio
curve to gamma ray logs. As noted in the previous chapter, CPT data were critical to the
identification and interpretation of the topset sand and foreset deposits by Monahan (1993)
and Monahan et al. (1993a, b, ¢, 1994, 1995a, b, 1997) in the early phases of this study. On
the basis of CPT data, sharp and gradational lithological boundaries, coarsening and fining
upward sequences and dips in foreset beds could be recognized beyond the limits of borehole
control. In their documentation of a distributary channel system flowing into Boundary Bay,
Hutchinson et al. (1995) used CPT data in part to define some of the facies in the topset.
Most recently, Christian et al. (1997a) discussed the stratigraphy of foreset deposits at the
river mouth at Sand Heads, based in part on CPT data. The stratigraphic conclusions reached
by the last two studies differ from those reached by this author, based on a regional

interpretation of the CPT data, and are discussed in Appendix L.
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CHAPTER 4

DATA COLLECTION AND ANALYSIS

INTRODUCTION

In order to apply CPT data to facies analysis in the Fraser delta, a CPT database was
developed throughout the delta, and a suite of continuously cored boreholes was drilled
adjacent to selected CPTs in order to determine the facies significance of shapes of the CPT
curves and the CPT expression of each facies. The cores were logged in the field and in the
laboratory. Based on the visual examination of the cores, grain size trends appeared to be
reflected in CPT measurements. Consequently, a suite of grain size samples was analyzed
to determine the correlations of grain size with CPT measurements. The cores were depth-
corrected to remove the effects of core disturbance, primarily by the use of borehole gamma
ray logs, and correlated with the adjacent CPTs in order to compare the grain size
measurements with normalized CPT data. In addition, several samples were submitted for
radiocarbon dating. This chapter describes the procedures and methods used in these steps,
including an analysis of the repeatability of CPT data, and concludes with a description of

the terminolgy, grain size parameters and units of measurement used in this dissertation.

CPT DATABASE

A database of 863 CPTs from 175 sites in the Fraser delta was collected for this study
(Figure 2-2). Most are located on the upper delta plain, and are concentrated on Sea Island
(Vancouver International Airport), western Lulu Island (Richmond Centre), and along the
highway network. However, 81 are located on the lower delta plain, subaqueous platform
and the uppermost part of the slope, particularly in the vicinity of Roberts Bank Port, the
artificial island on the outer tidal flats and subaqueous platform at the southern end of
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Roberts Bank. The deepest CPT reached a depth of 100.25 m, but most reached depths
between 20 and 40 m (Figure 4-1). In addition to the CPTs, 785 geotechnical borehole logs,
generaily with standard penetration test data were also obtained to provide lithological data.

10-20m 144
20-30m 327
3]
E" 30-40m 267
3 L
3 40-50m 43
[ TOTAL 863 CPTs
>100m | |
0 50 100 150 200 250 300 350
Number of CPTs

Figure 4-1. Bar graph showing the depth range of CPT data obtained for this study.

Of the CPT database, 91 CPTs were generated by the GSC as part of a regional investigation
of the delta and 55 were generated by the Civil Engineering Department at the University of
British Columbia for research. The remainder were generated in the course of engineering
investigations and were obtained from a variety of public and private agencies. Data
collection focussed on public agencies, because they have an interest in supporting research,
they tend to own more buildings with a broader geographical distribution than individual
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private owners, and public projects have included more CPTs than private ones. In most
cases, the building or property owners were approached for the data, and they instructed
geotechnical consultants to release the data for this project. However, the public agencies
that have their own geotechnical departments were able to provide the data directly. Further
discussion of data collection procedures in the Fraser delta is provided by Monahan and
Luternauer (1994)

Most CPT data were obtained in the form of paper records. However, digital data were
obtained for 342 CPTs. These were performed by five operators: ConeTec Investigations
Ltd. (ConeTec), the Civil Engineering Department of the University of British Columbia
(UBC), the British Columbia Ministry of Transportation and Highways (MOTH), Foundex
Exploration Ltd. (Foundex), and Hughes InSitu Ltd. (Hughes). ConeTec, UBC, and Hughes
manufactured their own penetrometers. Some of the cones used by UBC, and all of the cones
used by MOTH were manufactured by Hogentogler & Co., Inc. The cone used by Foundex
was manufactured by Geotech AB. Specifications of the equipment (Table 4-1) were
provided by the operators, except for the Foundex equipment, which was calibrated by Sy
etal. (1987).

Table 4-1: Summary of Digital Cpt Database, by Operator

operator number | cone size "a' Friction data Pore
of CPTs end area {recording| Pressure

interval | location

ConeTec 180 10 cm? 0.85 equal 5cm U,
3 15 cm? 0.85 equal 5cm U,

UBC 27 10 cm?® |0.80-0.85| equal 2.5cm | U,U,U,
MOTH 102 10 cm? 0.85 equal Scm U,
Foundex 4 10 cm? 0.65 unequal | Scm U,
Hughes 19 10 cm? ]0.57-0.65| unequal | Scm U,

7 15 cm? 0.59 unequal S5cm U,
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CPT DATA ANALYSIS

Where digital daia were available, cone bearing measurements were corrected for pore
pressure effects using equation 1 in Chapter 3, and the values for "a" are summarized in
Table 4-1. In order to compare data from different depths, CPT data were normalized for

effective overburden stress.

In normalizing cone bearing, Q, (equation 4, Chapter 3), q,, (equation 9, Chapter 3), and Q
(equation 12 and the iterative process outlined in Chapter 3) were computed. Q is used here
to compare suites of samples or intervals that include both sands and silts. As described in
Chapter 3, Q is based on a cone stress exponent (c) that is 0.5 in sands and 1.0 in most silts
and clays. However, in suites of samples consisting cnly of sand or silt, q., (¢=0.5) and Q,
(c=1.0)" are both shown and compared in Chapter 5 to demonstrate that the ¢ does change
with sediment type, and to justify the use of Q.

Furthermore, q., and Q, are shown with Q on plots of normalized CPT data, because Q is
based in part on friction ratio values, which are less repeatable than cone bearing, and
because q., and Q, retain the form of the original data over depth intervals of a few metres,
whereas Q reduces or exaggerates differences between sand and silt. Normalization of cone
bearing can be visualized as a clockwise rotation of cone bearing around a depth where
effective overburden stress (g',,) equals 1 atmoshere (1 bar, or ~10 m). Normalized cone
bearing is less than measured cone bearing ( q,) below this depth and greater above. The
normalizing correction (i.e. amount of rotation) increases as ¢ increases (i.e. is greater in silt
than in sand). However, q, is less in silts than in sands, so that the differences between sand

and silt are exaggerated using a variable stress exponent below 10 m and reduced above.

Normalized friction ratios (Fg) and normalized pore pressure parameter ratios (B,) were

'In sands q,, ~ Q, and in most silts and clays , Q=Q..
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derived using equations 5 and 6 from Chapter 3, respectively. As can seen by comparing
equations 2 and S in Chapter 3, the effect of normalizing friction ratio is significant in silts
where q, is low, but not in sands, where q, is high. Soil behaviour type index, I¢, has also
been calculated as described in Chapter 3.

CPT data were normalized for effective overburden stress assuming an average unit weight
of 19 kKN/m? (equivalent to a density of 1939 kg/m®). Although unit weights are provided in
the CPT interpretation program CPTINT 5.0 (Campanella, 1993), these were not used
because they are based on a correlation between cone bearing and unit weight. The
correlations in Chapter 3 are intended to demonstrate the relationships between grain size and
cone bearing without the effect of an assumed density correction. Furthermore, the computed
values of normalized cone bearing are relatively insensitive to variations in unit weight for

the types of sediments represented in these cores.

Both normalized and non-normalized characteristics of CPT data of each facies are discussed
in Chapter 6. Although normalized data are required for quantitative facies definitions, non-
normalized data require less processing and generally have the same form as normalized data
over intervals 10 m or less, showing cone bearing increasing and decreasing upward
sequences in a similar way. The use of non-normalized data also permits comparison of CPT
data that were obtained in digital form with the CPT data that were obtained in the form of
paper records and are not readily normalized. Furthermore, normalizing corrections are large
near the surface, and in near surface deposits with low cone bearing, normalizing can
magnify apparent differences that may reflect the limits of accuracy between different CPTs
(+ 1 or 2 bars).

Correction factors proposed by Vreugdenhil et al.(1994) for thin units of sand interbedded
in finer sediments have not been applied to these data. Many thin beds in this dataset are in
the 5 to 10 cm range, and the ratio of cone bearing in the sand beds to surrounding silts is less

than 2. These parameters are at or below the limits where their corrections apply.
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Furthermore, where these corrections can be applied, the correction factors are large, so that
Robertson and Fear (1996) and Lunne et al. (1997) have recommended conservative

application of these correction factors.

REPEATABILITY OF CPT DATA

In order to test the repeatability of CPT data collected in the Fraser delta, comparisons of 4
operators' data (ConeTec, UBC, MOTH, Hughes) were made at 5 sites where uniform
deposits were interpreted to be present. These comparisons are presented in more detail in
Appendix E. Cone bearing measurements were generally repeatable within +1 to 1.5 bar,
slightly greater than reported by Lunne et al. (1986). This repeatabilty is best demonstrated
where uniform silt deposits occur. Slightly greater variation occurs in CPTs in sands, but
this probably reflects the natural variability of the sand deposits (Figure 4-2). No variation

between operators was evident.

Friction ratio values were far less repeatable. In particular, Hughes' data consistently
generated higher and more variable friction ratios than the other operators’. No consistent
distinctions could be made between the other operator's data. However, there were
commonly greater differences in friction ratios between adjacent CPTs than there were within
a particular CPT. In a uniform silt layer at one site (Kidd2, borehole K2V2), average friction
ratio varied by a factor of 5 in a suite of 5 CPTs (excluding the Hughes CPTs), although
within each CPT the variation was low, between 7 and 30% (Figure 4-2). Variations in
friction ratios between CPTs in uniform deposits were generated by variation in sleeve
friction measurements, but in shallow deposits where cone bearing was low, variation in
friction ratios up to a factor of 1.5 were generated by variation in cone bearing.
Consequently, friction ratio measurements appear to be consistent within a particular CPT,
but may not be repeatable between tests, so that the friction ratio curve is less useful for

quantitative analysis.
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Figure 4-2a. Superimposed cone bearing curves (q,) for 5 CPTs at Kidd2, performed by UBC and
ConeTec. Note the contact between the sand and silt unit occurs where q, increases sharply upward
between 19 and 23 m. Note also that q, in the silts varies by + 1.5 bar. In the sands, variation in q, is

much greater but is primarily due to natural variation of the deposit.
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Figure 4-2b. Superimposed friction ratio (R¢) curves for 2 CPTs at Kidd2, 2 m apart. The contact
between the sand and the underlying silt unit in these CPTs is marked by a R; peak at 22 m. Note R,
varies by a factor of 3 in the silts in these CPTs ( factor of § in 5§ CPTs in Figure 4-2a), but that the
variation within each CPT is low. The CPTs were both performed by UBC.
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Pore pressure measurements were generally repeatable within 1 m, excluding Hugnes' data

which was not consistent with that of the other operators.

Data provided by Foundex could not be evaluated in a similar manner, because the CPT
occurred greater than 50 m from the nearest CPT by another operator, and stratigraphic
variation is indicated. However, it is interpreted to be comparable to the other operator's data
because cone bearing values are generally comparable between the different operators, and
the cone bearing, friction ratio, and pore pressure curves have the same character as those
curves as on data provided by ConeTec, UBC and MOTH.

On the basis of these comparisons, all operators' cone bearing data could be compared
quantitatively in Chapters 5 and 6, and data provided by ConeTec, UBC and Foundex could
be used in the quantitative comparisons of grain size and other CPT data in Chapter S.

DRILLING PROGRAM

Cores from 22 boreholes drilled adjacent to CPTs between 1992 and 1995 were logged by
the author (Figure 4-3; Table 4-2). Most were drilled by the GSC, and of those, FD92-11,
FD95S-1 and the three offshore boreholes were drilled in partnership with B.C. Hydro.
FD94-1 and K2V2 were drilled as part of the CANLEX Project (Canadian Liquefaction
Experiment; List and Robertson, 1995; Robertson et al., in prep.) and DT13 was drilled as
part of a private contaminated site investigation. Details of each site are presented in

Appendix B.

Cores from 13 of these boreholes were located within a few metres of the adjacent CPTs,
were logged in the field and relogged in detail in the laboratory (Table 4-2a). These
boreholes were drilled by Sonic Drilling Ltd. using a rotary-vibratory ("sonic") system and
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Figure 4-3. Map of the Fraser delta showing the boreholes used in this study.
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by Foundex Exploration Ltd., using a mud rotary drilling system with a modified triple tube
retractor core barrel ("triple tube retractor"). The coring methods are discussed below. Most
of these borcholes are located on the upper delta plain. However, three are located at Roberts
Bank Port and on the causeway leading across the tidal flats.

Of these 13 boreholes, 6 were drilled adjacent to existing CPTs in order to examine specific
shapes of CPT curves: FD93-2, FD93-3, FD93-4, FD93-5, FD94-5 and FD94-6. The CPTs
were located to within a couple of metres using site plans from the original CPT
investigations, although in the case of FD93-5, a new CPT was conducted after drilling and
was located 2 metres from the borehole. The other 7 boreholes were drilled as part of
detailed site investigations that included acquisition of the adjacent CPT data, so that the
locations of the CPTs relative to the boreholes are known. The latter investigations include
Canoe Pass in the Municipality of Delta (FD92-11; Christian et al., 1994), Roberts Bank Port
(FD93-1 and FD95S-1; Christian et al., 1995), the deep GSC borehole at No. 4 Road and
Alderbridge Way in Richmond (FD94-2 and FD94-4; Dallimore et al., 1995; Monahan et al.,
1997), and the CANLEX sites (FD94-1 and K2V2; List and Robertson, 1995; Monahan et
al., 1995). At two sites, both a sonic and triple tube retractor borehole were drilled. With
the exception of FD95S-1, these boreholes were continuously cored. Many of the CPTs
adjacent to these boreholes are SCPTs, in which pore pressures can change significantly
during rod breaks (see Chapters 3 and 5). Several of the SCPTs are included in reports by
Woeller et al. (1993a, 1994).

Five additional sonic boreholes (Table 4-2b) located on the upper delta plain and one located
on the Fraser River floodplain upstream of the delta were logged in the field. Only a few
intervals in these boreholes were relogged in detail in the laboratory. Those drilled in 1992
(FD92-2, FD92-3, FD92-4 and FD92-5) were located at distances of tens of metres from the
nearest CPTs, so that detailed correlations could not be confidently made with the CPTs.

Three boreholes were drilled on the subaqueous platform by Mud Bay Drilling Ltd. using a
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mobile rotary drilling system mounted on a spud barge with a moon pool® (Table 4-2c).
Shelby tube samples were taken at selected intervals. These cores were logged in the field
and relogged in detail in the laboratory. Due to positioning difficulties with the spud barge,
the boreholes were located 55 to 120 m from the nearest CPTs, so that in these cases too,

detailed correlations could not be confidently made.

Data from these boreholes are supplemented by published logs and unpublished field notes
on 8 additional GSC boreholes drilled adjacent to CPTs between 1987 and 1996 (Table 4-
2d). Most of these are an indeterminate distance from the adjacent CPT. In boreholes FD87-
1 and FD88-1 cores were taken discontinuously, every 3 to 8 metres, with a Standard

Penetration Test split spoon sampler (Luternauer et al., 1991).

All of the sonic and triple tube retractor boreholes, with the exception of FD90-2 and DT13,
were cased with PVC and logged using Geonics EM-39 conductivity and natural gamma ray
(gamma ray) tools. These logs were provided by J.A. Hunter of the GSC. Most of the logs
are included in Hunter et al. (1994, 1998) and those for FD94-2 and FD94-4 are shown in
Dallimore et al. (1995) and Monahan et al. (1997). Gamma ray logs respond to the natural
radioactivity of sediments, which is generally low in sands and is high in finer sediments
(e.g. Schlumberger, 1989). Consequently, gamma ray logs were used in this project to
identify stratigraphic contacts and to depth-correct cores, as described below (Figure 4-4).
Because the gamma ray signal is dependent upon the decay of individual atomic nuclei, it
fluctuates within a uniform deposit. For example, when the tool was pushed into a pile of
sand on the ground surface before a logging run, the signal varied by 10 counts per second.
Because of this natural fluctuation, bedding in thinly interbedded sand and silt could not be
resolved (e.g. Figure 4-5).

2
For definitions, see Appendix A.



TABLE 4-2: SUMMARY OF BOREHOLES AND ADJACENT CPTS
4-2a: BOREHOLES LOGGED IN DETAIL

Location Borehole CPT References
site setting ¥ dc:lth type distca;’c; to M de':th operator | type | "a" | U and Comments
§Canoe Pass upper delta| FD92-11| 101 | triple 77m |CPT92-1| 100 | Foundex | 10 cm? | 0.65 | U, |Christian et al., 1994a;
Terminal, Delta plain tube Hunter et al., 1994
Roberts Bank subaqueousf FD93-1 | 54 | sonic 5m SCPT | 90 | ConeTec | 15 cm? | 0.85] U, [Christian et al., 1995;
Deltaport,Delta platform 95-109 Hunter et al., 1994,
FD95S-1f 150 | triple 37m FD95S-1 logged t
tube 115m.
Richmond Hospital | upperdelta] FD93-2 | 52 | sonic <3m CPT-1 25 | ConeTec | 10 cm? | 0.85 | U; |Hunter et al., 1994
_plain 93-109
Richmond sea dykes| upper delta| FD93-3 | 48 | sonic <3m SCPT-1 | 49 | ConeTec | 10 cm? | 0.85 | U, |Finn et al., 1990;
lat Francis Road plain 89-140 Hunter et al,, 1994;
Monahan et al., 1997
60th Ave. & 68th | upper deltaj FD93-4 | 51 sonic <3m |SCPT13| 35 | ConeTec | 10 cm? | 0.85 Woeller et. al., 1993a;
St., Delta plain 93-102 Hunter et al., 1994
lower delta| FD93-5§ 48 | sonic 2m SCPT 13| 36 | ConeTec | 10 cm? | 0.85 | U, |Hunter et al., 1994;
plain 94-112 Woeller et al., 1994
Deas Island, Delta | upper delta} FD94-1 | 48 sonic I5m SCPT | 41 ConeTec | 10cm? | 0.85 | U, [Woeller et al., 1994;
plain 94-112 Monahan, et al., 1995
Coast Guard Radio |upper delta] FD94-2 | 53 sonic 1.5m SCPT 14| 58 | ConeTec | 10cm? | 0.85 ] U, |Woeller et al., 1994;
Tower, No. 4 Road plain FD94-4 | 301 triple 94-112 Dallimore et al., 1995;
i " tube Monahan et al., 1997.
FD94-4 logged to 60m |
upper delta| FD94-5 | 24 sonic <3m CPT2 35 | ConeTec | 10cm?| 0.85| U,
plain 91-101 ]
., |upperdelta] FD94-6 | 23 sonic <3m SCPT7 | 36 | ConeTec | 10 cm? | 0.85] U, |Woeller et al., 1994
plain 94-112
Kidd 2 Substation, |upperdeltal K2V2 | 20 | sonic 45m CPT 49 UBC 10 cm? | 0.80 | U; |[Monahan, et al., 1995,
Richmond plain KD9302 1997: UBC, 1995

'14



TABLE 4-2: SUMMARY OF BOREHOLES AND ADJACENT CPTS
4-2b: ADDITIONAL SONIC ROREHOLES

Location Borehole CPT References
site setting # de:' th type dis::f: to # de::h operator | type |"a"| U and Comments
River Road & No.4 | upper delta FD92-2 35 |sonic] ~60m CPT9305 | 30 | Hughes [ 10cm?| 0.6 | U, [Hunter et al., 1994;
Road, Richmond plain Monahan et al.,
I(Kidd 2 Substation) CPT4F | 25 | ConeTec | 10 cm?] 0.9 | U, [1995
92-180
MOT Radio Tower, | upper delta FD92-3 41 | sonic ? RCPT3 19 | ConeTec | 10 cm?| 0.9 | U; {Hunter et al., 1994;
Westminster plain 92-103 Woeller et al., 1993b.
Highway between Paper copy of CPT
#6 & #7 Rd, only.
Richmond
Amott Substation, | upperdelta | FD924 48 |sonic] ~65m | CPT9309| 51 | Hughes | 10 cm?| 0.6 | U, |Hunter et al., 1994
Delta plain
Westbridge, upperdelta | FD92-5 63 |sonic] ~l10m |}SCPT91-3| 39 | MOTH | 10cm?| 0.9 | U, |Hunter et al., 1994;
Annacis Is, Delta plain also paper record of
CPT 87-C1A
South end 112th St.,| upperdeita | FD95-6 101 | sonic ~3m SCPT 10 | 31 | ConeTec | 10 cm?| 0.9 } U, [Woeller et al., 1994;
Delta plain 94-112 core to 57 m; drilled
t0 101.
Domtar Site, Fraser River DTI3 33 | sonic Im CPT 28 UBC 10 cm? | 0.80| U, |Everard, 1995. No
lCoquitlam floodplain DOM9306 gamma ray log.
4-2¢c: OFFSHORE BOREHOLES
Roberts Bank, site 1| subaqeous | BHFD93S-1| 24 |shelby] ~65m SCPT6 | 29 | ConeTec | 10 cm?| 0.9 | U, |Christian; 1994b
_platform 93-175
Sand Heads subaqeous | BHFD93S-2| 16 |shelby] ~55m SCPT4 | 25 | ConeTec | 10 cm?| 0.9 | U, |Christian; 1997a
platform 93-175
Roberts Bank, site 2| subaqeous | BHFD94S-1| 20 |shelby] ~120m |SCPT2 94-| 44 | ConeTec ! 10 cm?| 0.9 | U, [Christien; 1994b
platform 180

6v



TABLE 4-2: SUMMARY OF BOREHOLES AND ADJACENT CPTS
4-2d: SUPPLEMENTAL GSC BOREHOLES, NOT LOGGED BY AUTHOR

Location Borehole CPT References
site setting | # de:th type dist::: to} M de:th operator | type | "a" | U and Comments
28th Ave & 56th St., | upper |FD87-1} 367 split 6m SCPT 1] 45 | ConeTec |10 cm?| 0.85 | U |ConeTec, 1987; Luternauer et
Delta delta spoon 87-110 al., 1991; Hunter et al., 1994;
plain 3-137m Mwenifumbo et al., 1994. Paper
copy of CPT only.
Richmond sea dykes | upper |FD88-1] 122 split 14m |SCPT1]| 30 | ConeTec 110 cm?| 0.85 | U, |Finn, 1988; Finn et al., 1989;
at Blundel Road delta spoon 88-123 Hunter et al,, 1994;
plain Mwenifumbo et al., 1994. Paper
copyof CPToply, |
Arthur Laing Bridge, | upper |FD90-1] 43 sonic SCPT 1| 35 | ConeTec |10 cm?¥ 0.85 | U, [Hunter et al., 1994
Sea Island delta 96-110
plain
Francis Rd. & upper |FD90-2] 55 sonic ? RCPT 1| 25 | ConeTec |10 cm?® 0.85 | U, |[Woeller et al., 1993b. No
Railway Ave., delta 92-103 gamma ray log, Paper copy of
|Richmond plain CPT only
Vancouver Airport upper |FD91-1| 55 sonic ? RCPT 1| 19 | ConeTec |10 cm? 0.85 | U, |Patterson and Luternauer, 1993;
Terminal; Sea Island | delta Woeller et al., 1993b;Hunter et
plain al., 1994; Lutemnauer et al., in
press, Paper copy of CPT only |
#7 Rd. & Mayfair upper {FD91-2| 45 sonic ? RCPT2]| 30 | ConeTec {10 cm? 0.85 | U; |Woeller et al., 1993b; Hunter et
Golf Course, delta 92-103 al,, 1994. Paper copy of CPT
Richmond. _Dplain only.
MOT Radio Tower, upper |FD94-3] 305 |triple tube SCPT17| 21 | ConeTec |10 cm?¥ 0.85 | U, |Woeller et al., 1994; Dallimore
Westminster Highway| delta retractor 94-112 etal, 1995. Same site as FD92-
between #6 & #7 Rd, | plain 3.
ichmond .
Richmond City Hall upper {FD96-1] 328 jtripletube] 23m CPT3 | 31 | ConeTec {10 cm? 0.85 | U, |Dallimore et al., 1996
delta retractor 93-190
plain

0s
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CORING METHODS AND DEPTH CORRECTIONS
Sonic Cores

Sonic drilling, or roiary-vibratory drilling, uses a vibrating system that liquefies sediment
along the cutting edge of the drill bit, but has rotary capability so that it can also drill
through rock (Swanson, 1994). Cores are cut continuously in 3 or 6 m (10 or 20 ft)
increments. After each core is cut, steel casing is advanced to the same depth as the base
of the core and the entire drill string is tripped to the surface. The core is extruded by
vibrating the retrieved core barrel and letting the core slide into a soft plastic sleeve slipped
on to the outside of the core barrel. The core has a diameter of 10.8 cm and the diameter of
the plastic sleeve is 12.7 cm when fully opened. After the final total depth of the borehole
is reached and the final core is retrieved, the steel casing is retrieved. In the Sonic boreholes
drilled for this study, permanent PVC casing was run inside the steel casing so that wireline

logs could subsequently be run.

The sonic system produces excellent cores, particularly in sands, where fine textural details
such as cross-bedding (e.g. Figure 6-28) are commonly preserved, and core recovery is
generally above 75%. Lithological contacts and facies sequences are readily observed in the
long cores recovered by this system. However, this system has a number of sources of error

that affect core interpretation.

In sand intervals, excess sand can occur at the fop of a core. This is commonly sand that
flowed or "heaved" into the borehole when the previous core was brought to the surface, but
it may include losses from the previous core. It is generally very loose, wet and has a
tendency to flow, and may contain drilling grease. The sand generally appears massive, but
may have a disturbed appearance, with irregular patches of sand of one grain size range
encased in sand of another. However, excess sand is best recognized where distinct silt

interbeds or sand-silt contacts are present in the undisturbed part of the core and the core can
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be depth-corrected by correlating these markers with the gamma ray log (Figure 4-4). The
amount of excess sand is generally less than 1 m, but can be as much as 1.4 m. In most
cases, excess sand must be disregarded, although occasionally losses from the previous core
may be recognized if distinct silt interbeds that can be recognized on the gamma ray log or
firm sand are present. Rarely, sand interpreted to be "heaved" and derived from uphole sandy
strata was recovered at the tops of cores within the foreset silt. This sand was interpreted to
be out of place because of the absence of a typical sand response at the depth of the core on

the gamma ray log.

Sand can expand laterally in the plastic bag as it is being extruded from the core barrel and
the recovered core will shorten. Based on the ratio of the cross sectional areas of the plastic
bag and the core barrel, the interval thickness can be corrected by a factor 1.38. However,
where distinct silt beds or contact occur, depth correction is best done with the gamma ray

log.

Core deformation can occur in silty intervals, particularly in the laminated sandy to clayey
silts of the foreset. Differential deformation of these sediments during the coring and
extrusion process can generate lobes of sandy silt 10 to 20 cm long protruding along the axis
of the core into finer sediments. Although the thickness of individual laminae cannot be
resolved due to this deformation, the thicknesses of larger intervals (e.g. metre-scale
coarsening-upward sequences described in Chapter 5 and 6) relative to one another in the
same core are interpreted to be correct. Core expansion can also occur in the foreset silts,
in part as a result of expansion of gas contained in the sediment, and can produce apparent
core recoveries that are up to 27% thicker than the cored intervals. These cores were depth-

corrected by assuming that the expansion factor was uniform throughout a specific core.

In interbedded sand and silt sections, the core can penetrate silts without coring (i.e.
displacement) so that missing core can occur within a silt interval in the middle or top of a

core. These displaced core intervals can also be identified by correlation of the core with the
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gamma ray log.

Triple Tube Retractor Cores

The triple tube retractor coring system operated by Foundex uses a wireline retrievable core
barrel, so that the entire drill string does not have to be tripped out to recover each core.
Cores are cut in 1.5 or 3 m increments (5 or 10 feet) and have a diameter of 8.3 cm. The
cores are extruded hydraulically from the core barrel still encased in a split metal liner, which
is then opened to expose the core. This drilling system is capable of drilling greater depths
than the Sonic drilling rig available at the time in the Vancouver area, and consequently has
been used for all the deep GSC boreholes (Christian et al., 1994a, 1995; Dallimore et al.,
1995, 1996).

Core recovery was generally less than 50% in the sands of the topset, but in sands deeper in
the foreset recovery approached 100%. In silts, core recovery was high and cores did not
have the differential deformation features that were commonly present in the sonic system.
However, the top parts of cores in silts in the upper part of the foreset were commonly highly
disturbed, being converted into a soft mud with gas bubbles and lacking the fine laminations
that characterize the undisturbed silts. The disturbed intervals were 20 to 50 cm thick in
FD92-11, which was cored in 1.5 m increments, and over a metre in FD94-4, which was
cored in 3 m increments. This form of core disturbance was probably generated by suction
as the previous core was recovered. It was not encountered in cores deeper in the foreset
where stiffer silts occur. Cores were correlated to gamma ray logs, but less depth correction
was generally required than for the sonic cores. An exception is FD95S-1, in which a
correction of approximately 1 to 1.5 m was required for all cores. Because the gamma ray
log appeared to be on depth with the offsetting CPT, the depth correction was probably
required because of an extra length of drill pipe in the drill string.
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Figure 4-4. Depth correction of cores using gamma ray logs and correlation of samples to CPT. a) FD93-3. The base of the sand unit occurs on the gamma
ray log at 19 m. The core was depth corrected by adjusting it upward so that this contact is at the same depth in core as on the log: By doing this, 1.4 m of
sand at the top of the core can be seen to come from above the top of the core interval at 17.37 m, and is excess recovery. The core can correlated to the CPT
by lining up the base of the sand in the core with the base on the CPT, where it is shown by a sharp change in cone bearing and increase in friction ratio at ~19.2
m. On the basis of this comrelation, the grain size samples (dots) can be correlated to a specific CPT readings (arrows). Although the core could be correlated

directly with the CPT, the gamma ray log provides the confidence to make such a large depth correction to correlate grain size samples with CPT readings.
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minima and which occur on depth with the depth corrected core. On the basis of this correlation, the grain size samples (dots) can be correlated to a specific

CPT readings (arrows). Although here, too, the core can be correlated directly with the CPT, the gamma ray log provides the confidence to make a depth
adjustment of 0.6 m from the core to the CPT.
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Shelby Tubes Samples in Offshore Boreholes

The offshore boreholes were drilled using a mobile rotary drilling rig. The drill string was
tripped out of the hole in order to core. Cores were cut intermittently using a hydraulic
Shelby piston sampler, 60 cm long and 8 cm in diameter, and cores were extruded from the
Shelby tubes hydraulically. Recovery was generally 60 to 80%. Except for some disturbance
in the upper few centimetres, core quality was generally good. Nonetheless, the utility of
these cores for this project was limited by the short sample interval, intermittent sampling

and the distance from the nearest CPTs.

CORE LOGGING IN THE FIELD AND LABORATORY

As each core was recovered, it was placed into one or more 1.5 m lengths of split PVC pipe
10 cm in diameter to keep the core intact and then split. In the case of the sonic system, each
core was placed on the ground while still in the plastic bag and rolled into the split pipe; and
with the pipe beneath the core, the plastic bag was cut open and the core split. The cores
were described and photographed in the field, and placed into "D-tubes" for transportation
to the laboratory, where they were relogged in detail and rephotographed. When the cores
were reexamined in the laboratory, they had dried slightly, bringing out some subtle features

not evident in the wet core.
GRAIN SIZE SAMPLING PROCEDURES

In order to quantitatively assess the grain size significance of CPT measurements, 383 grain
size samples were analyzed from boreholes located within a few metres of the adjacent
CPTs. Two basic sampling strategies were followed. Widely spaced samples were taken at

irregular intervals to determine the grain size changes on scales of several metres to tens of
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metres. To determine grain size changes of smaller scale sequences, regularly spaced
samples were taken every 5 to 50 cm over intervals of 0.5 to 5 metres. Because of the
distortion of the foreset silts in the sonic boreholes, most samples in these intervals were
taken from the triple tube retractor cores. The grain size samples are summarized by
borehole in Table 5-1 and are tabulated in Appendix C.

Most samples were taken in the laboratory by cutting a rectangular block representing a
stratigraphic interval of 5 cm out of the core. In these cases, each sample represents all parts
of the 5 cm interval equally, including all coarser and finer laminae. Samples had an initial
wet weight of 40 to 80 grams. However, those samples with a high gravel component (e.g.
in FD94-5) incorporated the entire retained core in the 5 cm interval to reduce the effect that
individual large particles would have on the grain size distribution. Exceptions to these
procedures are the widely spaced samples from FD92-11, which were taken in the field and
represent intervals of 3 to 14 cm; and three samples in the foreset in FD93-2 which were also

taken in the field and represent 5 cm intervals.

GRAIN SIZE SAMPLE ANALYSIS PROCEDURES

Of the grain size samples, 353 were analyzed by the staff of the sediment laboratory at the
Pacific Geoscience Centre (PGC) of the GSC, where the grain size samples were analyzed
according to the following procedures. Grain size is reported in the ¢ scale, where ¢ is

equal to the negative log to the base 2 of grain size in millimetres.

Samples were dried, weighed and wet sieved to separate the gravel (>2 mm or <-1¢; retained
by #10 sieve), sand (0.0625 to 2 mm or 4 to -1¢) and mud (<0.0625 mm or >4¢; passing
through # 230 sieve) fractions. The gravel and sand fractions were then dried and weighed
and the mud fraction weights were determined by subtraction of the sand and gravel from the
initial dry weights.
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Aqueous suspensions containing the mud fractions were concentrated using a centrifuge, and
50 mL subsamples were taken for determination of the grain size distributions using a
SediGraph 5100 Particle Size Analyzer. The SediGraph uses a finely collimated horizontal
beam of X-rays to determine the sediment concentration in the subsample. It measures the
changes in sediment concentration with time and with depth in the suspension, by slowly
moving the cell containing the sediment suspension downwards across the horizontal beam
of X-rays (McCave and Syvitski, 1991). From these changes in sediment concentration,
settling velocity distributions were generated. The SediGraph is interfaced with a
MasterTech 51 Automated Sampler and a Compaq PC so that up to 18 samples can be run

unattended.

Grain size distributions for the sand fractions are measured in a 2 metre settling tube filled
with distilled water. A pan at the base of the tube is weighed continuously by a Mettler AE
160 balance interfaced with an IBM PC to provide a settling velocity distribution for each

sample (Conway, pers. comm. 1996).

From the settling velocity distributions, particle size distributions of the mud and sand
fractions were determined by Stoke's Law. However, the particle sizes reported are those of
spherical equivalents with a density of 2.65 g/cm’ rather than true particle sizes. Grain size
distributions are reported in 0.25 ¢ intervals. Sand and mud fraction less than 5% of the total
weight are not analyzed.

Grain size distributions of the gravel fractions were determined by sieve in 0.5 ¢ intervals.

The grain size distributions of the sand, mud and gravel fractions were merged using
software designed at the PGC to give continuous grain size distributions. The software also
computed the median (¢,, and D), and moment mean and standard deviation (Friedman and
Sanders, 1978). Grain size systems of this type produce results that are repeatable within 5%
(Barrie, pers. comm. 1997). However, a far greater source of variability in the grain size data
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is due to sample selection, particularly in samples of laminated sediments, where moving the

sampled interval slightly would change the grain size parameters significantly.

The remaining 30 grain size samples, all from FD95S-1, were analyzed by staff at the
sediment laboratory of the Atlantic Geoscience Centre (AGC) of the GSC using similar
procedures and equipment. However, there sand and mud fractions less than 5% were
analyzed and grain size distributions were reported in 0.2 ¢ intervals. The results of the
grain size analyses are tabulated in Appendix C.

CORRELATION OF CORES TO CPTS

In order to compare the grain size measurements with specific CPT measurements, as well
as larger-scale sequences observed in cores and the CPTs, the cores were correlated with the
adjacent CPTs using the following procedures. As described above, the individual cores
were initially depth-corrected to remove the effects of core compression, expansion and
excess sand, generally by correlation of distinct beds or contacts in the core with gamma ray
logs (Figure 4-4). The cores were then correlated to CPTs by stratigraphic correlation of

beds with a distinct CPT response, such as silt interbeds within a sand sequence.

Distinct beds or contacts could not be identified on the gamma ray logs in some intervals,
such as in thick sequences of sand or in thinly interbedded sequences of silt and sand where
beds were not resolved by the gamma ray logs. There, the cores were directly correlated with
CPTs on the basis of distinct marker beds in the core and CPT, such as thin silty intervals
within a thick sand unit. Cone bearing peaks were interpreted to represent sand beds within
a silt sequence or gravelly beds in sand units. In the case of continuous 5 cm grain size
samples in silt sequences in the triple tube retractor cores, adjustment for core expansion and

compression were required.
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Based on these correlations, the midpoint of each grain size sample was correlated with the
nearest CPT reading. The grain size to CPT correlations developed have a certain degree
of subjectivity, particularly where gamma ray logs could not be used. In addition, real
stratigraphic changes may occur between the borehole and CPT. Consequently, the
correlations developed should be taken to indicate the extent to which CPT readings can be
explained by grain size variations. The grain size data and corresponding CPT data and
calculations are tabulated in Appendix D.

For each borehole, a composite log was prepared, showing the depth-corrected lithology and
correlations to the adjacent CPT. An example is shown in Figure 4-5. Composite logs for
the all boreholes examined for this study are presented in Appendix B.

COLLECTION AND RESERVOIR CORRECTION OF RADIOCARBON SAMPLES

Thirty-five samples for radiocarbon dating were taken from the cores examined for this study
and are summarized in Appendix G. These samples were taken by the author, J.J. Clague and
J.L. Luternauer. Where possible, twigs, small shells, or shells from a monospecific
assemblage indicating a minimum of reworking and transport were selected. Most of the
samples were submitted to the Isotrace Laboratory at the University of Toronto, where they
were analyzed by Accelerator Mass Spectrometry. The remainder were analyzed at the GSC
laboratory in Ottawa by proportional gas counting. The measured dates were reported

corrected to a base of §'°C + -25 %e.

Work by Robinson and Thompson (1980) and Southon et al. (1990) suggests that a “C
reservoir age of approximately 800 years has prevailed in the marine waters of coastal British
Columbia for most of the Holocene. Consequently, a correction of this amount has been

applied to the dates on shell material.
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TERMINOLOGY, GRAIN SIZE PARAMETERS AND UNITS

The Wentworth (1922) grain size scale is used here and is summarized in Table 4-3. In the
silt range, where grain size is more difficult to estimate visually than in the sand range, the
terms clayey and sandy silt are used in core descriptions where grain size analyses are not
available, and correspond approximately with very fine to fine and medium to coarse silts
of the Wentworth scale, respectively.

Table 4-3: Wentworth Grain Size Scale

Grain Size Range Wentworth Size Class
-2>¢>-6(4-64mm) pebble
-1>¢>-2(2-4mm) granule
0>¢>-1(1-2mm) very coarse sand
1 >¢$>0(0.5-1mm) coarse sand
2 >¢>1(0.25-0.5mm) medium sand
3>¢$>2(0.125-0.25 mm) fine sand
4 >¢>3(0.063-0.125 mm) very fine sand
5>¢>4(0.031- 0.063 mm) coarse silt
6 >¢>5(0.016-0.031mm) medium silt
7 >¢>6(0.008 - 0.016 mm) fine silt
8 >¢>7(0.004 - 0.008 mm) very fine silt
¢$>8(<0.004 mm) clay

The mean and standard deviation reported here are moment measures, as defined by
Friedman and Sanders (1978). The ranges of sorting classes are also provided by Friedman

and Sanders, and summarized in Table 4-4.
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Table 4-4: Range of Sorting Classes

Range of Standard Deviation Sorting Class
¢

<0.35 very well sorted
0.35 - 0.50 well sorted
0.50-0.80 moderately well sorted
0.80 - 1.40 moderately sorted
1.40 - 2.00 poorly sorted
2.00 - 2.60 very poorly sorted

>2.60 extremely poorly sorted

¢, is used here as a measure of average grain size rather than the mean. ¢, is also a more
robust measurement less subject to error. For example, at the PGC laboratory, the silt and
clay fractions were not analyzed in samples where these fractions were less than 5%,
potentially underestimating the standard deviation and overestimating the mean.
Furthermore, most engineering studies comparing CPT and grain size report D,,, the median
in millimetres, rather than the mean. Most importantly, however, the mean grain sizes of
most very fine sands analyzed here are greater than 4¢ and overlap with those of the coarse
silts (see Figure 5-1a). They are corrrectly distinguished from silts on the basis of ¢,.
Although the mean is a better representation of all the grain sizes present in a sample than

¢, it does not generally yield significantly different correlations with CPT data here.

" Mud content"”, or "silt and clay content" is the fraction finer than 4¢ (0.063 mm). This
contrasts with the "fines content" (FC) of geotechnical engineering usage, which is defined
as the fraction finer than 3.75 ¢ (0.074 mm, passing the #200 seive; Terzaghi et al., 1996).
Although it is inconsistent with the Wentworth scale, FC is used in the comparisons of CPT
and grain size data in Chapter 5 because it is the parameter used in the CPT and related
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literature ( e.g. Stark and Olson, 1995; Robertson et al., in prep.).
The terms for the scale of beds and laminae are those defined by Reineck and Singh (1975),
and are summarized in Table 4-5. The definitions of laminae overlap with thuse of thin and

very thin beds.

Table 4-5: Scale Definitions for Beds and Laminae

BEDS LAMINAE
> 100cm very thick bed > 30 mm very thick lamina
30 - 100cm thick bed 10 - 30 mm thick lamina
10-30cm medium bed 3-10mm medium lamina
1-10cm thin bed 1-3mm thin lamina
<lcm very thin bed <1 mm very thin lamina

CPT data are reported in the following units: cone bearing and sleeve friction in bars (=100
kPa or 0.1 MPa), and pore pressure in metres of water (m H,0 = 9.81 kPa, 0.0981 bars,
0.00981 MPa). This usage is consistent with that of the principal CPT operators in the Fraser
delta.

All depths in cores correlated with CPTs are reported as depths on the CPTs rather than
cores. The depths of all samples in both core as well as the CPT correlation points are

tabulated in Appendix D.

Following the usage of Devore (1991), statistical correlations are said to be strong if R? is

3

In Canada, FC is defined as the fraction finer than 0.07Smm (Canadian Foundation
Engineering Manual, 1992). However, this usage is not followed in the CPT and related
literature and is not followed here.
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greater than 0.64, moderate if R? is between 0.25 and 0.64, and weak if R? is less than 0.25.
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CHAPTER S

THE CORRELATION OF CONE PENETRATION TEST MEASUREMENTS
WITH GRAIN SIZE AND OTHER GEOLOGICAL FACTORS

INTRODUCTION

Grain size exerts a fundamental control over CPT measurements, as reflected by the CPT soil
classification charts (Fig. 3-3; Olsen and Malone, 1988; Robertson et al., 1986; Robertson,
1990). However, variations in cone bearing values in sand deposits are commonly
interpreted to represent variations in density rather than grain size. It is the objective of this
chapter to demonstrate that CPT measurements, including cone bearing in sands, can be
correlated with grain size and other geological factors in sediments of the Fraser delta.
Recognition of coarsening and fining upward sequences is fundamental to facies analysis.
Consequently, the extent to which these are reflected in CPT data is a key element of this
chapter and provides the basis for understanding the textural significance of CPT

measurements in the facies analysis presented in Chapter 6.

CPT measurements are controlled by several variables in addition to grain size, including
density (and dependent shear strength characteristics), overburden stress, stress history (i.e.
overconsolidation'), cementation, age, mineralogy, and stratigraphic factors, such as thin
beds in which CPT measurements are not fully resolved (i.e. mechanical properties not
correctly measured; Robertson and Campanella, 1986; Robertson et al., 1986; Lunne et al.,
1997). Several of these variables are not significant in the deposits of the Fraser delta. These
sediments were deposited during a period of gradual sea level rise since the last glaciation.

Consequently, the current overburden stresses are the maximum to which they have been

For definition, see Appendix A.
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subjected and they are generally not overconsolidated. These sediments are all derived from
the same source, the drainage basin of the Fraser River, so that mineralogical variations are
minimal. With the exception of some calcareous concretions (see also Johnston, 1921;
Garrison et al., 1969; Nelson and Lawrence, 1984), no cementation was observed in the
sediments of the Fraser delta examined in this study. This conclusion was also reached by
Eslaamizaad and Robertson (1996) based on a comparison of cone bearing and shear-wave
velocity data at the CANLEX sites in the Fraser delta, where boreholes FD94-1 and K2V2
of this study are located (Monahan et al., 1995).

With appropriate normalization for overburden stress, the principal variables controlling CPT
data in the Fraser delta can be reduced to density, grain size, age and stratigraphic factors.
The effects of age can be assessed by stratigraphic position and radiocarbon dates (Apnendix

D), and stratigraphic factors can be assessed from observations of the cores.

LTHODOLOGY

In order to quantitatively assess the grain size significance of CPT measurements, 383 grain
size samples from 11 boreholes were analyzed and compared with measurements in adjacent
CPTs. The strategies and procedures for taking grain size samples, analyzing them,
correlating them with CPT measurements and analyzing CPT data are described in Chapter
4. A summary of the boreholes from which grain size samples were taken and the
specifications of the adjacent CPTs is presented in Table 5-1, and details of correlation
procedures at each site and detailed results of the grain size to CPT correlations are presented
in Appendix A. The grain size data and the corresponding CPT measurements and

calculations are tabulated in Appendix B.

The grain size samples span a depth range of 0.9 to 99.6 m, although most are shallower than

30 m, and range in age from historic to over 8000 "*C years. 10 cm’ cones were used for the
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CPTs, with one exception (FD95S-1), where a 15 cm? cone was used. CPT data from the 10
cm’ cones were compared with grain size data separately from those from the 15 cm? cone
(32 samples). Pore pressure was measured in the U, position in all CPTs other than the one
adjacent to borehole K2V2, where it was measured in the U, position (27 samples; see Figure
3-1).

Cone bearing measurements for groups of samples including both sands and silts were
normalized for effective overburden stress using Q, in which the cone stress exponent (c)
varies from 0.5 in sand to 1.0 in silt and clay (equation 12, Chapter 3). Because several other
procedures have been proposed to normalize cone bearing, this chapter also includes
comparisons of two of the most commonly used, q,, (c=0.5) and Q, (c=1.0; equations 9 and
4, Chapter 3, respectively), in sands and finer sediments. These analyses demonstrate that

the c does change with sediment type and justify the use of Q.

SOURCES OF ERROR

As described earlier, errors in grain size measurements, CPT measurements, and c