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ABSTRACT ,
Geotechnical investigations carried out for Toronto’s planned Eglinton West Subway project are
described in this paper. The 4.7 km long Eglinton Subway project included five stations, three
cross-over track structures, two "wye" connection tracks, 3.6 km of twin bored tunnels, and four
tunnelled cross passages. The results of the investigations, particularly in relation to bored
tunnelling, are discussed. The stratigraphy, consisting predominantly of glacially derived soils,
is presented. Hydrogeological conditions were complex, with artesian conditions in the river
valley and multiple aquifers with downward seepage in the higher areas. The results of some
of the in-situ and laboratory tests are summarized, with a discussion of the effect of these on
design. Soil and groundwater management strategy, and the chemical testing used to develop
this strategy is discussed. A brief comparison is made between the planned and actual
investigations, with a review of why changes were made.

1.0 INTRODUCTION

The Rapid Transit Expansion Program, initiated by the TTC and approved by the Government
of Ontario in February 1993, included five projects to expand the current Toronto subway
system. These projects consisted of three new subway lines, the Eglinton, Sheppard, and
Spadina Line Extension, and extension to the Scarborough Light Rail Transit (I.RT) line, and
the expansion of an existing train yard, Wilson Yard. The Eglinton West Subway was planned
to run westward, eventually linking the existing north-south Spadina Line to Pearson
International Airport. However, the RTEP program included the design and construction of only
the first 4.7 km of the full route, between the existing Eglinton West Station and the Black
Creek Valley where the new York City Centre is to be built. Extension to the airport would
have taken place later. Initial RTEP planning required that the Eglinton West Subway be
operating by the end of 2001.

2.0 PLANNING & ORGANIZATION

2.1 General Organization

The organization described below was developed for the management, design and construction
of the three new subway lines and the Wilson Yard expansion. Because of the RTEP scope and
schedule, it was necessary to divide each project into several sections for design. Numerous
groups were appointed as Section Designers. A program management organization, consisting
of staff from the TTC and the Program Managers, Delcan-Hatch Joint Venture, was set up to
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manage and coordinate the work, prOvide direction on common elements and ensure continuity
of standards throughout the program.

2.2 Geotechnical Organization & Contractual Strategy :

At an early stage in the planning, the Program Managers adopted the recommendations contained
in Avoiding and Resolving Disputes During Construction (ASCE 1991) and the DRB Handbook
(ASCE 1994). These documents recommended preparation of a Geotechnical Design Summary
Report (GDSR), later retitled the Geotechnical Baseline Report (GBR). This report provides an
interpretation of the subsurface conditions and is the basis for assessing whether "changed
conditions" occur during construction. To prepare a GBR it is essential to have a comprehensive
site investigation. It is also essential to have consistency both in the description of soils on the
borehole logs and in the interpretation of stratigraphy.

Due to the size of the RTEP program, it was considered inappropriate for all of the geotechnical
work to be carried out by a single company. The Geotechnical work was therefore divided
between the Program Geotechnical Consultant (PGC) and a number of Geotechnical Investigation
Consultants (GIC). The PGC was responsible for ensuring common standards, initial planning
of all explorations and testing, interpretation of geotechnical conditions and preparation of the
GDR and GBR reports. The GICs were responsible for coordinating and supervising the
fieldwork and testing, and for factual reporting.

Golder Associates Ltd. was appointed as PGC in 1993. Working directly with the program
managers, the PGC formed a technical discipline team within the RTEP organization. For the
Eglinton Subway almost all of the fieldwork was supervised by Peto MacCallum Ltd.; on the
other RTEP projects two or three GIC firms shared the investigation and reporting tasks for each
subway line. A number of drilling firms were contracted directly by the TTC for the subsurface
explorations. Drilling contractors were responsible for any traffic control work associated with
the investigations.

2.2 Geotechnical Standards

Because of the contractual strategy and the division of geotechnical tasks among a number of
_consultants, standards were needed for recording, reporting and interpretation of the work. The

Geotechnical Standards were prepared by Golder Associates in 1992, under contract to Delcan-

Hatch Joint Venture. Geotechnical Standards were prepared in four volumes and each of these

four volumes is described below.

2.2.1 Volume I: Geotechnical Procedures and Level of Investigative Effort for Phased Site
Investigations

At the outset of the transit expansion program, the investigations were divided into at four main

phases. The purpose and typical planned borehole spacing for these investigations is presented

in Table 1. :

The required minimum depth of boreholes for Phase 1 is presented in Figure 1. Generally, it
was intended that boreholes for Phases 2 and 3 would be of similar depth, but adjusted to suit
the revealed conditions and design requirements. Guidelines for the type and frequency of
routine testing were also developed. Routine geotechnical testing included:





Table 1. Guidelines for level of effort in phased subsurface investigations for the TTC Rapid Transit Expansion Program.
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Figure 1. Required minimum depth of boreholes for Phase 1 investigations.
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¢ Standard Penetration Tests (SPT), typically at 1.5 m intervals for each borehole, reducing
to 0.75 m intervals in critical areas;

water content of every soil sample;

gradation and Atterberg limits determinations for samples from each distinct strata;

at least one sampling well or piezometer in every borehole; and

testing for methane in the headspace of every standpipe piezometer.

It was known that most of the soils to be encountered would be glacial soils consisting primarily
of hard cohesive soils and very dense granular soils. Routine testing of strength and stiffness
during Phases 1 and 2 was only specified for any areas of post-glacial soils. Otherwise testing
for strength and stiffness was to be addressed on a site specific basis during Phase 3.

2.2.2 Volume 2: Directions for Conducting Site Investigations

With several geo-engineering consultants working on the program, descriptions and recording
of subsurface information needed to be consistent. There is no Canadian standard for the
description of soils. The Unified Soil Classification System, USCS (Casagrande 1948 and
USACOE 1960), is commonly used in Ontario; however, local application of this system to
glacial soils varies considerably depending on the practitioner. In order to ensure consistency,
a classification system was developed specifically for RTEP. This system was based on the
USCS, but with explicit direction on how to describe glacial soils. The description system was
linked to index testing to minimize the risk of different interpretations. In order to provide
consistency in reporting formats, a standard borehole log was produced. The geo-engineering
consultants were given the option of typing directly onto blank forms or reproducing the forms
electronically, using a geotechnical information system program.

Volume 2 also included a specification for carrying out site investigations that was prepared in
the format of the TTC’s Master Technical Specifications. Included within the specification were
standard requirements and procedures; for example:

e cach drilling rig crew was to be supervised by a geotechnical engineer, engineering
geologist, or experienced field technician;

e all boreholes were to be sealed using bentonite and grout, except where sand was packed
around piezometers - primarily to avoid creating a path for seepage between aquifers, as
required under the Ontario Water Resources Act, and to isolate strata in which pore water
pressures were to be measured;

e all cuttings from the borehole had to be disposed of off-site depending on the results of
environmental chemistry testing;

o detailed procedures for carrying out organic vapour testing on soil samples and in
piezometers;

e procedures for the development of wells prior to taking a groundwater sample for chemical
analysis; and

s requirements for field records - in particular, the recording of groundwater during drilling
and any observations on hard drilling that could indicate the presence of a cobble or boulder.
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As discussed in 2.3, below, handling and disposal of surplus soils and groundwater are closely
regulated in Ontario. Routine chemical testing for soil and groundwater samples was therefore
incorporated into all of the site investigation phases and included:

organic chemical vapour testing on all soil samples;
organic chemical vapour tests in the headspace of all wells and standpipe piezometers.;
environmental chemistry testing of soil samples for comparison to regulatory limits for
disposal of soils as "lakefill", for general disposal or reuse on site (under the Ontario
decommissioning guidelines) and, if contaminated, for disposal as a waste under Ontario
regulation 347; and '

® environmental chemistry testing of water samples for comparison to the requirements of the
Metropolitan Toronto Sewer Use bylaws.

2.2.3 Volume 3: Geotechnical Design Standards

Geotechnical Design Standards were developed to form part of a new set of design standards for
the TTC. Because of the chosen contractual strategy, the design standards required that various
levels of potential settlement and damage assessment be completed for nearby buildings and
utilities. Control of other items such as flotation also had to be taken into consideration in
design. These requirements then affected the level of investigative effort during the design stage
for evaluating geotechnical overburden characteristics such as: stress-strain behaviour; one-
dimensional compressibility; lateral stress ratios (temporary and permanent); and pore water
pressures and dewatering of multiple aquifers.

2.2.4 Volume 4: Reporting Formats
Tables of contents were provided for the three main types of geotechnical report anticipated:

Geotechnical Report: factual reports prepared by the GICs, containing a brief description of the
fieldwork, the borehole logs, and the results of all in-situ and laboratory tests.

Geotechnical Design Report: interpretive reports prepared by the PGC, and providing the
geotechnical basis for the design of each section.

Geotechnical Baseline Report: a part of the contract documents for each construction section,
providing the interpreted stratigraphy, groundwater levels, and the anticipated ground behaviour
during construction.

The Geotechnical Design Reports were intended to concentrate primarily on those aspects
relevant to the design of the permanent works, whereas the Baseline Reports concentrated
primarily on construction issues such as soil behaviour, temporary works, and groundwater
control. However, it was recognized that there would be a considerable part of each report that
would be common to both. The formats for the two reports were therefore developed to be as
similar as possible, thus minimizing the need for rewriting when preparing the Baseline report.
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2.3  Procedures for Soil and Groundwater Management

Excavation for subway construction resuits in large volumes of surplus soil and water, which
have to be disposed of. Although some aspects of environmental quality testing required for
disposal was covered in the Geotechnical Standards discussed above, the full testing program
was not developed until later. Because it formed a very significant part of the overall
investigation, the investigation and procedures for classification and disposal are described in
detail below.

The disposal of soils and other materials generated by construction is governed by a number of
regulations in Ontario. For soils, applicable regulations include: Decommissioning Guidelines
(MOEE 1989); Regulation 347 (Revised Regulations of Ontario 1993); and Lakefill Guidelines
(MTRCA 1990). The Decommissioning Guidelines are used to distinguish between soils that
can be reused as fill, and those that are classified as waste, Wastes are separated into three
categories: 1) non-hazardous/non-registerable; 2) - non-hazardous/registerable; and 3)
hazardous/registerable, governed by Ontario Regulation 347. Each of these categories stipulates
the various disposal options that are permitted and the associated environmental chemistry
parameter limits. One common method of disposing materials meeting the Decommissioning
Guidelines is into a fill site in Lake Ontario, the Leslie Street Spit. However, to be accepted
for open water disposal, the soils must meet the Lakefill Guidelines which are more stringent
than the Decommissioning Guidelines. The disposal of wastes is expensive in Ontario, typically
$50 to $200 per tonne, depending on the classification. Large penalties can be imposed if wastes
are disposed of inappropriately.

Disposal of surplus water is governed by the Metropolitan Toronto Sewer Use by-laws.
Metropolitan Toronto maintains two sewer systems, storm and sanitary, for which there are
different environmental quality criteria. The storm sewer system discharges into various rivers;
for some parameters the storm sewer criteria are more stringent than drinking water standards.
Sanitary sewer criteria are less stringent, but disposal into the sanitary sewer system incurs a
surcharge to pay for the cost of water treatment.

Because of the cost and regulatory environment involved in soil and water disposal, assessment
of soil and groundwater quality was a major focus of the investigations. The preliminary phase
of the environmental quality investigation included a land-use survey to identify sites at which
contaminants might have been released into the soil or groundwater. Where feasible, the
location the boreholes was adjusted to investigate those areas identified in the land-use survey.
Although some testing was specifically directed at those areas associated with particular land
uses, much of the environmental testing was carried out as a routine. Such tests included:

vapour testing of all samples, as described above;
inspection of all samples for staining, odour, or any other indications of possible
contamination, and any samples suspected of contamination were automatically designated
for further laboratory testing; and

e random testing of material over the full depth sampled and independent of any suspicion of
contamination. .
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It was intended that this work would identify major zones of soil or groundwater contamination
within the work areas, so that the construction contracts could include the appropriate
specifications and payment items. However, an equally important reason for the investigation
was to demonstrate that the bulk of the surplus materials were not contaminated and could be

safely re-used rather than disposed of as waste.

All of the results of the investigation and testing on each construction contract were summarized
in a "Socil and Groundwater Management Strategy" report submitted to the Ontario Ministry of
the Environment and Energy (MOEE) prior to bidding the work. In this report, the soils and
groundwater were classified on the basis of the applicable regulations, but specific disposal
locations were not identified. For commercial reasons, actual disposal locations were left for

the appointed contractor to choose.

It was recognized that localized zones of contamination might not be identified in the field
investigations. The construction contracts and site organization therefore included provisions

for:

random inspection of surplus soils and groundwater;

sampling and testing of any suspect material; and

specifications and payment items relating to the disposal of wastes, even if wastes had not
been identified in the investigation.

3.0 EGLINTON WEST SUBWAY PROJECT SUMMARY
The design and construction of the new 4.7 km long subway line, shown in Figure 2, was
divided into eight major construction sections summarized below.
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Figure 2. Plan of Eglinton West Subway alignment,
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o Twin Tunnels: twin 5.9 m diameter running tunnels to be driven by an earth pressure balance
machine (EPB), a cut-and-cover cross-over used as the TBM launch shaft, cross passages,
in-line emergency exits, and a TBM removal shaft. Depth to the crown of the tunnels varied
from about 4 m, where it passed beneath Black Creek, to a maximum of 24 m. The total
length of twin bored tunnel was about 3.2 km.

® Allen Road Station: a new cut-and-cover terminal station connecting passenger traffic
between the Eglinton West and existing Spadina Subway Lines; two cut-and-cover "wye"
tracks connecting the two lines; and a cut-and-cover cross-over at the station’s west end.

®  Allen Road Sewer Relocation: a 1.1 km long diversion of a major storm sewer to avoid
conflict with the new station.

e East Tailtracks: a track structure at the eastern end of the Allen Station for turning and
storing trains.

o York City Centre Station: a terminal station connected with an integrated transit facility
(commuter rail and bus services), and the western tailtracks; the integrated transit facility
was to be constructed in an area previously used as a small construction/demolition debris
and municipal waste landfill.

® Duyfferin Station. a cut-and-cover line station and cross-over.
® * Caledonia and Keele North Stations: two cut-and-cover line stations.

Design work started in June 1993. The first construction contracts for the sewer tunnel
diversion and the tailtracks were let in August 1994 and October 1994, respectively. In July
19935, funding for the subway was withdrawn and work was indefinitely postponed. However,
by this time the site investigation program was substantially complete.

4.0 SUBSURFACE EXPLORATION PROGRAM

4.1  Drilling, Sampling, and Testing

Fieldwork for the subway project started in June, 1993 and continued through June, 1995, in
parallel with the detailed design of the structures. All Phase 1 fieldwork was completed by June
1993 and Phase 2 was completed by July 1993. Phase 3 field work was then focused on each
of the design contract sections, depending on the planned schedule for construction, and was
completed in the following order:

Allen Station Area (Station, Tailtracks, and Wye Tracks): December 1993.
Allen Sewer Relocation: February 1994,

Twin Tunnels: March 1995.

York City Centre Station and Bus Terminal: March 1995.

Keele North Station: May 1995.

Caledonia Station: July 1995.

Dufferin Station: July 1995,
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Tables 2 and 3 summarize the exploration and testing work carried out for the whole Eglinton
West Subway project. The entire program is divided into the 100, 200, and 300 series boreholes
to illustrate the relative level of effort in each phase of the investigation program. Tables 2 and
3 also present the effort required for design and construction of the twin tunnels section of the
project. Since the subsurface conditions at the TBM launch site required special attention, the
twin tunnels investigation work is shown separately. The difference between the totals shown
under the Eglinton West Subway heading and the work under the Twin Tunnels Contract heading
represents the work completed for the stations and other structures. The charts shown in Figure
3 illustrate the relative proportions of work divided into four general categories of structure type:
1) stations; 2) other cut-and-cover track structures such as cross-overs and wye tracks; 3) other
facilities such as bus terminals; and 4) the bored tunnels. A comparison of the combined field
and laboratory work completed for the five station structures is also illustrated in Figure 3.

The cost of producing the "factual” reports, including all drilling, testing, inspection of field
work, and preparation of data reports and boring logs, was approximately $2.5M for the entire
subway route. This figure, which excludes the PGC work in planning and interpreting the
investigations, represents about 0.6% of the estimated civil contract construction cost of $470M
and about 0.3% of the entire subway project budget of $740M. The civil construction costs
include structures, ties and rails and exclude professional fees, properties, electrical and
mechanical systems, communications systems, and trains.

Following the project’s postponement, all piezometers and wells were decommissioned as
required by provincial regulations. The piezometers and wells were filled with grout and the
ground surface was restored to its original condition. The additional cost of decommissioning
was about $0.2M. Figure 3 illustrates the distribution of cost for various tasks associated with
the subsurface investigation.

EGLINTON WEST SUBWAY - SUBSURFACE INVESTIGATION COSTS

'z Il DRILLING & SAMPLING

EE PRESSUREMETER TESTING

5] ENVIRONMENTAL LABORATORY TESTING
[Z] GEOTECHNICAL LABORATORY TESTING
[] Gic - INSPECTION & REPORTING

GIC: 2.5%

} BOREHOLE DECOMMISSIONING
GROUTING & RESTORATION: 7.5%

Figure 3. Cost of the Eglinton West Subway subsurface investigations.
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Figure 3 (continued). Relative effort of subsurface explorations and testing for various parts of the Eglinton West Subway project based on cost.
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Table 2. Suminary of subsurface exploration, in-situ testing, and soil laboratory testing.

Eglinton West Subway

Twin Tumnels Contract

Type of Work
160 200 300 Total West TBM Twin Tunnels*
Series Series Series Launch Site
Field Exploration
Number of Borcholes 11 21 144 176 14 74
Drilling and Sampling (m) 271 581 3674 4526 547 1947
Rock Coﬁné {m}) 0 4 26 30 O 8
Number of wells and piezomaters (vibrating wire piezometers) il 27 191039 229 10 106
Length of Piezometers/Wells (m) 0/262 99/538 1390/1935 1489/2735 86,163 680,1380
In.Situ Testing
Field Vane Shear Test 5 4 70 7% 9 20
Rising Head Test 5 1 89 95 4 33
Pumping Tests 0 ¢ 5 5 1 1
Menard Pressaremeter Tests \ 0 Y 97 97 10 38
Seif-boring Presseremeter Tests 0 0 2 2 ¢ 0
Geotechnical Laboratory Testing
Natural water content 158 366 2968 3487 342 1549
Atterberg, Sticky Limits Determinations 9,0 26, 0 414, 76 449, 76 52,0 172, 76
Grain size distributions pad 40 959 1028 118 373
Unit weight, specific gravity 0,0 13,0 0,4 13,4 2,0 29,82
Direct shear tests 0 0 i i 1 0
Oedometer tests ] 0 73 3 26 27
Triaxial compression tests 0 0 77 T 24 36

* including cross-passages and emergency exits
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Table 3. Summary of environmental chemistry laboratory testing.

Eglinton West Subway

Twin Tunnels Contract “

Type of Work
100 200 300 Total West TBM Twin Tunneis* l
Series Series Series Launch Site

Soil Testing l

Lakefill (18 and 23 parameters) G 2t 135 156 4 53 l
PDecommissioning 14 43 119 176 6 %0
Regulation 347 0 0 16 16 0 1
Benzene, Toluene, Ethylene, Xylene (BTEX) 2 1 0 3 0 2
Volatile Organic Compounds (VOC) 0 0 41 41 2 20
Total Petroleum Hydrocarbons {TPH} 6 5 14 25 i 8
Chioride & Sulphate 0 0 28 28 0 2

Groundwater Testing

Storm/Sanitary Sewer Disposal Guidelines 3 6 53 62 i 26
Sulphide & Conductivity ' 0 0 9 9 0 6
voc 0 0 32 32 1 8

*including cross-passages and emergency exits
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From Figure 3 it can be seen that the cost of the investigation varied considerably between the
five stations along the alignment. Caledonia was the most expensive subsurface investigation
for a station. Much of the cost was simply due to the station being the deepest on the alignment.
Other factors influencing the cost were the adverse ground conditions (sands under a relatively
high water pressure), and assessment of the feasibility of a tunnelled station. A similar
assessment was made at Keele North Station, and this, together with artesian pressures in the
area, accounts for the relatively high cost of the investigation at this station. Adverse ground
conditions, in the form of artesian pressures, relatively soft soils, and an adjacent landfill, were
also present at York City Centre Station, although a large part of the exploration and testing in
this area was accomplished for the west cross-over and TBM launch shaft structure. In contrast,
at Dufferin North and Allen Stations the soils and groundwater conditions were more favourable
and no tunnelled station option was assessed.

4.2  Stratigraphy

4.2.1 Regional Geology

The Quaternary soil deposits of the Metropolitan Toronto area overlie the Ordovician age
bedrock of the Georgian Bay Formation, which consists predominantly of shale with interbeds
of limestone and siltstone. From geological maps of the area, it was suspected that the bedrock
surface along the Eglinton West Subway route is relatively flat between the Allen Station arca
and the vicinity of Keel North Station with a deep buried valley in the area of Black Creek.

The Quaternary soil deposits overlying the bedrock in the study area are generally believed to
have been deposited over the course of two major glaciations and one interglacial stage (e.g.
Karrow 1967 1984a and 1584b, Dreimanis 1977, Sharpe 1980 and 1987), although recent work
suggests alternative depositional stages and environments (e.g. Eyles and Eyles 1983, Eyles
1987). The oldest deposits identified in the area are the Illinoian soils which immediately overlie
bedrock. The later Wisconsin period likely saw several glacier advances and retreats. During
the glacier advances till deposits were set down, while during glacier retreats glaciofluvial and
glaciolacustrine deposits formed in meltwater streams and lakes. Following the last retreat of
glaciers from the region, water in the present Lake Ontario Basin was at a higher level and
formed Glacial Lake Iroquois. Generally, surficial cohesionless deposits of gravel, sand and silt
are to be found below the remnant Lake Iroquois shoreline. '

Minor fluctuations of the glacier front, meandering of meltwater channels, and reglaciation
resulted in a complex distribution of several glacial till layers separated by interstadial deposits
of sands, silts and stratified clays. Although published interpretations of the detailed sequence
of glaciations and specific depositional environments vary, three main persistent geologic periods
and their associated soil units can be identified in the region.

¢ Jate Wisconsin Glacial Deposits: The late Wisconsin glacial deposits consist of local
glaciofluvial (sub or supraglacial streams, rivers, etc.) granular sediments overlying a
predominantly fine grained (silt and clay) till. In areas the till unit is interspersed with seams
or locally broad zones of more granular sediments likely resulting from glaciofluvial action
during various intermediate stages of glacier front advance and retreat.
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e Glaciolacustrine Deposits; Between the early and late Wisconsin glacial events, a series of
proglacial lakes occupied the present Lake Ontario basin. Fluctuations in lake levels resuited
in a complex sedimentary environment in which stratified beds of silt, sand and clay (in
quieter waters) were deposited with local soil particle size being determined by proximity
to the ice margin, alluvial, or deltaic features. In the Eglinton Subway area this period
resulted in a predominantly granular bed of overburden.

e Early Wisconsin Glacial Deposits:- Early Wisconsin glaciation produced relatively thick
deposits of fine grained till. As with the later Wisconsin glaciation, other more local
depositional features produced smaller areas of both granular sand and gravel and also
stratified silt and clay.

The most recent natural deposits are typically found within the flood plains of existing rivers.
These deposits of gravel, sand and silt alluvium are generally quite loose, but are relatively
shallow. Fills, such as old waste, engineered fills and landscape fills are typically encountered
in the project’s urban setting.

4.2.2 General Overburden Stratigraphy

The stratigraphy along the alignment revealed by the investigation program is illustrated on
Figures 4 through 7. Since deposits of varying stages of glaciation and interglacial periods may
contain both cohesive (fine grained silt and clay) and granular (coarse grained) materials, the
stratigraphy interpreted from the borehole and testing data is presented in terms of behavioral
and engineering characteristics, elevation, and stratigraphic position, rather than geologic origin.
The stratigraphy was divided into two major units of cohesive and granular soils. Cohesive soils
were defined as those composed of more than 50% silt and clay size particles with at least 10%

clay content (particles < 2um).

Figure 4 shows the general continuity of the strata along the alignment approximately west to
cast. Figures 5 through 7 provide examples of the north-south stratigraphic continuity.
However, sudden changes in the glacial stratigraphy were found in some locations as shown in

Figure 6b.

Six strata were identified according to the criteria described above: 1) Upper Granular Deposits;
2) Upper Cohesive Deposits; 3) Middle Granular Deposits; 4) Middle Cohesive Deposits; 3)
Lower Granular Deposits; and 6) Lower Granular Deposits. Although the Lower Cohesive and
Lower Granular Deposits include a number of layers, the layers were grouped together because
of the similarity in their engineering characteristics as well as the common geologic processes
involved in their deposition (i.e. reworking and glaciofluvial/alluvial deposition).

4.3 Hydrogeology
Hydrogeology along the alignment is controlled by the regional topography, the presence of the

Humber River and Black Creek valleys, and the layering of the relatively low permeability
cohesive soils and the higher permeability granular deposits. In many areas, multlple aquifers
were identified.
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In the Allen Station to Dufferin Station area, at the eastern end of the subway, the hydrogeology
is characterised by two aquifers. The upper aquifer is formed by the granular soils and fill
materials that overly the thick deposits of cohesive basal till. In this area, although all the soils
are saturated beneath the uppermost water table elevation, there is a trend of downward seepage
and decreasing pore water pressures with decreasing elevation. Static groundwater levels in the
aquifer formed by the Middle Granular Deposits are about 10 m lower than those in the upper
aquifer. These conditions are illustrated by Figure 8a.

Artesian conditions were identified in the broad Black Creek Valley and as far east as Keele
North Station. These artesian conditions are the result of regional groundwater drainage to the
creek and the presence of cohesive soils acting as a "cap" on underlying aquifers. Figure 8b
shows measured pore pressures close to Black Creek and the pattern of upward seepage.

When preparing the interpreted stratigraphy for the tunnels, groundwater pressures were
instrumental in determining the continuity of granular layers. In general, at least two
piezometers or wells were installed in each borehole along the alignment; typically one 50 mm
diameter well to allow groundwater sampling and rising head tests, and one 19 mm diameter
porous tip piezometer for pore water pressure measurements. In some boreholes, up to seven
vibrating wire piezometers were installed in a single borehole, in order to provide a full profile
of pore water pressures, in the examples provided in Figure 6.

4.4  Assessment of Design Parameters and Ground Behaviour

The results of the field and laboratory testing were utilized by the PGC to develop suitable
design parameters. Parameters were also developed to assess ground behaviour in relation to
temporary excavation support and tunnelling and included: undrained stability of cohesive soils;
elastic deformability for settlement evaluations; stickiness of cohesive soils (to assess workability
in the tunnelling process); the potential for granular soils to run during excavation; permeabilities
for dewatering; and conditions relative to possible grouting or other ground improvement needs.
The glacial soils were typically either very dense or hard, as shown in Table 4. However,
weaker soils were encountered in the Black Creek valley; the combination of weak soils with
the artesian conditions resulted in significant engineering challenges. A significant part of the
investigation work was concentrated in the valley in order to better define the conditions in this
critical area.

For each design and construction section of the project, the local test data was evaluated in
comparison to the data compilation for the whole alignment. The comparisons allowed broad
judgements to be made regarding disturbance effects on the test results and to provide design
parameters that were suited to each particular design section, Table 4 summarizes the ranges
of some of the test results compiled for the twin tunnels project.

4.4.1 Cohesive Soils |

Typically, the glacially derived cohesive soils were hard and fissured. Less consistent conditions
were encountered within the Black Creek valley. In this area, the glacial soils have been
affected by erosion and reworking or redeposition, and are generally softer than the hard clay
tills typical of the higher table-land areas. The cohesive soils within the valley varied from soft
to hard, but with little clear pattern to the variation. Relatively few useable vane tests could be





Table 4. Summary of selected field and laboratory classification testing results.

Stratum SPT "N" Permeability % Passing % Passing % Clay
~ {cm/s)" #4 Sieve #209 Sieve Content
Upper Granular 10 to 100, typically 30 to 75 NAP 90 10 100 45 t0 60 <l¢
Upper Cohesive 1010 > 100, typically > 50 1%10% 1o 1x10* 90 to 100 50 to 100 10 to 80
Middle Granular 15 o > 100, typically > 75 6x10% to 2x10° 75 to 100 $'10 90 <10
Middle Cohesive WHE to > 100, typically 20 1o 40 1x10° 10 1x10* 90 to 100 45 1o 100 15190
Lower Granular 2 to 75, typically 10 10 20 2x10%10 Ix10°® 80 to 100 5 to 50 <10
Lower Cohesive WH 1o > 100, highly variable 1x10* 1o 1x10* 100 85 10 100 1010 70

Notes a. Based on rising/falling head tests conducted in observation wells,
b. Not available or not applicable

¢. WH = weight of SPT hammer

8N ¥ “Ued "D [ ‘u00g T 'S ‘MRS N [

vz





248 Geotechnical Investigations for Toronto’s Eglinton West Subway Project

conducted in each borehole due to the variation in strength and the relatively thin layers of
cohesive soil. Combining the vane testing data from many boreholes with strength data from
triaxial testing, it was found that there was a general trend of decreasing undrained shear
strength with increasing water content, as shown in Figure 9. A closer correlation between
water content and compressibility is shown in Figure 10,

Approximations of the ratio of the undrained secant elastic modulus to the undrained shear
strength were also developed based on unload-reload cycles in triaxial testing. It was assessed
that: "

E, = 2758, t0 300 S,
for stress levels (ratio of design stress to failure stress) up to 10%.

4.4.2 Granuolar Soils

For each of the identified granular strata, envelopes of grain size distribution were prepared to
provide quick indicators of the deposit’s variability and likely behavioral characteristics. See
Figure 11. What these envelopes do not show, however, is the uniform nature of most of the
granular soils; uniformity coefficients (C, = Dy/D,o) less than 5 were typical. These relatively
uniformly graded soils were considered liable to become flowing ground if not adequately
dewatered. For construction, the major issue with these soils was not their strength or stiffness
if undisturbed, but the dewatering necessary to prevent seepage pressures from developing and
the consequent ground losses.

Rising head tests were completed in each of the 50 mm diameter piezometers to estimate local
permeabilities. Pumping tests, between 3 and 5 days in duration, were also performed in
selected locations to assess the formation permeabilities. The results of the rising head and
pumping tests were then compared to the grain size distribution data in order to provide baseline
parameters for the contractor’s design of dewatering systems.

Few strength-deformability tests were performed on the granular soils because of the difficulty
in retrieving representative undisturbed samples. In the vicinity of Caledonia Station, a program
of self-boring pressuremeter testing (SBPMT) was carried out to assist in evaluating the stress-
strain characteristics of the dense sand and silt soils. Numerous difficulties (Benoit 1995) were
experienced during the SBPMT program due to the sand’s high relative density, erodeability
(during probe insertion), abrasiveness, and the behaviour of the sand within the drilling fluid
suspension. However, valuable information on the general behaviour of the sands was gathered
during the process of inserting the pressuremeter, and the resuits of a successful tests are shown
in Figure 12. From these tests, an unload-reload shear modulus, G,,, range of about 80 MPa
to 325 MPa was estimated for the Middle Granular Deposits.

4.5  Effect of Exploration and Testing Program on Design and Construction Methodology
Traditionally, excavations in Toronto are carried out using strutted or tied back walls formed
by soldier piles and lagging. In the generally hard or very dense soils, this method is
appropriate provided that the groundwater is controlled and some movement can be tolerated.
Tunnelling for the earlier TTC routes, constructed in the 1960s and 1970s, was typically
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accomplished using an open face or drum-digger type shield machines, with compressed air or
dewatering in granular soils when below the water table. The particular conditions encountered
in the Black Creek valley and the development of advanced soft ground tunnelling machine
technology in the 1980s and 1990s, meant that other construction methodologies had to be
assessed along sections of the Eglinton West Subway alignment.

4.5.1 Mixed Ground Conditions

The explorations and testing revealed ground conditions that included soft clays, hard cohesive
glacial till, and dense silt and sand. The explorations and regional geology also highlighted the
likely presence of boulders within the stratigraphy. Although the hard cohesive materials were
expected to behave well during excavation and tunnelling, much of the granular strata were
below the water table and, due to their grain size distributions, were expected to flow or run if
exposed without dewatering and/or rapid face support. These conditions, and the urban project
setting, required careful control of ground during tunnelling to avoid settlements. Therefore,
full earth pressure balance (EPB) tunnel boring machines (TBM) were selected for the tunnelling
projects. The machines, manufactured by Lovat, included "flood" doors on the face to control
ingress of loose or soft soils and allowed full closure of the front chamber for obstruction
removal, a screw conveyor for spoil removal and for maintaining face pressures, and an optional
mucking-ring and belt conveyor system to be used if and where full EPB mode was not required.
It was specified that full EPB mode of the TBM was to be used for the majority of the
alignment, with the option of utilizing the open mode (mucking ring and belt conveyor system)
for the eastern end of the work if groundwater levels were controlled.

5.4  Artesian Conditions

In the Black Creek valley, artesian conditions required alteration of the investigation program
and the design of temporary and permanent works. Groundwater pressures, combined with soft-
soil conditions in the vicinity of the TBM launch shaft, required that investigations be taken
much deeper than originally anticipated. The compressibility of the surrounding soils and
confined artesian aquifer limited the feasibility of full dewatering during construction since
settlements of nearby transportation and industrial facilities would have been unacceptable. A
deep, slurry-trench constructed concrete diaphragm wall was required to control groundwater
pressures. Due to the soft soils and stratigraphic positions of the aquifers, a deep cut-off wall
and staged dewatering were specified for the temporary works. Artesian conditions required
detailed floatation analyses for the permanent tunnel where it passed beneath Black Creek.
Design for Keele North station also required consideration of the potential settlement effects of
. groundwater draw-down as well as upward seepage and aquifer connection along the interfaces
of the temporary shoring, permanent structure, and soil.

6.0 CONCLUSIONS

The investigation work generally followed the standards developed before the work started.
However, as the design progressed and as the subsurface conditions were assessed, the
investigation program had to be developed and expanded to address the specific design and
construction issues in each area. Compared to the minimum requirements for investigation
frequency and depths contained in the Geotechnical Standards, the final program was about 30%
more extensive. Most of the additional work was required to better define the adverse soil and
groundwater conditions in the Black Creek valley and to allow the comparison of tunnelled and
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cut-and-cover options at Keele North and Caledonia Stations.

The final program resulted in one borehole for every 430 m, 225 m, and 28 m of new subway
line for the 100, 200, and 300 Series investigations, respectively. Although these numbers of
boreholes do not represent their actual field spacing, since the boreholes were more concentrated
and off the alignment at stations and other structures, they provide an indication of the
differences between the planned work and that actually completed. The actual boreholes spacing
along the bored tunnels averaged approximately 1 borehole every 50 m, within the planned
range.

The organization and planning of the phased investigations for the Eglinton West Subway
permitted the rapid development of subsurface information with sufficient detail for particular
design stages. With the central PGC, all the field and laboratory data was evaluated and
interpreted together to provide consistency and continuity throughout the program. A broad
understanding of the glacial stratigraphy and engineering behaviour of particular deposits could
also be developed by the PGC for the whole alignment, thus allowing optimization of the later
phases of investigation.
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