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ABSTRACT

During a major upgrade of the wastewater infrastructure in Skibbereen, Co. Cork, Ireland, there
were many challenges during construction. Many of these difficulties were associated with the soft silt
ground conditions. Consequently, soil samples were sourced from the location and transported to MIT for
the purposes of this research.

This thesis investigates the characteristics of the low plasticity silt encountered at Skibbereen to
allow an understanding of the soil behavior and help explain some of the difficulties encountered during
construction. The research program is divided up into two major components: 1) Index property testing;
and 2) Engineering property testing. The index property testing defines the material as a well graded low
plasticity silt with very low salt and organic contents.

An extensive testing program is undertaken using Constant Rate of Strain (CRS), Hydraulic
Conductivity, Ko-Consolidated Direct Simple Shear (CK,DSS), and Isotropic and Ko-consolidated
undrained triaxial compression (CIUC and CK,UC) tests to define the engineering properties of the
material.

The experimental investigation finds that undercompaction is the best reconstitution technique for
this material and it is almost impossible to test intact samples. The CRS tests demonstrate that the
compression ratio increases with an increase in stress level but the recompression and swelling ratio are
not significantly affected. The hydraulic conductivity results fit into the expected range for silt material
and they are dependent on stress level. The DSS tests demonstrate that the undrained strength ratio
(sJ/o’,) increases with an increase in stress level. A similar trend is found for the peak arctan ©/c’y (y’})
values. Overconsolidated tests prove that the SHANSEP framework can be successfully used for this
material and the cyclic tests demonstrate that an increase in density through shearing will provide a
dramatically higher s,/c’, and greater ductility.

The triaxial compression tests indicate that s,/c’, will increase with an increase in stress level. In
the CIUC tests, ductility and the degree of dilation increase with an increase in stress level. However, the
CK,UC tests provide more consistent data at all stress levels and the s,/o’,, friction angle, and modulus is
lower than the CIUC counterpart.

Thesis Supervisor: John T. Germaine
Title: Senior Research Associate and Senior Lecturer of Civil and Environmental Engineering
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tool underneath the specimen ring

Figure 4-25: Schematic Diagram of Geonor Model 4 DSS Apparatus (Ortega, 1992)
Figure 4-26: The DSS device with reservoir and ancillary plumbing

Figure 4-27: DSS setup: (a) specimen mold and Geonor membrane, (b) membrane placed
in mold, (c) vacuum applied to membrane and specimen ring lower onto pedestal in
trimming apparatus, (d) positioning of mold using calipers

Figure 4-28: Compaction procedure: (a) schematic diagram showing how specimen is
compacted in layers, (b) scarifying between layers, (c) final specimen after
compaction

Figure 4-29: Connection of the drainage lines for saturation: (a) schematic, (b)
photograph

Figure 4-30: Manual triaxial apparatus used for CIUC tests (modified from Sheahan,
1991)

Figure 4-31: Schematic of MIT automated stress path triaxial cell (Santagata, 1998)
Figure 4-32: Schematic of automated triaxial cell (Santagata, 1998)
Figure 4-33: Compaction configuration: (a) schematic, (b) photograph

Figure 4-34: Triaxial setup procedure: (a) placing porous stone on specimen, (b) placing
top cap on specimen and folding membrane around top cap, (c) fixing o-rings and
applying vacuum, (d) removing expander/former , rolling up thin membrane, and
fixing final o-ring

Figure 4-35: Uneven cross sectional area after backpressure saturation and consolidation
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Figure 4-36: Unstable structure causing the specimen to lean to one side during saturation
when there is a top cap with no recess for lateral stability

Figure 5-1: Grain Size Distribution Curves for Skibbereen Silt from hydrometer tests

Figure 5-2: Surface curvature around fall cone during liquid limit testing on Skibbereen
Silt: (a) Extended view, (b) close up

Figure 5-3: Classification of Skibbereen Silt on Casagrande Plasticity Chart
Figure 5-4: SEM image on Skibbereen Silt, magnified to 2000 times the actual size

Figure 5-5: X Ray Diffraction analysis for Skibbereen Silt: Intensity versus Degrees Two
Theta for Cu Ka Radiation (5-39)

Figure 5-6: X Ray Diffraction analysis for Skibbereen Silt: Intensity versus Degrees Two
Theta for Cu Ka Radiation (39-65)

Figure 5-7: Compression behavior in €,-logo’y space from CRS 976
Figure 5-8: Compression behavior in e-logo’y space from CRS 976

Figure 5-9: Axial strain versus 6’y/G’ym (OCR™) from the unload phases of a typical CRS
test

Figure 5-10: Axial strain-time behavior with different initial densities from CRS tests
Figure 5-11: Axial strain-log time behavior with different initial densities from CRS tests

Figure 5-12: Axial strain-time (close up view) behavior with different initial densities
from CRS tests

Figure 5-13: Axial strain post saturation versus initial setup dry density from CRS tests
Figure 5-14: Void ratio post saturation versus initial setup dry density from CRS tests
Figure 5-15: Compression behavior in g,-logs’y space from CRS tests

Figure 5-16: Compression behavior in e-logo’v space from CRS tests

Figure 5-17: Virgin Compression behavior in e-logo’v space from CRS tests

Figure 5-18: Post consolidation behavior; a) CRS specimen extrusion into evaporating
dish, b) material behavior after one blow to evaporating dish, ¢) material behavior
after 5 blows to evaporating dish

Figure 5-19: Compression behavior in &,-logo’y space from DSS 800
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Figure 5-20: Axial strain-time behavior during inundation using different confining
stresses from CRS tests

Figure 5-21: Axial strain-log time behavior during inundation using different confining
stresses from CRS tests

Figure 5-22: Void ratio post saturation versus initial setup dry density from CRS and DSS
tests

Figure 5-23: Axial strain post saturation versus initial setup dry density from CRS and
DSS tests

Figure 5-24: Compression behavior in g,-logs’, space from DSS tests

Figure 5-25: Compression behavior in e-logo’v space from DSS tests (CRS range
included)

Figure 5-26: Compression behavior in &,-logo’, space from CIUC tests
Figure 5-27: Compression behavior in e-logc’v space from CIUC tests

Figure 5-28: Compression behavior in e-logo’v space from CIUC tests compared with the
CRS test range

Figure 5-29: Post saturation void ratio versus initial setup dry density for CRS, DSS, and
CIUC triaxial tests

Figure 5-30: Compression behavior in g,-loge’y, space from CKoUC tests
Figure 5-31: Compression behavior in e-logo’y space from CK,UC tests

Figure 5-32: Post saturation void ratio versus initial setup dry density for CRS, DSS,
CIUC, CK,UC tests

Figure 5-33: Compression and swelling ratios versus stress level from all consolidation
tests

Figure 5-34: Lateral stress ratio versus stress level from CKoUC tests
Figure 5-35: Effective Stress path during consolidation from CKoUC tests

Figure 5-36: Compression behavior in e-logs’v space from CKoUC tests compared with
the CRS range and a CIUC test

Figure 5-37: Hydraulic conductivity versus void ratio and hydraulic conductivity versus
vertical effective stress for Skibbereen Silt

Figure 6-1: Stress-Strain curves from NC CK(DSS tests
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Figure 6-2: Normalized stress-strain curves from NC CKoDSS tests

Figure 6-3: Normalized undrained shear strength versus stress level from NC CK,DSS
tests

Figure 6-4: Strain at failure versus stress level from NC CKoDSS tests

Figure 6-5: Effective stress paths from NC CKoDSS tests

Figure 6-6: Normalized effective stress paths from NC CKoDSS tests

Figure 6-7: Normalized effective stress paths (close up view) from NC CKoDSS tests

Figure 6-8: Friction angle at peak and end of shear strain versus stress level from NC
CK(DSS tests

Figure 6-9: Normalized undrained secant modulus versus shear strain from NC CKDSS
tests

Figure 6-10: Normalized undrained secant modulus versus stress level from NC CKoDSS
tests

Figure 6-11: Normalized stress-strain curves from NC CK(DSS tests of different initial
density

Figure 6-12: Normalized effective stress paths from NC CKoDSS tests of different initial
density

Figure 6-13: Normalized undrained shear strength versus stress level from NC CK,DSS
tests with different initial setup densities

Figure 6-14: Strain at failure versus stress level from NC CK(DSS tests with different
initial setup densities

Figure 6-15: Normalized effective stress paths (close up view) from NC CKoDSS tests of
different initial density

Figure 6-16: Effective stress paths for NC CK(DSS tests of different initial density

Figure 6-17: Normalized undrained secant modulus versus shear strain from NC CKoDSS
tests of different initial density

Figure 6-18: Normalized stress-strain curves from OCR=1, 2, 3, and 4 CK(DSS tests
(normalized to the vertical consolidation stress, 6’yc)

Figure 6-19: Normalized stress-strain curves from OCR=1, 2, 3, and 4 CKoDSS tests
(normalized to the maximum vertical consolidation stress, 6°vm)
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Figure 6-20: Normalized Undrained Shear strength variations with OCR from CK,DSS
tests

Figure 6-21: Normalized effective stress paths from OCR = 1, 2, 3, and 4 CK(DSS tests
(normalized to the maximum vertical consolidation stress, 6”yy,)

Figure 6-22: Normalized effective stress paths from OCR = 1, 2, 3, and 4 CK,DSS tests
(normalized to the vertical consolidation stress, 6”.)

Figure 6-23: Friction angle versus vertical consolidation effective stress from OCR =1,
2, 3, and 4 CK(DSS tests

Figure 6-24: Normalized undrained secant modulus (E./c’yc) versus shear strain from
OCR =1, 2, 3, and 4 CKDSS tests

Figure 6-25: Normalized undrained strength versus OCR from CKoDSS tests
Figure 6-26: Shear stress versus strain from a typical cyclic CKoDSS test
Figure 6-27: Effective stress path from a typical cyclic CKoDSS test

Figure 6-28: Stress-Strain curves from Cyclic CK(DSS tests (standard NC CK,DSS
included for comparison)

Figure 6-29: Normalized Stress-Strain curves from Cyclic CKoDSS tests (standard NC
CKoDSS included for comparison)

Figure 6-30: Effective stress paths from cyclic CK(DSS tests
Figure 6-31: Normalized effective stress paths from cyclic CKoDSS tests
Figure 6-32: Compression behavior in e-logo’, space from cyclic CKoDSS tests

Figure 6-33: Normalized shear strength versus total density from NC and cyclic CKDSS
tests

Figure 6-34: Shear strain at failure versus total density from all NC and cyclic CK,DSS
tests

Figure 6-35: Undrained strength ratio versus vertical consolidation stress for NC and
cyclic CKoDSS tests

Figure 6-36: Stress-strain curves from CIUC triaxial tests
Figure 6-37: Normalized stress-strain curves from CIUC triaxial tests
Figure 6-38: Normalized stress-strain curves (small strains) from CIUC triaxial tests

Figure 6-39: Normalized stress- (log) strain curves from CIUC triaxial tests

28

309

310

310

311

312
312
313

313

314

314
315
315

316

317

317

318
319
320
321

321



Figure 6-40: Effective stress paths from CIUC triaxial tests showing the failure criteria
used this research

Figure 6-41: Effective stress paths from CIUC triaxial tests

Figure 6-42: Normalized effective stress paths from CIUC triaxial tests

Figure 6-43: Principle stress ratio versus axial strain from CIUC triaxial tests
Figure 6-44: Friction angle versus axial strain from CIUC triaxial tests

Figure 6-45: Normalized excess pore pressure versus strain from CIUC triaxial tests

Figure 6-46: Normalized shear induced pore pressure versus strain from CIUC triaxial
tests

Figure 6-47: Skempton A parameter versus strain from CIUC triaxial tests

Figure 6-48: Normalized undrained secant modulus versus axial strain from CIUC
triaxial tests

Figure 6-49: Normalized undrained secant modulus versus stress level from CIUC
triaxial tests

Figure 6-50: Normalized undrained shear strength versus stress level from CIUC triaxial

tests
Figure 6-51: Friction angle versus stress level from CIUC triaxial tests
Figure 6-52: Strain at failure versus stress level from CIUC triaxial tests
Figure 6-53: Stress-strain curves from CKoUC triaxial tests
Figure 6-54: Normalized stress-strain curves from CKoUC triaxial tests
Figure 6-55: Normalized stress-strain curves (small strain) from CKoUC triaxial tests
Figure 6-56: Normalized stress (log) - strain curve from CKoUC triaxial tests
Figure 6-57: Effective stress paths from CKoUC triaxial tests
Figure 6-58: Normalized effective stress paths from CKoUC triaxial tests
Figure 6-59: Principle stress ratio versus axial strain from CKoUC triaxial tests

Figure 6-60: Friction angle versus axial strain from CKoUC triaxial tests
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Figure 6-61: Normalized excess pore pressures versus strain from CK,UC triaxial tests

Figure 6-62: Normalized shear induced pore pressures versus strain from CK,UC triaxial
tests

Figure 6-63: Normalized undrained secant modulus versus axial strain from CK,UC
triaxial tests

Figure 6-64: Normalized undrained secant modulus versus stress level from CK,UC
triaxial tests

Figure 6-65: Normalized undrained strength versus stress level from CKoUC triaxial tests
Figure 6-66: Friction angle versus stress level from CKoUC triaxial tests

Figure 6-67: Axial strain at failure versus stress level from CK,UC triaxial test

Figure 6-68: Stress-strain curves from CIUC and CKoUC triaxial tests

Figure 6-69: Normalized stress-strain curves from CIUC and CK,UC triaxial tests

Figure 6-70: Normalized stress-strain curves from CIUC and CK,UC triaxial tests
(Normalized by mean consolidation effective stress)

Figure 6-71: Effective stress paths from CIUC and CK,UC triaxial tests
Figure 6-72: Normalized effective stress paths from CIUC and CK,UC triaxial tests

Figure 6-73: Normalized undrained strength versus stress level from DSS, CIUC, and
CK,UC tests

Figure 6-74: Peak friction angle versus stress level from DSS, CIUC, and CK,UC tests

Figure 6-75: Friction angle versus consolidation stress level for DSS, CIUC, and CK,UC
tests

Figure 6-76: Friction angle versus mean effective stress for DSS, CIUC, and CK,UC tests
Figure 6-77: Axial strain at failure versus stress level for DSS, CIUC, and CK,UC tests

Figure 6-78: Normalized undrained secant modulus versus stress level from DSS, CIUC,
and CK,UC tests
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AC
A/D
BASIC
BBC
CF
CHL
CID
CIU
CIUC
CKoU
CKoUC
CKoUDSS
CKoUE
CL

CR
CRS
CU
D/A
DC
DCDT
DSS
ESE
ESP

HC
LVDT
MADC
MIT
ML
NC
oC
OCR
PC
PID
PSD
PVA
PVC

List of Symbols

Alternating Current

Analog-to-Digital Converter

Beginner's All-purpose Symbolic Instruction Code
Boston Blue Clay

Clay Fraction

Chlorite

Isotropically Consolidated Drained Shear Test
Isotropically Consolidated Undrained Shear Test
Isotropically Consolidated Undrained Shear Compression Test
Ko-Consolidated Undrained Shear Test
Ko-Consolidated Undrained Compression Test
Ko-Consolidated Undrained Direct Simple Shear Test
Ko-Consolidated Undrained Extension Test

Low Plasticity Clay

Virgin Compression Ratio

Constant Rate of Strain

Consolidated Undrained Test

Digital-to-Analog Converter

Direct Current

Direct Current Displacement Transducer

Direct Simple Shear Test

Effective Stress Envelope

Effective Stress Path

Feldspar

Hydraulic Conductivity

Linear Variable Differential Transformer
Multi-Channel Analog to Digital Converter
Massachusetts Institute of Technology

Low Plasticity Silt

Normally Consolidated

Overconsolidated

Overconsolidation Ratio

Personal Computer
Proportional-Integral-Derivative

Particle size distribution curve

Pressure Volume Actuator

Pressure-Volume Controller
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Q Quartz

RBBC Resedimented Boston Blue Clay

RR Recompression Ratio

SD Standard deviation

SR Swelling Ratio

TC Triaxial Compression Shear Test

TE Triaxial Extension Shear Test

X Triaxial

USR Undrained Strength Ratio (s,/6’c)

UuU Unconsolidated Undrained Compression Test

SHANSEP Stress History and Normalized Soil Engineering Properties
VCL Virgin Compression Line

A (Ap) Skempton's pore pressure parameter (at failure)

b Skempton's pore pressure parameter

C. Coefficient of curvature, Compression index

Cx Permeability change index

Cs Swelling index

Cu Coefficient of uniformity

Cyv Coefficient of consolidation

c’ Cohesion intercept

Do Grain size with 10% passing particle size distribution curve
Do Grain size with 30% passing particle size distribution curve
Do Grain size with 60% passing particle size distribution curve
E Young’s modulus

E. Undrained secant Young’s modulus

Eumax Undrained secant Young’s modulus (maximum)

e Void ratio

e Void ratio at end of consolidation

e Initial setup void ratio

Gs, SG Specific gravity

G Shear Modulus

G; Initial shear modulus

H Height

I Plasticity index

K Lateral coefficient of earth pressure

Ko Coefficient of lateral earth pressure at rest

Ko Normally consolidated coefficient of lateral earth pressure at rest
K. Lateral coefficient of earth pressure at end of consolidation
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V, AV

W, W¢
Wi

WL, LL
Wn

wp, PL

€a
&f
8V
€°, d¢/dt

b

¢, 0
Oy

v°, oy/ot
Yd

Yt

Yw

Hydraulic conductivity

Vertical hydraulic conductivity

Length

OCR exponent in SHANSEP equation for undrained strength ratio
Coefficient of volume change

Average effective stress, (6 +63)/2,(c’1 +0673)/2
Shear stress, (o) - 63) / 2

Shear stress at failure

Coefficient of determination

Undrained strength ratio for NC soil in SHANSEP equation
Initial setup saturation

Undrained shear strength

Time

Time to end of primary

Pore pressure, change in pore pressure

Excess pore pressure

Shear induced pore pressure

Pore (back) pressure at start of shearing

Current volume, change in volume

Initial volume

Water content

Initial setup water content

Liquid limit

Natural water content

Plastic limit

Strain

Axial strain

Strain at peak shear stress
Specimen volume strain

Strain rate

Friction angle, effective friction angle
Effective friction angle at peak
Shear strain

Shear strain rate

Dry Unit Weight

Total Unit weight

Unit weight of water

Poisson’s ratio
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Density

Vertical stress, vertical effective stress
Horizontal stress, horizontal effective stress
Preconsolidation pressure

Vertical effective stress

Vertical consolidation effective stress
Maximum vertical consolidation effective stress
Principal stresses

Mean octahedral stress

Shear stress

Horizontal shear stress

Arctan 11/6°, for direct simple shear

Effective arctan 1,/6’ for direct simple shear
Peak effective arctan 1,/6°y for direct simple shear
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1 INTRODUCTION

1.1 BACKGROUND

In contrast to the extensive geotechnical research that exists on clay and sand soils, little
information exists on the engineering properties of low plasticity silts. There are many reasons
for this trend. The material is not very common and it is generally avoided in construction due to
the poor site conditions. Disturbance during sampling and the subsequent preparation and testing
in the laboratory also pose significant difficulties and problems. As a consequence, industry
relies more on field testing from methods such as the standard penetration test, field vane test,
and cone penetration test. However, many of the empirical methods that transform field results
into engineering parameters were originally developed from laboratory data. Therefore, the need

for accurate laboratory information still exists.

The difficulty in obtaining intact samples has resulted in laboratory research
concentrating more on reconstituted specimens to obtain the engineering parameters. Several
reconstitution techniques have been used on silts, some to a greater degree of success than
others. They have generally been modified from techniques used in reconstituting clays and
sands. However, the exact details of a successful reconstitution procedure have still to be

defined.

The material source for this study comes from Skibbereen, Co. Cork, Ireland. The town
is located in Southwest Ireland approximately 85km south west of Cork City and 32 km from the
town of Clonakilty. It is situated on the N71, the primary Cork to Killarney road. The southwest
area is deeply penetrated by the sea in a series of long coastal inlets whose depth and width
gradually diminish inland. Skibbereen is located in a valley close to the sea on the banks of the
River Illen. The river is tidally influenced causing a fluctuation in ground water levels in the

town on a daily basis.

The town is home to an interesting and intricate geology. Various rock types outcrop the
Southwest Irish area while the town itself is built on a limestone bed overlain by alluvial deposits
from glacier melt-water and river deposits. The properties of the overlying deposits are the focus

of this thesis.
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The material was obtained during a major upgrade of the wastewater infrastructure in
Skibbereen. The project was needed to stop the discharge of raw sewerage into water courses and
to increase the capacity of the system for the increasing population. The project involved the
construction of many deep pumping stations and new sewerage pipelines. To minimize the risks
of ground settlement and structural damage to existing developments, many innovative and
technically challenging construction techniques were utilized. Caisson construction and the most

recent trenchless technologies were used continuously throughout the project.

Despite the efforts to prevent damage to existing structures in the town, some serious
problems did occur. Structural damage together with other construction difficulties soon made it
apparent that a greater understanding of the soil properties and behavior was required. The
realization of the difficulty to obtain this information ultimately resulted in the transportation of

both intact and disturbed samples to the MIT geotechnical laboratory.

1.2 RATIONALE FOR CHARACTERIZATION OF LOW PLASTICITY
SILT FROM SKIBBEREEN

The rationale behind the need to characterize the low plasticity silt found in Skibbereen is
extremely simple. The original site investigation and laboratory testing program undertaken at
Skibbereen was extremely limited and can be described as “poor” quality. The original site
investigation produced standard penetration test values less than 10, some cone penetrometer
data, and some index testing information. However, there was a large deviation in the results
obtained from this program. Furthermore, no laboratory tests were conducted to provide the
engineering properties of the material, i.e. such as oedometer tests for the consolidation
properties or simple triaxial tests to provide stress-strain-strength information. Therefore, it can
be stated that up until the arrival of the material at the MIT geotechnical laboratory relatively

nothing was known about its properties and behavior.

Reliable testing information was needed to understand the behavior seen in the field and
to help explain some of the problems encountered during the construction. The silt deposits

found in Skibbereen are not localized to that area only. Throughout the south and west coast of
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Ireland, low plasticity silts are reported in many locations. However, the properties and testing
techniques are relatively unknown. For future construction projects it is imperative that an
understanding of the behavior and properties are known before construction work commences to
limit the possibility of construction problems and structural damage like that encountered in

Skibbereen.

Besides the need to characterize the material at the Skibbereen site and Irish locations,
at present there is a shortage of information for low plasticity silts. It is known that the behavior
of silts are somewhere between the behavior of clay and sand. However, silt properties cannot be
interpolated from clay and sand results. Of those who have studied the properties of low
plasticity silts, there are many contrasting views, opinions, and results. Various sampling, testing,
and reconstitution procedures have been documented with no one preferred method emerging.

The results and behavior found among researchers also show a large deviation.

It can be concluded that low plasticity silts are difficult to test and characterize. There is a
shortage of information about the material and the properties can change significantly with

location. Therefore, the need for further research exists.

1.3 RESEARCH OBJECTIVES AND SCOPE

The objectives and corresponding scope of the research can be divided into the following

components.
1) Conduct a detailed literature review of low plasticity silt properties and behavior.

2) Process the bulk material transported to the MIT geotechnical laboratory to ensure that

the engineering tests will be run on material that is homogeneous and of high quality.

3) Characterize the material by the use of index property tests. Methods utilized will include
grain size distribution analysis, specific gravity tests, Atterberg limits, organic content
evaluation, salt concentration testing, scanning electron microscope images, and X-ray

diffraction.

4) Develop a successful reconstitution procedure for the materal.
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5)

6)

7)

8)

Determine the feasibility of testing tube samples without disturbance.

Develop successful testing preparation procedures for tests such as constant rate of strain

tests, hydraulic conductivity tests, direct simple shear tests, and isotropically and K,

consolidated triaxial tests.

Characterize the engineering properties of Skibbereen silt. This objective will be

accomplished through a combination of sophisticated laboratory tests run on the

processed material. The program can be broken into the following components:-

a)

b)

d)

The use of constant rate of strain (CRS) tests on material with different initial

densities to stresses up to 15 MPa.

The use of hydraulic conductivity testing using a modified CRS device with

automated control.

The use of the automated direct simple shear (DSS) device to provide
consolidation and stress-strain-strength information on normally consolidated and
overconsolidated specimens. The overconsolidated specimens will make use of
the SHANSEP theory. The DSS device will finally be used for cyclic shear

testing.

The use of isotropically consolidated undrained triaxial compression tests to
develop stress-strain-strength properties over a range of consolidation stresses for

normally consolidated specimens

The use of automated triaxial equipment to conduct Koy-consolidated undrained
compression tests. The tests will provide good one-dimensional compression
curves, measurements of the coefficient of earth pressure at rest (Ko), plus the

stress-strain-strength properties over a range of consolidation stresses.

Develop a recommended set of properties for the low plasticity silt in Skibbereen. This

portion of the research will make a detailed analysis of the results from the laboratory

consolidation and strength testing. The collective evaluation will lead to a set of
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engineering properties that can be used with confidence for the geotechnical design of

future construction in this soil type. The research will include:

a) Typical consolidation properties at various stress levels, along with representative

hydraulic conductivity properties.

b) A set if normalized soil properties correlated to stress level dependence, such as
undrained shear strength and undrained modulus. Other critical parameters such

as the friction angle and strains at failure will also be included.

1.4 ORGANIZATION OF THE THESIS

This thesis is organized into seven chapters, with the aim of presenting the reader with a

logical picture of the problem investigated.

Chapter 2 provides the background information related to this research project. The town
of Skibbereen is first discussed with its location and features presented in detail. The geologic
history of the soil underlying the town is then reviewed. The area has a very interesting and
intricate geology. A summary of the south Ireland geology is first discussed and then a
correlation is made for Skibbereen. The rest of the chapter focuses on information specific to the
construction of the new waste water infrastructure in the town. First, an overview of the project
is presented, followed by some of the construction techniques used during the project. Some of
the major construction difficulties are then discussed. The chapter ends with details of the
original site investigation and the secondary investigation where the material for this thesis was

sourced.

Chapter 3 presents a literature review of low plasticity silt properties and behavior. The
chapter summarizes existing reconstitution procedures to prepare test specimens, test preparation
methods for various test types, sampling, and sampling disturbance. Typical index and
engineering properties are provided. In particular, the current knowledge on the consolidation
and undrained shear strength is reviewed in great detail. The various testing conditions and
failure criteria for shear strength testing are finally presented. The main aim of this chapter is to

provide a good database to analyze the results found in this research.
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Chapter 4 provides a complete description of the experimental procedures and equipment
used to perform the tests presented in this thesis. The chapter includes the successful and
unsuccessful reconstitution procedures, the test preparation methods undertaken for all devices,
and the modifications to existing testing procedures. The control system hardware, software,

measurement instrumentation, and data acquisition system are all described.

Chapter 5 presents the consolidation results from constant rate of strain (CRS) tests,
direct simple shear (DSS) tests, and isotropically and K¢ consolidated triaxial tests. The initial
conditions were varied for the CRS tests and specimens were consolidated to stresses up to 15
MPa. The DSS and triaxial tests were consolidated prior to shear. The chapter also includes

hydraulic conductivity results from three tests in a modified CRS device.

The DSS and triaxial shear results are presented and analyzed in Chapter 6. The chapter
first reviews the DSS results. Both normally and overconsolidated behavior is analyzed, the
SHANSEP framework for the material is presented, followed by cyclic DSS test results. The
second part of the chapter focuses on the isotropically consolidated behavior before a similar
analysis is presented for the K, consolidated results. The final section of the chapter summarizes

all DSS and triaxial test findings.

Chapter 7 summarizes the most important results from the research, presents the best
estimates of properties and other correlations for low plasticity silt from Skibbereen, and

recommends guidelines for future research.
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2 BACKGROUND

2.1 INTRODUCTION

This chapter provides the background information about Skibbereen and the reasons
behind the testing program at the MIT Geotechnical laboratory. The town of Skibbereen is
located in Southwest Ireland and serves as an administrative, employment, commercial, health,
recreational, and educational centre for a large hinterland area. The town is also a very popular
destination for many tourists and tourism is now one of its main industries. Skibbereen has many
key geological features such as the River Ilen, Caol stream, and the Marsh area. All relevant

features of the town are presented including the sewerage system before the new upgrade.

Section 2.3 discusses in detail the geology of Skibbereen. The town is located on low
lying ground in a valley floored by sandstones and mudstones of the Carboniferous age. The
overlying sediments are as a result of glaciation and they have accumulated to great depths. The
geology of Skibbereen has been interpreted from information found on the West Cork area and
general Irish geology. The rock developments are first discussed in detail followed by the

overlying sediment formations. Finally, the existing geologic conditions are presented.

Section 2.4 describes the new sewerage scheme construction. It presents a brief overview
of the overall contract and the various construction techniques. The project relied heavily on
caisson and trenchless technology construction to overcome the poor ground conditions.

However, numerous construction difficulties occurred despite these measures.

The final section of the chapter covers the site investigation for the project. The original
site investigation is first described. An extensive field testing program was undertaken. Standard
penetration tests, in situ falling head tests, and groundwater observations provide important
information about the ground conditions. However, the original testing program was not backed
with a good laboratory investigation. During construction of the project a second site
investigation was undertaken to provide additional information. Field vane tests and cone
penetration tests were conducted to give strength properties for the soil. Both intact and disturbed
samples were taken for laboratory testing. Results from index tests on the disturbed material are

also presented.
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2.2 SKIBBEREEN

2.2.1 Introduction

Skibbereen is located in Southwest Ireland. The southwest area is deeply penetrated by
the sea in a series of long coastal inlets whose depth and width gradually diminish inland. The
southwest encompasses Kerry and West Cork and is generally divided up into four regions; the
lowlands of Kerry, the uplands of north and central Kerry, the six peninsulas, and the lowlands

forming the extreme southwest of Cork.

Skibbereen falls into the extreme southwest category. The town is approximately 85km
south west of Cork City and 32 km from the town of Clonakilty. It is situated on the N71, the
primary Cork to Killarney road. Figure 2-1 and 2-2 show Skibbereen on the south west Ireland

map.

Skibbereen has an interesting history from its establishment in the early 1600’s. The town
is located on the banks of the River Ilen. The river was the primary transport route for people,
goods, and services. During the Irish Potato Famine (1845-1849), an estimated 8,000 — 10,000
victims died in Skibbereen from starvation. Emigration continued in Skibbereen extensively after
the famine and the population was halved due to the decline in the fishing industry. Today,
Skibbereen Urban District has a population of 2,338, which accounts for a 16.9% population
increase from 2002 (Skibbereen town development plan, 2009-2015). It serves as an
administrative, employment, commercial, health, recreational, and educational centre for a large
hinterland area. The town has a limited manufacturing base consisting of light engineering, food,
and dairy products. Apart from functioning as an important employment and service centre, the
town has increased its tourism potential and it is now a popular destination for many visitors. A
building use survey of the town center can be seen in Figure 2-3. The figure shows a plan of the

town center and commercial buildings in use.

Skibbereen is located in a valley. Skibbereen Heights lies to the west of the town and The
Rock to the east. The town has expanded in a north south direction as a result. Skibbereen
Heights comprises an area of very elevated land dominated by sheer rock. The Rock consists of

an elevated area to the east of the town but unlike the Heights, it is easily accessible via
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pathways and laneways. Figure 2-4 shows a picture taken from an elevated area at the south west

of the town.

Besides the residential, industrial, and commercial development in the town, there are
three other significant features located in the heart of the town. The River Ilen, Caol Stream, and

Marsh field provide both character and service to the town.

2.2.1.1 River Ilen

The river originates approximately 30 km from the town in the hills north of
Drimoleague. The river is a depositing lowland river and it flows into Roaringwater Bay
approximately 3 km downstream of Skibbereen. It cuts transversely across the country gathering
longitudinal tributaries before turning sharply west at Skibbereen. At the turning point, it is
approximately 40m in width and it carves a large meander through the town forming the
floodplain know as the Marsh along the northern and western bank. The Ilen is highlighted at the
heart of Skibbereen in Figure 2-5.

The river is subject to tidal influences due to its close proximity to the bay. A tidal pulse
extends upstream to Skibbereen. The water remains fresh during high tide; however, water levels
rise by approximately 1m and the shallow fast waters during low tide in some locations are
replaced by water that backs up and slackens. During very high tides and heavy rain the tidal
pulse has flooded the town on many occasions. Figure 2-6 shows the Marsh area before and

during these extreme conditions.

Up until the recent sewerage scheme works, the river Ilen had a number of waste water
and surface water discharge points along its route. The waste water discharged was untreated

sewage and the river was moderately to slightly polluted as a consequence.
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2.2.1.2 Caol Stream

The Caol stream is a major water course artery. Originating in Lough (Lake) Abisdealy it
runs in a south to north direction through the center of the town until it joins the Ilen at the Marsh
field. The stream is confined through the town by private properties. Upstream the banks are
generally constructed of soft mud reinforced with stones/boulders while through the town
vertical stone walls and concrete retaining walls provide support for the structures built in close

proximity to the stream.

The stream passes under transport and pedestrian crossings at many locations in the town.
However, a twin arch stone masonry bridge located on Bridge Street is of great historic

significance. The location of the Caol Stream in the town can be seen in Figure 2-7.

Before the construction of the sewerage system, the Caol Stream was used extensively
for collection and transportation of raw untreated sewerage from residential, retail, and
commercial developments. The water quality before the stream reached the town was moderate
to fair. However, at the town the water quality deteriorated rapidly. The stream is approximately
9m in width in the heart of the town and the flow through the stream is slow and low during
times of dry weather. The large number of discharge outlets resulted in extremely poor water
quality. Extensive mats of sewage fungus and soft sediments accumulated downstream. The
stream was scarce of life and a foul smell emanated in many locations. Figure 2-8 shows some of

the pollution along the Caol Stream.

2.2.1.3 March Field

The Marsh field is a floodplain located to the north of the town. The area is not
designated for conservation but due to its low lying nature and susceptibility to flooding, the area
has seen no development. Dumped spoil has overgrown into grassland vegetation. The land has
been neglected and is used for pasture during summer months. The area enclosed by the new

N71 bypass and the River Ilen can be seen in Figure 2-9.

Recent development in the Marsh field includes the construction of a foot bridge from the

town over the River Ilen. The footbridge will provide access for a proposed car park in the field.
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Section 2.4 will discuss in detail the project information regarding the new waste water sewerage
system. However, the main collection pump station and ancillary pipes, shafts, and manholes

were constructed in the marsh field.

2.3 GEOLOGY

2.3.1 Introduction

The topography of West Cork has a pronounced grain with ridges and valleys that
clongate east-north-east to west-south-west. The valley base rock consists of sandstones and
mudstones of Carboniferous age while the ridges are made up of older Devonian sandstones and
mudstones. The valleys have been drowned due to sea-level rise following the melting of the
glaciers which covered most of the area during the ice age. No detailed description of the
geology of Skibbereen has ever been published. Pracht and Sleeman (2002) published a report on
the geology of west cork and other authors such as Holland and Sanders (2009), Charlesworth
(1953), and Woodlock and Strachan (2000) have produced geological information for the island

of Ireland. The following information presented is an interpretation of the above work.

2.3.2 Topography

Figure 2-10 shows the topography of West Cork. Skibbereen lies between sea level and
60m (=200ft) in elevation. From the experience of the authors work, the town elevations are
approximately 2-3 m above sea level in the low lying areas. Due to the low altitude many areas
are susceptible to flooding during periods of high spring tides and heavy rain (as shown in Figure

2-6).

2.3.3 Rock Types

All the rocks exposed around Skibbereen are sedimentary and were deposited during the

Devonian and Carboniferous periods, between about 370 and 310 million years ago (Ma). In
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order to understand the rock formation the following sections will describe the development of
each rock type. The geochronometric scale and the map of Ireland are presented in Figure 2-11.
The figure translates geological terms into times, which is useful when discussing the geology of

a location.

2.3.3.1 Precambrian Rocks

Precambrian rocks are the oldest in Ireland and lie below all other rocks. The rock makes
up about ten percent of the surface area of Ireland, as shown in Figure 2-12. Almost all of the
Precambrian rocks belong to the Dalradian Super group, a thick succession of rocks which
accumulated between 1000 and 542 Ma. The Dalradian sediments were spread out on the floor
of a shallow sea which deepened gradually from a shore that probably ran, in general, north of
the present Ireland (Charlesworth 1953). The original Dalradian sediments were soft and
incoherent but they suffered an intense regional metamorphism, owing to later movements.
These movements have bent rocks into great folds. The metamorphism varied according to
stress, temperature, and the chemical composition of the individual rock. The muds were
metamorphosed into schists, the sandstones into quartzites and the clear water limestones into
crystalline marble (Charlesworth, 1953). While the Dalradians were being deposited, magmas
from subterranean reservoirs erupted as lavas. The metamorphism that changed the sediments
into schists also altered the basalts and dolerites into dark greenstones. The Precambrian rocks of
Ireland have all been affected by Caledonian events between 369 and 542 Ma. The Caledonian
cycle refers to the sum of the tectonic activities surrounding the closing Iapetus Ocean that once

divided Ireland in two, as shown in Figure 2-14.

2.3.3.2 The Lower Palaeozoic Rocks

By superposition (the lower layer is older than the upper layer) the Devonian and
Carboniferous rocks in the Skibbereen area are underlain by rocks of Lower Palaeozoic age. The
Lower Palaeozoic period occurred between 542 and 416 Ma. A trough like sea, shallow to the

northwest and off the present coast to the south east crossed Ireland obliquely (Charlesworth,
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1953). Figure 2-13 shows the distribution of land and sea in Lower Palaeozoic times. The
Cambrian rocks consist of a great series of alternating purple and green sandstones, highly
cleaved and crushed slates, quartz and quartzites, together with conglomerates or breccias
(Charlesworth 1953). Ordovician rocks display a complex interplay of volcanic activity,
sedimentation, and tectonics that were associated with the margin of the Iapetus Ocean. The
Ordovician and Silurian strata have sharp folds which strike with remarkable persistence from
the north east. The dip varies considerably but is generally high and often vertical (Charlesworth
1953). The rocks are thoroughly compacted, so that they have been widely used in buildings of
ancient monuments. The rocks mainly consist of dark shales. Banded slates have also been found
and they are associated with light colored, purplish or greenish sandstones which, being tough

and hard, have been extensively quarried (Holland 1981).
2.3.3.3 Caledonian Movement

As mentioned previously, during the Precambrian a wide ocean, termed the lapetus
Ocean, separated two continents. The Laurentian continent included northwest Ireland while the
Avalonian microcontinent included south east Ireland (Holland and Sanders 2009). During the
Cambrian, this ocean started to close. A series of tectonic events, ranging in time from the
Cambrian to Devonian were associated with the ocean’s closure. Combined, this series of

tectonic events have been termed the Caledonian Orogeny.

The Iapetus Ocean was characterized by shallow water sands, muds and coarse materials
(Charlesworth 1953). The sediments, many thousands of feet thick, were deposited in a shallow
depth of water. This indicates that the floor of the sea was sinking step by step with accumulating
sediment (Holland 1981). The cause of this sagging is still not exactly understood and there are
many contrasting views on this development. During the Ordovician, the two continents began to
move towards each other and by the late Silurian a continent — continent collision occurred.

Figure 2-14 best describes this collision.

The Caledonian movement resulted in the sediments being compressed and uplift in the
ground which formed mountains. This movement was associated with intense metamorphism
and igneous activity (Charlesworth 1953). The lateral pressure converted the sandstones in

places into quartzites. It crumpled, crushed, shattered, bent, and faulted the rocks. The advancing
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earth wave broke up the resistant Dalradians, remolded them, and worked them upwards. This
produced great dislocations and thrust planes (Holland and Sanders 2009). These movements
elevated the Lower Palaeozoic into a mountain system thousands of feet high. The compressive

earth movements were associated in some way with the formation of granites.

2.3.3.4 Devonian Rocks

The oldest rocks exposed in Skibbereen are Devonian age, 416 to 359 Ma. They make up
the ridges and hills around the town. The turmoil of the Caledonian movement left behind a
continental climate of high relief (Charlesworth, 1953). The continental sea beds of the Irish
basin formed the Old Red Sandstone. The vertical movements which brought the Caledonian
disturbance to a close initiated broad downfolds upon which the Old Red Sandstone
accumulated. The floors continued to sink and the intervening ridges of the corresponding
upfolds to rise (Holland and Sanders 2009). A sea which covered much of Europe at this time lay
to the south of the country, as shown in Figure 2-15. The Old Red Sandstone was widely
distributed by this sea but today its outcrops are chiefly two, a southern one which constitutes the
highest ground in Co. Kerry and Co. Cork and a northern one which is entrenched between
Dalradian rocks in Donegal (Charlesworh 1953). The locations of Old Red Sandstone in Ireland
today can be seen in Figure 2-16.

The sediments that formed the Old Red Sandstone were deposited from rivers, whose
flow was dominated by flash floods fed by episodic rainfall, which 0h'ginated predominantly
from the mountainous area lying to the north. In Cork, the sediments accumulated to one of the
thickest Old Red Sandstone formations in the world with a depth of over 6 km. The Devonian
rocks around Skibbereen are mostly red and green sandstones, siltstones, and mudstones which

were deposited on a continental landmass in a low altitude desert or semiarid environment.

2.3.3.5 Carboniferous Rocks

Rocks of the Carboniferous age occur at the surface or beneath the Quaternary deposits.

They cover nearly half the land area of Ireland (Holland and Sanders 2009). They are still of
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great economic importance and are quarried extensively for aggregates and industrial minerals,

host major base metal deposits, contain coal, and influence water supply and agriculture.

During the Devonian times the Caledonian mountains were subjected to atmospheric
attack. The hills and mountains were reduced to gentle uplands and the hollows filled with the
deposition (Charlesworth 1953). The dawn of the Carboniferous era brought a slow incoming
tide transforming the world greatly from the Devonian time. The world in the Carboniferous

times can be seen in Figure 2-17.

As the sea deepened and the shore advanced, the irregularities of the sea bottom were
filled in by a buildup of dead organisms. Early shingle conglomerates became buried beneath off
shore deposits. Pale yellow sandstones, sandy flagstones and grey and Black limestone shale
were produced. These sandy and muddy deposits gave place in turn to clear and tranquil waters
of moderate depth in which countless organisms lived and died. The buildup of organisms led to

the development of limestones which locally gave way to shales in many locations.

The limestone produced by this era are generally bluish or grey compact limestone of
almost pure calcium carbonate. It is well bedded, usually horizontal or only slightly inclined. The

limestone is traversed by innumerable well defined joints and in places by veins of calcite.

Skibbereen lies in a valley floored by limestones, sandstones, and mudstones of the

Carboniferous age. The distribution of rock types around Skibbereen can be seen in Figure 2-18.

2.3.4 Geological Events after the Carboniferous Period
2.3.4.1 Variscan Deformation and Metamorphism

The Variscan orogenic belt can be traced from Russia through Western Europe and
across the Atlantic to the eastern seaboard of the United States (Holland and Sanders, 2009). It
resulted from the collision of a large southern continent known as Gondwana with the combined
northern landmasses of Laurentia and Baltica. It is difficult to state the timing of the Variscan

deformation in Ireland with any great precision. However, latest evidence by Holland and
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Sanders (2009) suggests most of the movement occurred between 299 and 200 Ma at the end of

the Carboniferous era to the beginning of the Jurassic.

Near the end of the Carboniferous Period, the rocks of West Cork were uplifted, cleaved,
folded, and faulted by the Variscan Orogeny. Tight folds in the south gave way to broad gentle
folds and existing fault movement in the north (Chareswroth 1953). A large number of new
faults were produced. Displacement of these faults is often difficult to determine due to the
overlying material that is now present. The main fault trends recorded from field observations
are near strike faults and east-west and south east — north west faults (Holland and Sanders,
2009). Figure 2-19 shows the synclines, anticlines, and faults produced as a result of Variscan
deformation in the Skibbereen area. As a result of the movement, the sedimentary sandstones and
mudstones have been weakly metamorphosed, producing finer grained rocks most noticeably
slates. There is very little evidence of what happened in Skibbereen following the Variscan
Orogeny until the Quaternary period. It is therefore concluded that this time period had little
impact on the geology.

2.3.4.2 The Quaternary Period

The Quaternary Period which occurred from about 2.65 Ma to 11,000 years ago is
famous for the great ice age. During most of the geological history, Ireland was favored by the
warm climates. The Tertiary era had a climate which gradually worsened. The seas became
cooler and the winters sharper and longer (Holland and Sanders 2009). The exact cause of this
occurrence is still unknown. However, this age of snow, ice, glaciers, and ice sheets had a

profound effect on the soils, agriculture, and its animals and plants.

Frost acted upon the cliffs around the coasts. The higher mountains acted as gathering
grounds for the accumulating snows. Small glaciers, fed by snow travelled down the mountains

(Charlesworth 1953). Finally, they coalesced upon the plains.

The evidence for all these movements is extremely clear. The ice, enriched with sand,
mud and boulders held firmly in its sole, rasped the solid rock over which it passed engraving ice

scratches in the direction of flow (Holland and Sanders 2009). Material gathered by the glaciers
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in this way were deposited as glacial drift. This drift is also known as till or boulder clay. It
floors the valleys and plains of most areas in Ireland. It is typically stiff, tenacious and

unstratified and contains boulders of all sizes, often without any arrangement.

In southwest Ireland there is evidence for two glaciations. The earlier, the Greater Cork-
Kerry glaciation, left a featureless drift that covers much of the southwest. The later glaciation
was not as extensive. Ice was centered to the south of the Macgillycuddy Reeks, extending
radially to form an ice dome that covered the central and southern midlands. The ice of the main
dome flowed southwestwards into the Atlantic, eastwards into Co.Cork, and northward,
overtopping mountains up to 700 m above sea-level. Figure 2-20 shows the southern ice dome
and the direction of ice flow. The rock that was picked up by the ice and partly ground down was
later deposited either directly from the base or margin of the ice, or by melt water flowing from
the ice. In the former case it became boulder till or boulder clay and in the latter case it was
sorted and deposited separately as gravel, sand, silt, or clay. The composition of these sediments

reflects the sandstones and limestones over which the ice flowed (Pracht & Sleeman, 2002).
2.3.4.3 The Holocene

The Holocene extends from the present day back to approximately 11000 years ago.
About 2500 years ago, a rise in sea level occurred from melting ice masses in polar latitudes,
producing the Irish Sea as we know it today. The higher water levels drowned the long parallel
inlets of Kerry and Cork.

The steep sloped hills and mountains were flattened by weathering action. Atmospheric
disintegration decomposed the surface rocks into soils. The newly formed lakes and rivers that
emerged after the ice age cut through moraines and boulder strewn gorges. The rivers transported
the newly formed soil to the coastline where it was deposited in saline conditions. Overtime, the
shorelines moved further out from the buildup of deposition. The depths of the deposition

increased with time producing extremely deep deposits, greater than 100m in some locations.

In Skibbereen, the river deposition in marine conditions accounts for the research
material in this thesis. The deposition has produced a fine grained material with an Old Red

Sandstone, limestone, shale, and slate background. Extremely thick deposits exist, up to a depth
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of 40m in many locations. Generally, the soil deposits overly the limestone base formed by the

Carboniferous period and there is little evidence of any other geologic action in the area.

2.3.5 Geology in Skibbereen today

The overlying sediments across the area vary dramatically in nature and thickness. It
generally comprises of topsoil (weathered sandy silt with rootlets) to a maximum depth of 0.8m,
gravelly fine to coarse sands to a maximum depth of 1.5m. fine to coarse gravels with cobles to a
maximum depth of 6.2m and soft silt to a maximum depth of 32.5m. The bedrock is
predominantly moderately weak to moderately strong shale of Carboniferous age, occasionally

inter-bedded with moderately weak to very strong siltstones.

2.3.5.1 Skibbereen town

The town is constructed on made ground, considered to be generally imported and
reworked natural material used as backfill and landscaping from previous road construction
projects. The depth of the made ground is variable, ranging from 0.1m to a maximum depth of
3.2m. The made ground generally comprises a crushed rock sub-base. The underlying material is
natural silty sands to a maximum depth of 2m, followed by medium dense to dense sandy gravels
to a maximum depth of 4m, followed by very soft to soft bluish grey silt to a maximum depth of
13m.

2.3.5.2 Skibbereen Environs

The area of Skibbereen is generally underlain by silty sandy topsoil to a maximum depth
of 0.62m on top of gravelly fine to coarse sands to a maximum depth of 3.2m. Underlain by very
loose to very dense silty sandy fine to coarse gravels with cobbles to a maximum depth of 6.2m,
and very soft to soft silt to a maximum depth of 13m. Bedrock of moderately weak to moderately
strong, thinly laminated, weathered grey shale with occasional interbeds of siltstone underlies

these sediments.
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2.3.5.3 Marsh Area

The geology of this area generally comprises of weathered topsoil to a maximum depth of
0.8m, underlain by fine to medium sands to a maximum depth of 1.7m, underlain by loose to
dense sandy fine to coarse gravels to a maximum depth of 4.7m and very soft to soft light bluish
grey silt to a maximum depth of 32.5m. Bedrock of moderately weak to occasionally strong,

thinly laminated, weathered shale is encountered at depths between 31.6m and 35.7m.

2.4 PROJECT DESCRIPTION

2.4.1 Introduction

A major upgrade of the wastewater infrastructure was needed in Skibbereen to stop the
discharge of raw sewerage into water courses and to increase the capacity of the system for the
increasing population. RPS Consulting Engineers prepared the Preliminary report, Preliminary
design, Contract documents, Foreshore License, Planning Permission and Wayleave Acquisitions
for the client, Cork County Council. The new system included the construction of five pumping
stations and approximately 18 km of pipework (150mm to 1200mm internal diameter (ID)) to
meet the needs of up to 9,400 people. The construction of the project was awarded to Ward and
Burke Construction Ltd for a value of €11,600,000. The contract was divided up into 14 km of
150mm to 1200mm diameter precast concrete storm, foul, and combined sewers, 2km of 100mm
to 1000mm ductile iron rising mains, and construction of pumping stations and storm water

holding tanks.

Poor ground conditions consisting of low plasticity silts with standard penetration test
(SPT) values less than 10 and a high water table, approximately 1.5m below ground level,
presented construction challenges to the scheme. Also, the existing structures in the town were
seen as a major construction risk. They are founded on shallow foundations, bearing in the
imported fill or sandy upper layer. The construction of the pipelines was below these foundations

and therefore the possibility of damaging exiting structures was great.

Innovative construction techniques for both pipelines and structures were required to

permit efficient and effective construction progress, minimize the effects of vibration, stop
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groundwater loss, prevent settlement, and reduce ground movement. To achieve these goals, a

large amount of the scheme was redesigned by Ward and Burke Construction Ltd.

During construction many difficulties were associated with the soft silt ground
conditions. The soil produced poor bearing conditions for pipes and structures causing
significant settlement in many locations. There were also many other challenges during
construction due to the poor ground conditions. The following sections describe some of the

construction techniques used and the observations associated with different construction aspects.

2.4.2 Caisson Construction

Originally all structures were to be constructed using the traditional approach of
excavation using temporary support. However, the difficulty associated with dewatering silts and
the possibility of the formation becoming “quick” inevitably led to the use of another technique.
Pumping stations, shafts, and manholes were re-designed using the caisson construction method.
The sewerage scheme was simplified and many unnecessary deep manholes were removed from

the original design.

All caissons were constructed underwater. The caissons are sunk by removing material
underwater from inside the caisson. The caisson sinks from its own self weigh or by the aid of
hydraulically powered jacks. The concrete base or plug of the caisson is poured underwater with
a tremie pipe. Once the concrete base has set, the caisson can be dewatered. In areas of
particularly bad ground or where the weight of the caisson was large, steel H-Piles were driven
to the bearing bedrock around the structures perimeter. The piles were tied to the structure with
an overhanging cast in situ top ring. The largest structure constructed using the caisson method
was the main pumpstation, 16 x 16m in plan area, 17m deep, and weighing 40,000 tonnes. Figure
2-21 shows the sinking of the main pumpstation. Two CAT 328 excavators fixed with hydraulic
clam shells and an 80 tonne crawler crane fixed with clam shell were used to sink this caisson.
The hydraulic jacks on each corner guide the caisson and ensure it sinks vertically. Figure 2-22
shows a schematic diagram of a 6m internal diameter caisson fixed with supporting H-Piles, top

ring and cover slab.
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2.4.3 Trenchless Technology

Trenchless technologies were extensively used for pipeline construction instead of the
open cut method. In some situations, trenchless technology was the only possible solution for
items such as deep pipelines (> 6m deep) and river crossings. However, some of the pipelines in
residential and commercial areas that were originally designated for open cut were changed to
trenchless technologies. The risk of damage to nearby structures is greatly reduced using this
method because there is minimal ground disturbance and there is no requirement for dewatering
of the ground. Three different trenchless methods were used in Skibbereen; Horizontal

Directional Drilling (HDD), auger boring and micro tunneling.

2.4.3.1 Horizontal Directional Drilling

The horizontal directional drilling equipment used in the project can be seen in Figure 2-
23. The machine bores a small pilot drive through the ground with drilling rods. The drive is
controlled for line and grade by a tracker at ground level and a receiver in the drilling head. Once
the pilot drive reaches the reception shaft, a reamer is placed on the rods at the reception end and
it is pulled back through the ground, enlarging the diameter of the tunnel. Reaming can be
repeated many times until the desired tunnel diameter is reached. Finally, a polyethylene pipe 1s
attached to the rods at the reception end and pulled through the ground, thereby, creating the
permanent pipeline. Horizontal directional drilling up to 450mm internal diameter with lengths

over 100m were successfully carried out in Skibbereen.

2.4.3.2 Auger Boring

Some of the auger boring equipment can be seen in Figure 2-24. A jacking frame is
placed in a 2.4m internal diameter concrete launch shaft. First, a pilot pipeline with steel casings
is driven out of the shaft. The drive is guided with a theodolite and continues until it reaches the
reception shaft. The wedge shaped cutting head is pushed through the ground; however, if
steering correction is needed during the pilot drive, the cutting head can be rotated to compensate

for any deviation in direction. Once the pilot drive is complete, a cutting head is fitted in the
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launch shaft to accommodate the size of the permanent pipeline. The cutting head advances
forward by use of the jacking frame. There is rotation at the cutting head and the excavated
material is transported through the permanent pipeline into the launch shaft through the use of
augers. Clay pipes with augers fitted inside are continuously jacked out of the launch shaft until
the clay pipes reach the reception shaft. Pipes with a diameter from 200 to 450 mm were
successfully driven to maximum lengths of about 50m in Skibbereen using the auger boring

system.

2.4.3.3 Microtunneling

The microtunneling system is the most complicated of all trenchless systems used in
Skibbereen but because of the larger pipe diameters required it was used the most extensively.
Five 600mm ID tunnels with a total length of 366m, six 900mm ID tunnels with a total length of
500m, and two 1200 mm ID tunnels with a total length of 360m were successfully constructed
using the microtunneling system. All jacking pipes used were reinforced concrete. Figure 2-25
shows the microtunneling operation. The system has three main components. The tunnel boring
machine (TBM) excavates the ground and provides steering and pipe direction. All TBM’s used
in Skibbereen were the slurry shield type (AVN range) and were manufactured by Herrenknecht.
The AVN 1200, 900, and 600 (1200, 900, and 600 refer to internal diameter of the tunnel in mm)
TBM’s reduce the risk of over excavation at the tunneling face because a pressure slightly
greater than the in situ effective stress can be applied by use of a slurry fluid. The control unit
provides hydraulic power for the tunnel boring machine (TBM) and jacking frame while also
providing a remote steering location for the TBM driver. The slurry separation system is an
integral part of the slurry shield TBM. The slurry fluid transports the excavated material from the
TBM out the shaft. The separation system cleans this slurry so it can be continually recycled. In
terms of location, the microtunnel drives in Skibbereen were the most hazardous. There were
four river crossings with the AVN 900 TBM and one with the AVN 1200 TBM. The 1200mm
ID tunnel crossed the River Ilen, went parallel under the middle of the Caol stream, under the
existing stone arch bridge in the town before taking a 300m radius horizontal curve left to avoid
existing structures before reaching the reception shaft. The 1200mm ID tunnel will be discussed

in further detail later in this chapter.
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2.4.4 Field Operation

There were many challenges during construction. The difficulties were associated with
the soft silt ground conditions. The soil was sensitive and highly susceptible to liquefaction,
producing poor ground bearing situations for pipes and structures. The silt was very difficult to
dewater and “quick” conditions could easily occur. The material also appeared to densify
through vibration or after liquefaction, creating ground settlement. The following sections

describe some of the observations associated with different construction aspects.

2.4.4.1 Caissons

Few problems occurred during the sinking of the caissons. However, the ground
disturbed around the perimeter of the shafts during sinking produced problems during the
subsequent tunnel process. As the TBM’s exited the launch shaft they had a tendency to nose
dive in the soft material and therefore go off the required alignment for the gravity sewers. To
overcome this problem, vertical and horizontal grouting with a cement based grout was used.
Vertical ground mixing with a cement based grout was also implemented. The effectiveness of
these techniques to stabilize the ground is not specifically quantified. However, where grouting

did occur, the TBM exit and entry into shafts was found to be less problematic.

The soft material around the caissons also caused bearing difficulties during the jacking
of the tunnel pipes. The 3.2m ID concrete caissons used for the AVN 600 TBM were found to
move on many occasions when jacking forces greater than 120 tonnes were applied. On one
occasion concrete punching failure occurred in the shaft at the back of the jacking frame. The

low passive resistance on the wall at that location was the main factor behind the failure.

2.4.4.2 Earthworks

Vibrations from excavation equipment were found to transmit large distances. Excavation
of ground or even movement of “tracked” equipment produced vibrations through the ground

which travelled into nearby structures. At least one commercial development was structurally
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damaged by the movement of a tracked excavator 10 meters from the property. Residents
reported vibrations in their homes with work taking place over 30m away. The ground behavior
associated with the damage is unknown. However, the vibrations from the moving excavator
most likely increased the pore pressure and caused the ground to liquefy slightly. Densification

and settlement that followed the pore pressure dissipation could be attributed to the damage.

2.4.4.3 Pipe lines and tunnels

Several problems were associated with the pipeline and tunnel construction. Pipes were
found to settle in the ground in many locations after backfilling of the trench. The cause of the
problem is unknown and there are only a few possible explanations. The formation level of the
trenches appeared dry because sump pumps were in use. When backfilling took place the added
weight caused settlement of the pipe. The cycle of drying and wetting the formation could have
contributed to the settlement in some way. In most cases, “sheep’s foot” compactors were used
on the backfill. However, the use of vibration based backfill compactors may have initiated

excess pore pressures and liquefied the ground under the pipe causing settlement.

All trenchless technologies experienced high soil-pipe interface friction and jacking
forces were high in all trenchless methods. The high jacking forces may be associated with the
ground swelling around the pipes during jacking. Bentonite was pumped where possible to
reduce interface friction. The jacking force was also found to be up to 30% greater after the
resumption of tunneling from an overnight stoppage. The increase in jacking forces after an
overnight stoppage might be from the excavation overcut closing around the pipe or the
bentonite dissipating into the soil over time. Figure 2-26 shows the skin friction against tunnel
distance for some of the drives in Skibbereen. All drives shown were with the AVN 900, except
tunnel 10, which was constructed with the AVN 600. The 600mm ID jacking pipes have fewer
bentonite outlets when compared with the 900mm ID pipes. The higher skin friction associated
with this pipe can be seen in the Figure. Tunnel 10 has a constant skin friction approximately

equal to 10 kN/m?, which is high for microtunneling applications.

Steering and alignment of the TBM was occasionally a problem. The machine tended to

drift out of control on several occasions despite full steering corrections. Steel shims were often
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used between joints in the TBM to increase its turning potential and correct drift problems. The
majority of drift problems were in the horizontal plane, i.e., the machine wanted to go left or
right. However, severe vertical alignment problems occurred during a long 220m drive

underneath the Caol steam.

The alignment of the 220m, 1200mm ID tunnel can be seen in Figure 2-27. The AVN
1200 TBM launched from a 6m ID caisson in the Marsh field, it then passed the abutment of the
new pedestrian bridge and went underneath the River Ilen before going under the bed of the Caol
stream. The tunnel then continued up the Caol stream and passed under the left arch of the town
bridge. Once the tunnel past the bridge, it took a 300m horizontal curve left under the Caol
stream retaining wall, it then followed this curve past many nearby structures. Before entering
the reception shaft in the shopping center car park, the tunnel went under the Coal stream for a
second time. The tunnel was a critical component of the scheme because it was the only route to
convey the town center sewage to the new pumping station. It was always expected that this

tunnel would be the most hazardous and challenging part of the project.

Tunneling continued without any major problem until the TBM entered the Coal Stream
section. The machine then began to lose vertical alignment and sink in the soft ground. Figure 2-
28 shows the vertical alignment of the tunnel at 66 m into the drive. The machine had sunk
400mm off the intended grade in a 15 m distance. When all TBM steering attempts failed ground
treatment techniques were considered. Due to the location and alignment of the tunnel, ground
treatment techniques vertically would have been almost impossible. As a solution to the problem,
the horizontal directional drilling (HDD) machine was used to grout the ground under the tunnel
alignment. The head of the HDD machine mixed the ground with cement grout pumped from its
the control container. The layout of the ground treatment can be seen in Figure 2-29. Four HDD
grouting cylinders were installed under the invert. The cement-soil mixture was allowed to set
for three days before tunneling recommenced. However, at this particular location the ground
treatment did not work and the machine continued to sink once it was advanced. Due to the low
cover (only 2.4m) and the very soft ground conditions in the stream, it was decided that a crane
could be attached to the TBM to help with the vertical alignment. Figure 2-30 shows such a
configuration. The crane put an upward force of up to 10 tonnes on the TBM and the steel rope

from the crane cut through the ground as the TBM advanced. The vertical alignment was
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recovered just before the TBM came to the bridge. At this point the crane was unattached and the
TBM continued unassisted to the reception shaft. There are no documented cases of a crane used

with a TBM in this way. Therefore, it can be said, this was the first in the world.

During the driving of this tunnel, many settlement problems occurred in the developed
area of the town. The bridge which the tunneling machine passed under suffered significant
structural damage with a longitudinal crack forming in the right arch caused from settlement in
the middle abutment. The masonry retaining wall of the Caol Stream suffered damaged where
the TBM exited the stream. The wall cracked and the top of the wall rotated towards the stream.
Three other residential structures showed signs of settlement through cracking. Figure 2-31
shows some of the damage as a result of the tunnel construction. There are some explanations to
cause of the damage. However, the possibility of over excavation at the face cannot be
considered as the reason for damage. There was never a drop in slurry face pressure and the
volume of excavation was constantly monitored. After completion of the tunnel, information
withheld from the contractor during tendering and construction stage emerged. An excavator had
dredged the Caol Stream 30 years previously. At the location where the TBM exited the Caol
Stream, a house had collapsed into the stream during the dredging. The dredging had also
removed the majority of the “flag stone” mat foundations under the retaining walls and under the
bridge. The road section of the bridge was micro piled after the damage occurred. However, the
pedestrian section of the bridge which cracked during tunneling was left untreated. The
extremely poor soil conditions in the stream can therefore be attributed to disturbed ground
rather than intact and the susceptibility of structures to damage was increased because their

foundations were damaged previously.

Further problems were noticed after completion of the tunnel. A survey of alignment showed
that the section of tunnel once 400mm low was now 170mm high. The profile generated from the
survey can be seen in Figure 2-32. The line with square data points indicates the original tunnel
position and the line with circular data points shows the current position. The ground above the
tunnel had insufficient strength to hold the buoyant pipeline in place and it was floating out of
the ground. Kentledge in the form of concrete slabs were placed on the stream bed over the
tunnel alignment, as shown in Figure 2-33. The additional weight and confinement on the ground
stopped further pipe movement.
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2.5 SITE INVESTIGATION AND LABORATORY TESTING

2.5.1. Original Testing Program

In April 2004, Skibbereen Town Council accepted the tender of Marine Geotechnical
Ireland (MGI) to carry out the Skibbereen Sewerage Scheme Geotechnical Ground Investigation

Contact under the instruction of RPS Consulting Engineers.

The aim of the site investigation was to provide factual geotechnical information on the
existing ground conditions to facilitate the design of the sewerage collection pipelines throughout

the town and the proposed pumping station in the Marsh field.

The three main areas of investigation were Skibbereen Town, its local environs and the

Marsh Field. The program comprised of the following:

e 23 no. cable percussion boreholes drilled to final depths of between 0.7m and 25m with
108 no. standard penetration tests (SPT) and 13 no. falling head tests. Boreholes were
generally terminated when bedrock was encountered or at their scheduled depths, unless
otherwise directed by the resident engineer.

e 80 no. sealed intact samples of material were taken for moisture content evaluation. 111
no. bulk disturbed samples at locations of non recovery of attempted intact samples. 13
no. water samples were collected.

e 17 no. rotary boreholes drilled to recover rock core from a maximum depth of 41.2m. The
boreholes were drilled using non-coring drilling techniques through the overburden
materials with 78 no. SPT’s. Coring recovered 61 mm and 47.5mm diameter cores.

e Groundwater monitoring wells were installed in 19 no. cable percussion and 3 no. rotary
boreholes.

e 44 no. trial pits machine excavated to a maximum depth of 4.5m. The trial pits were
excavated without supports or shoring and were terminated upon collapse of the sidewalls
or at the excavator limits. 70 no. sealed samples were recovered from the trial pits. In

areas of groundwater, 22 no. sealed water samples were taken for laboratory analysis.
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e 55 no. slit trenches were excavated by hand and machine to determine locations of
services. 45 no. bulk samples, 47 no. disturbed samples, and 2 no. water samples were

recovered.

Despite the extensive testing program that was undertaken, in general, the results of the site
investigation were poor. The site investigation failed to identify the major engineering properties
of the material. SPT values for the silt range from 11 to 0 with a mean value of 6.2. The values
are consistent with depth in most cases but decrease with depth in some boreholes. The hydraulic
conductivity information from falling head tests appears to be very repeatable. The tests in silt
range in depth from 2.5 to 9.2 m. The hydraulic conductivity varies between 4.23 x 10° and 1.23
x 10° m/sec with no trend found between depth and hydraulic conductivity. From the
observation well data, the ground water level was found to range between 1.07 and 2.14 m below

ground level. The PH of the water was found to average at 6.7.

The laboratory testing was sub contracted to TESTCONSULT IRELAND LIMITED. The
quality of results are extremely poor and therefore the information cannot be considered as

trustworthy. Typical examples of poor results are as follows:

Moisture contents range from 5.8% to 72.5% for silt. The problem associated with water
content tests on disturbed granular material is highlighted here, the structure segregates during
transpoﬁ and the results are practically worthless. The particle size distribution (PSD) curves are
also of extremely poor quality. No hydrometer tests were conducted on the silt and clay size
material. All PSD curves were generated using mechanical sieving. The description of the
material does not match the PSD curves, i.e., materials are described as sandy silt but they have
60% gravel in their PSD curve. The PSD curves do not match the atterberg limits. Up to 35%
clay content is shown in some PSD figures but the corresponding Atterberg limit test states that
the material is non plastic. More serious problems appear when the Atterberg limits are analyzed.
In nearly all boreholes the silt is described as non plastic and no Atterberg limits could be
established, then in others the liquid limit is determined but not the plastic limit. Where the
plastic limit result is not present the material is then said to be non plastic, despite some
specimens having liquid limit information. Liquid limits for the silt range between 20 and 114%,
which is also a disturbing range. The laboratory testing also made no attempt to define the

compression or shear strength properties of the material.
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2.5.2. Further Investigation

It became obvious during construction that further site investigation was needed to assess
the problems encountered. The additional information could also be used on the remaining
technical aspects of the construction. Irish Drilling Limited were appointed by Ward and Burke
Construction Ltd. to conduct testing at eight strategic testing locations around the Skibbereen
area. The various locations can be seen in Figure 2-34. The borehole locations coincided with the
remaining pipeline and tunnel construction in the project. 11 boreholes were constructed using
the shell and auger system shown in Figure 2-35. Once the borehole advanced through the
overlying fill and sand deposits, a Geonor field vane was used to determine the shear strength
properties of the material at 1m intervals. The remolded shear strength was also checked at each
interval to provide sensitivity data. The Geonor field used in Skibbereen can be seen in Figure 2-
36. Figure 2-37 shows the excavated material from the shell and auger system. The excavated

material was placed in plastic bags and sealed for later laboratory testing.
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