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ABSTRACT 
BC Hydro has 74 dams at 41 sites throughout British Columbia and provides benefits that include hydroelectric power, 
domestic and irrigation water, recreational use and flood control. Dam safety challenges, particularly in the fields of 
liquefaction, piping and risk assessment, have provided BC Hydro and its consultants with the opportunity to participate 
and contribute to the development of geotechnical engineering practices in the local, national and international arenas. 
  
This paper discusses BC Hydro’s contributions to the advancement of geotechnical engineering through its Dam Safety 
Program. Included in the list of contributions are advances in: the development of the Becker Penetration Test; 
liquefaction analyses; the remediation of earthfill dams; the understanding of piping and internal instability; the field of 
risk and uncertainty in dam safety; and monitoring and assessing the performances of earthfill dams. 
 
Future challenges include the need to better understand and manage the potential ramifications of the recent trends in 
escalating earthquake criteria and continued improvements in managing internal erosion risks for dam safety. 
 
RÉSUMÉ 
BC Hydro possède 74 barrages sur 41 sites à travers la Colombie-Britannique et procure des avantages tels que 
l’énergie hydroélectrique, l’eau domestique et d’irrigation, l’usage récréatif et le contrôle des inondations. Les défis que 
face la sécurité des barrages, particulièrement dans le champ de la liquéfaction, la formation de renard et l’appréciation 
des risques, ont procuré à BC Hydro et à ses conseillers l’opportunité de développer des pratiques en génie 
géotechnique dans les arènes locales, nationales et internationales. 
 
Cet article discute de la contribution de BC Hydro à l’avancement du génie géotechnique à travers son programme de 
sécurité des barrages. Les avancements suivant sont inclus dans la liste des contributions : le développement du test 
de pénétration Becker; l’application d’analyses de liquéfaction; la remédiation des ouvrages remblayés; la 
compréhension de la formation de renard et d’instabilité interne; le champ de risque et d’incertitude dans la sécurité des 
barrages; et la surveillance et l’évaluation des performances des ouvrages remblayés. 
 
Les défis futurs incluent un besoin de mieux comprendre et de mieux gérer les ramifications potentielles des tendances 
récentes de l’augmentation des critères sismiques et de continuer d’améliorer la gérance des risques d’érosion interne 
pour la sécurité des barrages. 
 
 
 
1. INTRODUCTION 
 
BC Hydro owns, operates and maintains 74 dams at 41 
facilities throughout British Columbia, as a major part of 
its generating system. The age of the dams ranges from 
1902 to 1984. BC Hydro’s dam safety program was 
formally initiated in 1984 following the era of major dam 
construction and has evolved over the years. 
 
The present Dam Safety Program includes surveillance, 
periodic comprehensive dam safety reviews, identification 
and prioritization of dam safety issues, dam safety 
investigations and capital improvements when required. 
 
Surveillance of the dams is a continual process involving 
periodic inspections, and monitoring of instruments in the 
dams. Instrumentation and Automated Data Acquisition 
Systems (ADAS) for surveillance is an integral part of the 
Dam Safety Program (Stewart et al, 2000; Baker & 
Stewart, 2000). In the mid-1980’s there were almost no 
instruments in BC Hydro’s older dams. Today, there are 
more than 6,000 instrument measuring points and more 

than a dozen sites are equipped with Automatic Data 
Acquisition Systems. 
 
Dam issues and risks are generally identified through 
surveillance activities, or periodic comprehensive dam 
safety reviews, for each dam. Once a potential or actual 
deficiency is identified, it is prioritized and tracked in the 
management system until resolution. Where actual 
deficiencies are confirmed, appropriate risk mitigation 
actions are taken and this often results in physical 
improvements. 
 
Since the early 1980’s, during the course of dam safety 
surveillance, investigations and capital upgrades, 
BC Hydro has had the opportunity to participate in the 
advancement of geotechnical engineering and its 
application to dam safety. 
 
The list of contributions includes advances in the 
development of the Becker Penetration Test; advances in 
liquefaction analyses; advances in the remediation of 
earthfill dams; advances in the understanding of piping 
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and internal instability; advances in the field of risk and 
uncertainty in dam safety; and advances in monitoring 
and assessing the performances of earthfill dams. 
 
This paper highlights some of the geotechnical advances 
in liquefaction and piping/internal erosion in BC Hydro’s 
Dam Safety Program over the last 20+ years and 
provides references for those seeking further details. 
Three case histories are presented to illustrate some 
project driven developments. 
 
Advances within BC Hydro on risk analysis and its 
application have been presented elsewhere (Hartford, 
2001; Hartford and Baecher, 2004) and are not the 
subject of this paper. 
 
BC Hydro has undertaken large and important dam safety 
projects where the potential benefits justified the costs. 
The benefits gained from such studies and projects have 
provided knowledge and procedures that can apply to 
many geotechnical projects, large and small, including 
projects outside of BC Hydro’s Dam Safety Program. 
 
 
2. ADVANCES IN LIQUEFACTION 
 
The damage due to soil liquefaction at Anchorage, Alaska 
and at Niigata, Japan following the Alaska and Niigata 
earthquakes in 1964 stimulated geotechnical engineering 
studies of earthquake-induced liquefaction. 
Subsequently, the near failure of Lower San Fernando 
Dam in 1971 due to liquefaction of dam fills prompted a 
greater interest and highlighted the need to develop a 
better understanding of liquefaction and its implications 
on dam structures. 
 
In 1979, BC Hydro started to reassess the safety of its 
dams constructed prior to 1961. A high level review of 
these older dams was completed in 1981 and this 
resulted in the immediately rehabilitation of dams such as 
Alouette Dam and Coquitlam Dam to the earthquake 
standards of the day. 
 
Much more rigorous and detailed dam safety reviews 
were recognized to be needed and Comprehensive 
Inspections and Reviews (CIR) were initiated in 1984. 
The early application of the CIR process led to the 
identification of loose liquefiable sands at John Hart Dam. 
State-of-the-art investigations and analyses were carried 
out in 1985 and 1986 leading to an early application of jet 
grouting in 1987 and an almost complete rebuild of the 
dam under full pool in 1988 (Imrie et al, 1988; Lou et al. 
1989; Garner et al, 1989, Lou et al, 1991, Kilpatrick et al. 
1992, Marcuson et al, 1993). 
 
The CIR for Duncan Dam was completed in 1986 and this 
prompted the deficiency investigations on potential 
liquefaction of the foundation sandy soils and its 
implications on dam safety. In the initial studies, Seed’s 
approach (Seed & Idriss, 1982) based on field experience 
during past earthquakes together with empirical 
correction factors was used. Due to the large implications 
of the results based on Seed’s procedure, a more direct 

approach involving retrieving and testing of undisturbed 
samples was undertaken (Byrne et al. 1993). The in-situ 
ground freezing to obtain undisturbed samples of loose 
sand beneath the Duncan Dam was the first known use of 
ground freezing to obtain undisturbed samples at depths 
greater than 10 m in Canada. The laboratory testing of 
undisturbed samples and extensive field investigations 
lead to the conclusion that the confining pressure effects 
on liquefaction potential being proposed at that time (Kơ 
correction curve) could be overly conservative (Pillai and 
Stewart, 1993). 
 
At about the time of the first CIR’s at BC Hydro, there was 
a growing awareness and interest in the potential for 
liquefaction in gravelly soils. Accounts of liquefaction in 
gravelly soils included upstream slope failures in gravelly 
materials at Shimen Dam and Baihe Dam in China and 
liquefaction in near level ground conditions at Pence 
Ranch and Whiskey Springs in the 1983 Borah Peak 
earthquake. 
 
BC Hydro retained Dr. H.B. Seed in 1984 to provide 
assistance in developing a procedure to assess 
liquefaction potential in coarse grained materials at Daisy 
Lake Dam (Cheakamus Project). This included calibration 
testing of the Becker Penetration Test (BPT) with the 
Standard Penetration Test (SPT) at the FMC sand site in 
Squamish (Harder, 1986; Cattanach, 1987). This initial 
work with BC Hydro and subsequent calibrations at 
Duncan Dam formed part of the dataset used in 
supporting the recommended BPT-SPT correlation 
curves (Youd et al., 2001). 
 
Further calibration testing was done with two local Becker 
rigs, an AP-1000 and HAV 180, using both 6.6 inch and 
5.5 inch casing. This provided calibration curves for the 
local rigs, which commonly used the smaller 5.5 inch 
casing at that time, against the results of Harder’s study 
on US drill rigs. Influence of BPT pipe size and influence 
of casing depth due to possible frictional effects obtained 
from these earlier studies were reported by Stewart et al. 
(1990). These studies revealed that casing friction 
generally exists in the BPT and re-drive resistance 
measured at depth following pullback is a significant 
proportion of the total BPT blow count. 
 
In the early part of these studies, BC Hydro developed a 
data acquisition system that automatically recorded the 
bounce chamber pressure to facilitate data collection. 
This system was a significant advance over visual 
readings from a fluctuating pressure gauge and was in 
common use by the local geotechnical community over 
the years. A program was also developed to assist with 
subsequent data reduction and interpretation. The system 
with some minor enhancements remains in use today. 
 
Questions on frictional effects in the BPT such as that 
evidenced by studies at Duncan Dam and Terzaghi Dam 
to depths up to 80 m (Stewart et al., 1990), lead to further 
developments in BPT. An alternative approach to 
BPT-SPT correlation based on energy measurements 
was developed by Sy and Campanella (1994). This 
method explicitly accounted for frictional effects and 
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relied on measurement of the energy transferred to the 
top of the casing using a pile driving analyzer (PDA). The 
soil friction and its distribution along the casing can be 
estimated from the Pile Driving Analyzer (PDA) stress 
wave measurements by a signal-matching wave equation 
analysis program. Studies using Harder and Seed’s 
approach and Sy and Campanella’s approach were 
carried out at BC Hydro’s Hugh Keenleyside Dam. The 
results based on the Sy and Campanella correlation and 
the Harder and Seed correlation are similar, although 
there is more variation in the Sy and Campanella results 
that could be interpreted as better reflecting the influence 
of coarser particles in gravelly soils (Lum and Yan, 1994). 
 
At about this time, another innovative approach based on 
a mud-injection technique for conducting the BPT was 
developed to reduce casing friction (Wightman et al., 
1993). In this method, bentonite mud is pumped down the 
Becker casing and the mud comes out through a series of 
holes behind an oversized, closed end driving shoe. 
Empirical correlations of the mud-injection Foundex 
Becker Penetration Test (FBPT) was proposed by 
Wightman et al. (1993) which are essentially extensions 
of the Harder BPT-SPT correlation, and used measured 
peak bounce chamber pressure to correct the recorded 
BPT blow count. 
 
An alternative, energy-based FBPT-SPT correlation 
based on transferred energy has also been developed 
and applied in gravelly soils at the Mica Dam site. The 
results indicate the potential usefulness of the 
mud-injection technique in reducing casing friction during 
the BPT in gravelly soils, and in reducing potential 
uncertainty in BPT-SPT correlations (Sy and Lum, 1997). 
Tests at Mica Dam and at a sand test site also provided 
an opportunity to develop and make use of the first 
application of the pull-up method using a load cell to 
evaluate Becker casing friction (Hitchman and Lum, 
1996). 
 
The BPT continues to be used for liquefaction 
assessment of gravelly soils. Difficulties of carrying out 
these tests on the slopes of dams, particularly on 
upstream slopes covered with riprap protection led to the 
concept of hanging the Becker hammer from a crane 
located on the crest of a dam. This application of a crane-
mounted BPT (Figure 1) was first used at Elsie Dam by 
Addo and Garner (2002). Calibration of the crane-
mounted procedure compared to the standard truck-
mounted BPT on level ground confirmed that the results 
from the two procedures are similar (Figure 2). 
 
 
In-spite of the advances since Harder and Seed proposed 
their correlations, engineering practice continues to be 
routed in this earlier work and it would appear that 
additional research is still needed to develop a sounding 
tool for gravelly soils that could be efficiently used for all 
conditions regardless of friction concerns. 
 

 
 

Figure 1:  Crane-Assisted Becker Penetration Testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2:  Calibration results of the Crane-Assisted 
BPT with the standard BPT method 

 
3. ADVANCES IN PIPING AND INTERNAL EROSION 
 
Internal erosion is one of the primary causes of failure of 
earth-fill dams. The profession still cannot model the 
mechanics of the process and confidently predict the 
development and progression of internal erosion. This 
coupled with our inability to detect physical changes in 
the early stages continues to be a concern. Nonetheless, 
significant advances have been made over the years, at 
BC Hydro and elsewhere. 
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The cause of a sinkhole that emerged at Coursier Dam in 
1992 was not readily apparent through the applications of 
conventional filter and internal stability methods. 
Extensive investigations and rigorous analyses eventually 
led to the hypothesis that inadequate filtering between the 
clayey-silt core and the complex glacio-fluvial foundation 
was the root cause of several sinkholes that occurred 
through the thin upstream sloping core of the dam. 
 
It was not until the occurrence of two sinkholes at the 
crest of Bennett Dam in 1996 that a concerted effort was 
made at BC Hydro to improve the understanding of 
internal instability in till core dams and its implications to 
dam safety. The extensive investigations and research 
that took place after the occurrence of the sinkholes 
provided a wealth of data for carrying out a 
comprehensive analysis of the performance of the dam 
and a more detailed understanding of the mechanics of 
fines migration. 
 
It could be viewed that much of the instrumentation 
installed in embankment dams should be to provide early 
detection of changing seepage and internal erosion 
conditions. The value of this approach has been 
demonstrated at Coursier Dam where the high frequency 
of piezometer and weir readings provided an early 
warning of the high potential for sinkhole development at 
this dam site. This eventually led to decommissioning of 
the dam in 2003 (Garner et al. 2004). 
 
One of the most comprehensive instrumentation 
monitoring systems has been installed at WAC Bennett 
Dam. This includes state-of-the-art automated seepage 
collection weirs, piezometers and movement devices as 
well as more sophisticated multi-port piezometers and 
less traditional, but highly effective, monitoring tools such 
as the ongoing use of cross hole geophysics. The 
application of an Automatic Data Acquisition System 
(ADAS) provides state-of-the-art real-time monitoring of 
many key instruments. 
 
 
4. CASE HISTORIES 
 
The following Keenleyside Dam, Coursier Dam and 
Bennett Dam examples are discussed in more detail 
below to demonstrate some of the project-driven 
geotechnical advances made within BC Hydro’s dam 
safety program. 
 
4.1 Keenleyside Dam 
 
The Hugh Keenleyside Dam is located on the Columbia 
River about 30 km north of the Canada-United States 
Border. The dam was completed in 1968 to provide 
storage for downstream flood control and to increase 
power generation in the United States under the terms of 
the Columbia River Treaty. The dam was designed and 
constructed to the highest standards that prevailed at that 
time. Prof. Arthur Casagrande acted as an expert 
consultant during design and construction and explicitly 
considered the possibility of liquefaction in the design. 
 

The dam has a total length of 810 m and comprises 
concrete structures and a 52 m high earthfill dam which is 
450 m in length. Figure 3 shows a typical section of the 
earthfill dam. The lower 20± m of the embankment was 
constructed by bottom dumping from barges and end 
dumping from trucks to form an embankment to just 
above the original river level. The upper portion of the 
embankment was constructed in the dry using 
conventional construction methods. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3:  Typical section of Keenleyside Dam 
 
In 1990, BC Hydro’s seismic hazard studies indicated that 
the seismic design parameters were significantly higher 
than those used for the original design of the project. 
Consequently, seismic stability studies were initiated to 
assess the liquefaction potential and seismic stability of 
the earthfill dam and foundation materials. Screening 
level studies indicated that extensive liquefaction could 
be triggered during the Maximum Design Earthquake in 
the lower portion (20± m) of the earthfill dam. 
Subsequently, additional field and laboratory 
investigations and more detailed analyses were carried 
out, particularly in the coarse gravelly fills that comprise 
the lower embankment. Field investigations included (1) 
air rotary drilling with in situ permeability tests; (2) open 
bit Becker; (3) mud rotary drilling with Standard 
Penetration tests; (4) Becker Penetration Tests; (5) 
crosshole and downhole shear wave velocity 
measurements; (6) Spectral Analysis of Surface Waves 
(SASW) testing: (7) large diameter in situ ring density 
tests; (8) Sonic drilling; and (9) Pump tests. Results from 
these studies have been reported elsewhere (Lum and 
Yan, 1994; Yan and Lum, 2003). 
 
To further characterize the behaviour of the loosely 
dumped sand and gravel fills, a series of laboratory tests 
were also carried out. These included (1) index property 
tests; (2) consolidated-undrained triaxial tests to 
determine residual strengths; (3) cyclic triaxial tests; 
(4) 1-D and triaxial consolidation tests; (5) laboratory 
shear wave velocity measurements and (6) laboratory 
permeability tests. Results of the laboratory evaluation of 
undrained residual shear strength of the Keenleyside 
gravelly fills have been reported by Yan et al. (1998). 
 
Because of the gravelly nature of the dam fill, the 
assessment of the seismic stability of the embankment 
has been based primarily on the results of the BPT using 
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Harder and Seed’s approach. PDA dynamic monitoring 
was performed at selected BPT holes and Sy and 
Campanella’s method was used for comparison. Figure 4 
shows a comparison of the equivalent SPT-N60 value 
derived from the BPT data using Harder and Seed’s 
method and by Sy and Campanella’s approach. The 
equivalent N60 values from Sy and Campanella’s 
correlations are generally higher than those obtained 
from Harder and Seed’s correlation for moderate to high 
blow counts. However, for low blow counts at depths in 
excess of 15 m where casing friction is significant, Sy and 
Campanella’s equivalent N60 values are less than Harder 
and Seed’s values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4:  Equivalent SPT-N60 from BPT 

 
The results for the shear wave velocity measurements, 
the large ring density tests and lower bound values from 
the SPT are consistent with an equivalent SPT N160 of 
about 8 to 10 interpreted from the BPT (Lum and 
Yan, 1994; Yan and Lum, 2003). Since great 
uncertainties still exist with current characterization 
methods for gravelly soils, multiple methods should be 
used to gain added confidence in the assessment of 
liquefaction potential and liquefied residual strength of 
gravelly soils for important projects as was done for 
Keenleyside Dam. 
 
In order to complete the assessment, dynamic response 
analyses and deformation analyses are required. For the 
purposes of modelling liquefaction and subsequent 
behaviour, it was necessary to assume that the 
established procedures for modelling granular soils apply 
to gravelly soils, although there is some uncertainty 
concerning the validity of this assumption. To evaluate 
undrained response, time history analyses were carried 
out using 1-Dimensional and 2-Dimensional analyses. 
Effective stress analyses, pore pressure dissipation 
estimates and post-earthquake deformation analyses 
were also carried out. 
 
To obtain a better understanding of the risks and 
uncertainties, a quantitative risk analysis was carried out 
(Hartford et al., 1997; Lee et al, 1998; Hartford, 2001). 
The risk analysis is not described here, but constitutes 

one of the earliest examples to develop a sound and 
defensible methodology to quantify seismic risk for an 
embankment dam. The risk management decision 
considerations for Keenleyside Dam are discussed in 
Stewart (2000). 
 
4.2 Coursier Dam 
 
Coursier Dam was a 24 m high zoned earthfill dam 
constructed in a remote area, about 30 km from 
Revelstoke British Columbia. In 1992, a deficiency 
investigation was carried out to investigate the 
occurrence of a sinkhole on the upstream slope of 
Coursier Dam. The investigations revealed that many 
other much older pipes and sinkholes had occurred in the 
dam but they had been largely unnoticed due to 
difficulties in visual inspections and the historical lack of 
instrumentation and infrequency of readings. The 
continued improvements to the monitoring systems 
allowed BC Hydro to accurately track the effects of the 
1992 sinkhole on the rest of the dam and foundation 
(Stewart et al, 2000). 
 
One of the earliest attempts to use event tree methods for 
modeling of internal erosion risk was carried out for 
Coursier Dam. This work demonstrated some basic flaws 
in the process and there continue to be a number of 
theoretical and practical difficulties in the use of event 
trees and fault tress in the analysis of internal erosion 
risks that remain a subject of debate (Stewart et al, 
2005). 
 
Repairs to the sinkholes involved installation of a 
geomembrane over a portion of the core (Figure 5). 
During subsequent filling to full pool, the extensive 
instrumentation and ADAS system detected the signs of 
another sinkhole in the foundation in another portion of 
the dam that was not covered by the geomembrane. The 
presence of the sinkhole was confirmed following a 
decision to draw down the reservoir. 
 

 
 
Figure 5:  Coursier Dam – Installation of Geomembrane 
(1995) 
 
The emergence of the new sinkhole resulted in the 
decision to decommission the dam (Garner et al, 2004).  
The decommissioned structure is shown in Figure 6. 
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Figure 6:  Decommissioned Coursier Dam (2003) 

 
4.3 WAC Bennett Dam 
 
Shortly after the Dam Safety Program initiated its first 
Comprehensive Inspection and Review of WAC Bennett 
Dam, unexplained pore pressure responses were noted 
from the hydraulic piezometers in the core of the dam. 
The observed patterns included “overshots” above the 
expected levels followed by a slow steady decline of pore 
pressures. These observations and possible explanations 
are described in Stewart et al (1990) and Stewart and 
Imrie (1993). Included in the possibilities was the concept 
of exsolution of air entrained in the compacted fills. 
 
In 1996 the occurrence of Sinkhole 1 (Figure 7) and a 
subsequent sinkhole at another location on the dam 
initiated an intensive and well known deficiency 
investigation. The investigations required developing and 
assessing new or unproven methods for safely 
investigating deep into the core of a very large dam. The 
results of the investigations are described in Stewart et al 
(1998). 
 

 

 
 

Figure 7:  Sinkhole No. 1 at WAC Bennett Dam (1996) 
 
Methods that were further developed for this investigation 
included: 

• Using a Sonic Drill to continuously sample dam core 
material at depths in excess of 125 m without 
inducing hydraulic fracturing. 

• Using a freezing tip sampler (“Frosty” sampler) to 
recover extremely loose soils at depths as deep as 
100 m. 

• Using a self-boring pressuremeter to measure 
stresses in extremely loose soil to depths of 100 m to 
demonstrate the extremely low stress nature of the 
disturbed zones under the sinkholes. 

• Attempting numerous geophysical techniques to 
determine their effectiveness for assessing 
conditions in the earthfill dam. (Gaffran and Watts, 
2000). For the required application, the most 
effective geophysical tool was cross-hole seismic. 
For this project, cross-hole shear wave tomography 
was applied and evaluated. 

• Carrying out large water injection tests into the dam 
drain, demonstrating the value of designing dams 
with a high capacity drainage system (Sobkowicz 
and Holmes, 2000) 

 
In 1997, repairs to the very loose zones below the 
sinkholes required assessing and adapting compaction 
grouting methodologies for the first time to remediate 
sinkholes in dams. The methodologies required 
significant testing and modifications through field trials so 
that they could be safely applied to great depths in the 
dam while it continued to operate (Garner et al, 2000; 
Shuttle and Jefferies, 2000). Ten years of post-repair 
dam performance has demonstrated that compaction 
grouting is effective in stabilizing the very loose disturbed 
fills (papers in preparation). 
 
In the years following the repairs (1998 to 2005), 
continued in-depth analyses of the performance of 
WAC Bennett Dam has resulted in a hypothesis which 
could explain almost all of the observations. The analyses 
and research studies have shown that the susceptibility to 
fines migration in internally unstable materials is related 
to stress, pore pressure gradients and construction 
methodology. It has also shown the difficulties that arise 
from constructing instrumentation in cores of dams 
(Stewart and Garner, 2000; Sobkowicz and Garner, 
2001). 
 
The application of repeat cross-hole seismic was adapted 
and simplified so that it could be used to monitor changes 
in the health of the dam (Gaffran and Watts, 2000; 
Vazinkhoo and Gaffran, 2002). This process has been 
instrumental in providing confidence that the dam has not 
changed significantly since the sinkholes were repaired. 
 
Tests were carried out to determine the effects of gas 
exsolution on permeabilities within the core and transition 
of the dam (Sobkowicz et al, 2000). This “Air Theory” is 
based on the observation that significant quantities of air 
that were entrained into the pore spaces of the core 
would dissolve into the core seepages under high 
pressure and exsolve out into the downstream filters, 
creating temporary low permeability zones, thus 
explaining the unusual pore pressure patterns in the dam. 
The tests (Figure 8) indicated that exsolving pore 
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pressures could trigger fines migration and piping in 
internally unstable materials (Garner and Sobkowicz, 
2002). 
 

 
 
Figure 8:  CT image showing effects of piping triggered by 
gas exsolution 
 
The study of internal instability, including the effects of 
gradients and stresses on the susceptibility to fines 
migration and soil collapse has been advanced (Fannin 
and Moffat, 2002; other papers in preparation). 
 
More recently, a fines migration model has been 
developed that correlates and predicts the rate of fines 
migration with changes in pore pressure (Jefferies and 
Shuttle paper in preparation). Presently, a process for 
predicting soil collapse due to fines migration based on 
critical state soil mechanics principles is being developed 
(Shuttle and Jefferies paper in preparation). This 
application was mentioned prominently in David Muir 
Wood’s 2005 Bjerrum lecture (Muir Wood, 2005). 
 
 
5. DISCUSSIONS 
 
The era of major dam construction in BC Hydro ended in 
the mid-1980’s and BC Hydro’s Dam Safety Program was 
formed at around the same time. Over the last 20+ years, 
BC Hydro has undertaken large and important dam safety 
projects that have contributed to advances in 
geotechnical engineering. A brief indication of some of 
the developments has been discussed and references 
are provided to allow interested readers to seek more 
detail in existing publications.  
 
There continues to be a need to better understand 
liquefaction behaviour of gravelly soils and to develop 
better characterization tools. Increasing societal 
expectations and recent trends in escalating earthquake 
criteria are prompting debate and recognition of a need to 
re-examine the large uncertainties and assumptions in 
seismic hazard analyses. Significant progress is still 
required to understand and manage internal erosion 
risks. It is possible that improved instrumentation 
monitoring will play a key role into the future. 
 
 
 
 

6. ACKNOWLEDGEMENTS 
 
The authors wish to acknowledge BC Hydro for 
permission to publish this paper and the many 
contributions that other BC Hydro staff and consultants 
have contributed over the years. The following lists only 
those BC Hydro staff whose publications have been 
referenced in this paper: Kofi Addo, Kay Ahlfield, John 
Baker, Dave Cattanach, Peter Gaffran, Steve Garner, 
Des Hartford, Ross Hitchman, Heather Matthews, 
Al Imrie, Brian Kilpatrick, Michael Lee, J.K. Lou, Ken 
Lum, Sitham Pillai, Bill Seyers, Dave Scott, Ray Stewart, 
and Li Yan.  
 
The authors also wish to acknowledge the former and 
present BC Hydro Director of Dam Safety, J.L. Webster, 
G.M. Salmon and R.A. Stewart for their vision, direction 
and guidance in the dam safety program. 
 
 
References 
 
Addo, K.O. and Garner, S.J. 2002. Seismic rehabilitation 

of Elsie Dam, Proceedings of the Canadian Dam 
Association 2002 Annual Conference, Victoria, B.C., 
Canada. 

 
Baker, J.R. and Stewart R.A. 2000. Effective automated 

surveillance requires effort. Proceedings of the 20
th

 
USCOLD Annual Meeting and Lecture, Seattle, USA. 

 
Byrne, P.M., Imrie, A.S. and Morgenstern, N.R. 1993. 

Results and implications of seismic performance 
studies, Duncan Dam, Specialty session on 
liquefaction assessment and seismic stability of 
Duncan Dam, 46th Annual Canadian Geotechnical 
Conference, Saskatoon, Canada. 

 
Cattanach, J.D. 1987. Liquefaction evaluation of a dam 

founded on slide debris using Becker Penetration 
Tests. Proceedings, Earthquake Geotechnique, 
Vancouver Geotechnical Branch, CGS. Vancouver, 
British Columbia. 

 
Fannin, R.J. and Moffat, R. 2002. On the internal 

instability of granular soils. Proceedings of the 
Canadian Dam Association 2002 Annual 
Conference, Victoria, Canada. 

 
Gaffran, P.C., and Watts, B.D. 2000. Geophysical 

investigations at WAC Bennett Dam. Proceedings of 
the 53

rd
 Canadian Geotechnical Conference, 

Montreal, Canada. 
 
Garner, S.J., Lee, M.K, Kilpatrick, B.L., and Lou J.K. 

1989. The application of flexible jet grout for a cut-off 
at John Hart Dam, Proceedings of the 42nd 
Canadian Geotechnical Conference, Winnipeg, 
Canada, 

 
Garner, S.J., Warner, J.F., Jefferies, M.G. and 

Morrison N.A. 2000. A controlled approach to deep 
compaction grouting at WAC Bennett Dam. 

Sea to Sky Geotechnique 2006

681



Proceedings of the 53
rd

 Canadian Geotechnical 
Conference, Montreal, Canada, 

 
Garner, S.J. and Sobkowicz, J.C. 2002. Internal Instability 

in gap-graded cores and filters, Proceedings of the 
Canadian Dam Association 2002 Annual 
Conference, Victoria, B.C., Canada.  

 
Garner S.J., Seyers, W.C., Matthews, H.M. 2004. The 

decommissioning of Coursier Dam – A case for dam 
safety. Proceedings of the Canadian Dam 
Association 2004 Annual Conference, Ottawa, 
Canada. 

 
Hartford, D.N.D. and Baecher, G.B. 2004. Risk and 

Uncertainty in Dam Safety. Thomas Telford, London, 
U.K., pp. 391. 

 
Hartford, D.N.D. 2001. Risk analysis in geotechnical and 

earthquake engineering, State-of-the-art and practice 
for embankment dams, Proceedings of the 4

th
 

International Conference on Recent Advances in 
Geotechnical Earthquake Engineering, San Diego, 
University of Missouri-Rolla. 

 
Harder, L.F. Jr., 1986. Development of correlations 

between corrected SPT and Becker penetration 
resistance for Becker drill rigs used at FMC test site. 
Report prepared for H. Bolton Seed on behalf of 
BC Hydro. pp. 53. 

 
Harder, L.F. and Seed, H.B. 1986. Determination of 

Penetration Resistance for Coarse-grained Soils 
Using the Becker Hammer Drill. Report 
No. UCB/EERC-86/06, University of California, 
Berkeley, USA, pp.118. 

 
Hitchman, R. and Lum, K.Y. 1996. Calibrations for the 

mud-injection Becker penetration test. Proceedings 
of the 49

th
 Canadian Geotechnical Conference, 

St. John’s, Newfoundland, Vol. 2, pp. 869-878. 
 
Imrie, A.S., Marcuson, W.F. III, and Byrne, P.M. 1988. 

Seismic Cutoff, Civil Engineering, Vol. 58, No. 12. 
 
Kilpatrick, B.L. and Garner, S.J. 1992. Use of cement-

bentonite for cutoff wall construction. Proceedings of 
the Spec. Conf. Grouting/Soil Improvement and 
Geosynthetics, ASCE, New Orleans, Louisiana., 
USA. 

 
Lou, J.K., Kilpatrick, B.L. and Garner, S.J. 1989. The 

rehabilitation of John Hart Dam. CEA Operating 
Transactions. 

 
Lou, J.K, Garner, S.J., Byrne, P.M., and Marcuson, W.F. 

III. 1991. Assessment of seismic stability of Dolphin 
Pool slope of John Hart Dam, Proceedings of the 
2nd Int. Conf. on Geotechnical Earthquake 
Engineering and Soil Dynamics, St. Louis, Missouri, 
USA. 

 

Lum, K.Y. and Yan, L. 1994. In-situ measurements of 
dynamic properties and liquefaction resistances of 
gravelly soils at Keenleyside Dam, ASCE 
Geotechnical Special Publication No. 44, 
October 9-13, 1994, ASCE National Convention in 
Atlanta Georgia, pp. 221-240. 

 
Marcuson, W.F. III, Hadala, P.F., Ledbetter, R.H. 1993. 

Seismic rehabilitation of earth dams. Proceedings of 
the Spec. Conf. Geotechnical Practice in Dam 
Rehabilitation, ASCE Geo. Spec. Pub. No. 35, 
Raleigh, N.C., USA. 

 
Muir Wood, D. 2005. The magic of sands, 20th Bjerrum 

Lecture, Oslo, Norway. 
 
Pillai, V.S. and Stewart, R.A. 1993. Evaluation of 

liquefaction potential of foundation soils at Duncan 
Dam, Specialty Session, 46

th
 Annual Canadian 

Geotechnical Conference, Saskatoon, Canada. 
 
Seed, H.B. and Idriss, I.M. 1982. Ground motions and soil 

liquefaction during earthquakes, Earthquake 
Engineering Research Institute, Berkley, California, 
pp. 134. 

 
Shuttle, D.A. and Jefferies, M.G. 2000. Prediction and 

validation of compaction grout effectiveness. 
Proceedings of the Baker-Gould Symposium, 
GeoDenver 2000, ASCE. 

 
Sobkowicz, J.C. and Holmes, A. 2000. Inflow testing to 

determine capacity of the WAC Bennett Dam blanket 
drain. Proceedings of the 53rd Canadian 
Geotechnical Conference, Montreal, Canada. 

 
Sobkowicz, J.C., Byrne, P.M., Leroueil, S. and 

Garner, S.J. 2000. The effect of dissolved and free 
air on the pore pressures within the core of the WAC 
Bennett Dam. Proceedings of the 53

rd
 Canadian 

Geotechnical Conference, Montreal, Canada. 
 
Sobkowicz, J.C. and Garner, S.J. 2001. Anomalous pore 

pressures in earth dams. Proceedings Of the 
Morgenstern Symposium, Edmonton, Canada. 

 
Stewart, R.A. 2000. Dam risk management. The ICOLD 

Lecture Proceedings, GeoEng 2000, Melbourne, 
Australia. 

 
Stewart, R.A., Kilpatrick, B.L. and Cattanach, J.D. 1990. 

The use of Becker penetration testing for liquefaction 
assessment of coarse granular overburden. 43

rd
 

Canadian Geotechnical Conference, Quebec, 
Canada, 1: pp. 275-283. 

 
Stewart, R.A., Imrie, A.S. and Hawson, H.H. 1990.  

Unusual behaviour of the core at WAC Bennett Dam, 
Proceedings of the 43

rd
 Canadian Geotechnical 

Conference, Quebec City, Canada. 
 
Stewart, R.A. and Imrie, A.S. 1993. A new perspective 

based on the 25 year performance of WAC Bennett 

Sea to Sky Geotechnique 2006

682



Dam, International Workshop on Dam Safety 
Evaluation, Grindlewald, ICOLD, Vol. 1. 

 
Stewart, R.A., Watts, B.D., Sobkowicz, J.C. Küpper, A.G. 

and Gaffran, P.C. 1998. WAC Bennett Dam – The 
characterization of a crest sinkhole. Proceedings of 
the First International Conference on Site 
Characterization, Atlanta, Georgia, Robertson and 
Mayne (eds.) Balkema. pp. 3-22. 

 
Stewart, R.A., Garner, S.J., Scott, D.L., and Baker J.R. 

2000.  Surveillance – The cornerstone of dam risk 
management. Proceedings of the 20

th
 International 

Congress on Large Dams, Beijing, China. 
 
Stewart, R.A., and Garner, S.J. 2000. Performance and 

safety of WAC Bennett Dam - A seven year update. 
Proceedings of the 53

rd
 Canadian Geotechnical 

Conference, Montreal, Canada.  
 
Stewart, R., Norstedt, U., Berntsson, S. and Hartford, D. 

2005.  On the problem of managing the propensity 
for earth dams to fail through the process of internal 
erosion. Internal Erosion of Dams and their 
Foundations - Workshop on Internal Erosion and 
Piping of Dams and their Foundations, Aussois, 
France, 25-27 April 2005. Balkema/Taylor Francis. 

 
Sy, A. and Campanella, R.G. 1994. Becker and standard 

penetration tests (BPT-SPT) correlations with 
consideration of casing friction. Canadian 
Geotechnical Journal, 31(3): pp. 343-356. 

 
Sy, A. and Lum, K.Y. 1997. Correlations of mud-injection 

Becker and standard penetration tests, Canadian 
Geotechnical Journal, 34(1): pp. 139-144. 

 
Vazinkhoo, S. and Gaffran, P.C. 2002. Crosshole seismic 

measurements to characterise and monitor the 
internal condition of embankment dams, Proceedings 
of the Canadian Dam Association 2002 Annual 
Conference, Victoria, Canada. 

 
Wightman, A., Yan, L and Diggle, D.A. 1993. 

Improvements to the Becker penetration test for 
estimation of SPT resistance in gravelly soils. 
Proceedings of the 46

th
 Canadian Geotechnical 

Conference, Saskatoon, Saskatchewan, 
pp. 379-388. 

 
Yan, L., Sasitharan, S., Lum, K.Y., and Ahlfield K.O. 

1998.  Laboratory assessment of residual strength of 
gravelly fill of an earthfill dam. Proceedings of the 
1998 Geotechnical Earthquake Engineering and Soil 
Dynamics Conference, Seattle, Washington. 

 
Yan, L. and Lum K.Y. 2003. Liquefaction assessment of 

gravelly soils for dam safety evaluation. Proceedings 
of the 21

st
 International Congress on Large Dams, 

Montreal, Canada, Vol. III, pp 765-795. 
 
Youd, T.L. et al. 2001. Liquefaction resistance of soils: 

Summary report from the 1996 NCEER and 1998 

NCEER/NSF workshops on evaluation of liquefaction 
resistance of soils. J. Geotech. and Geoenvir. Engrg. 
ASCE, 127(10): pp. 817-833. 

Sea to Sky Geotechnique 2006

683


	Pages440-551.pdf
	Paper 476.pdf
	 
	1. INTRODUCTION 
	2. TSUNAMI INITIATION 
	3. NORWEGIAN ROCK SLOPE FAILURES 
	3.1 Rock slope characteristics 
	3.1.1 Oppstadhornet 
	3.1.2 Åknes 
	3.1.3 Tafjord 
	3.1.4 Loen 

	3.2 Controls 
	3.2.1 Kinematics and state of stress 
	3.2.2 Rock mass strength 
	3.2.3 Water pressure 
	3.2.4 Earthquakes 
	3.2.5 Time 

	4. KNIGHT INLET 
	4.1 Geology and geomorphology 
	4.2 Adeane debris pile 
	4.3 Adeane rock slope 

	5. CONCLUSION 
	6. ACKNOWLEDGEMENTS 


	Paper 495.pdf
	INTRODUCTION
	PHYSIOGRAPHIC SETTING
	A BRIEF SURVEY OF LANDSLIDES
	LANDSLIDE EVENTS: FIVE EXAMPLES
	
	
	On October 21, 1963, heavy rain and high winds battered the Howe Sound area. At about 1:20 a.m., a rockslide near Mile 20 abou



	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 340.pdf
	INTRODUCTION
	THE DYNAMIC MODELS DAN AND DAN3D
	BACK-ANALYSIS OF THE SIX DES EAUX FROIDES ROCK AVALANCHE
	Event description
	Analysis methodology
	Analysis results

	DISCUSSION
	CONCLUSION
	ACKNOWLEDGEMENTS

	Paper 187.pdf
	INTRODUCTION
	BACKGROUND
	MODELLING THE MINE-BY TEST
	Modelling Methodology
	Model Geometry
	In-Situ Stresses and Boundary Conditions
	Material Properties
	Constitutive Models

	MODELLING RESULTS AND COMPARISON
	Borehole Deformation Instruments
	Convergence Arrays

	CONCLUSIONS

	Paper 297.pdf
	4.1	Effect of Varying Elastic Parameters
	4.2	Displacement at the Tunnel Face

	Paper 365.pdf
	INTRODUCTION
	PROBLEM STATEMENT
	Geology
	Intact Rock Properties
	Mechanical Properties of Continuum Media
	Joint Shear Strength

	ANALYTICAL SOLUTION
	NUMERICAL SIMULATIONS
	Constitutive Model of Intact Rock and Joints
	Model Boundaries
	Continuum Numerical Simulation
	Discontinuum Numerical Simulation

	EFFECT OF THE JOINT ORIENTATION ON THE ANALYSES
	CONCLUSIONS

	Paper 444.pdf
	INTRODUCTION
	EXPERIMENTAL RESULTS
	INTERPRETATION OF CONVERGENCES
	Results of elastic model
	Results of elastoplastic model
	Modelling assumptions
	Geomechanical properties
	Comparison between convergence measurements SMR 1.1 and SMR 1.3 and modelling


	CONCLUSION

	Paper 466.pdf
	INTRODUCTION
	DESIGN OF THE REP EXPERIMENT
	Step of the experiment
	Shaft-excavation method

	RESULTS OF THE EXPERIMENT
	Displacement field in the rock mass
	Evolution of pore pressure during shaft sinking

	ANALYSIS OF THE IN SITU DATA
	3D elastic modelling of the shaft sinking
	Poroelastic approach
	Problem position
	Application to REP experiment


	CONCLUSIONS
	REFERENCES

	Paper 486.pdf
	INTRODUCTION
	THE SITE AND THE STRUCTURE
	TUNNEL CONSTRUCTION
	GROUTING
	Modified grouting method

	TEST SECTION
	Instrumentation and measurements
	Measurement results and interpretation

	PRESSURE GROUTING FINAL DESIGN
	EVALUATION OF IMMEDIATE PRESSTRESSING EFFECTS
	REMAINING STRESSES AFTER 12 YEARS
	Overcoring
	Tincelin-Mayer

	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS

	Paper 493.pdf
	INTRODUCTION
	EVALUATION OF SCALE EFFECTS IN ROCKS
	Strength
	Deformability

	IN SITU AND LABORATORY INVESTIGATIONS
	RESULTS
	Level 40 m
	Level 130 m

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 227.pdf
	INTRODUCTION
	PHYSICAL MODELING
	2D Physical Models


	Paper 162.pdf
	INTRODUCTION
	COMPARISON OF CORE AND BOREHOLE IMAGE
	BASIC PRINCIPLE OF WHOLE-HOLE IMAGING TECHNIQUE
	INDEX OF ROCK MASS INTEGRITY
	ENGINEERING APPLICATION
	Borehole XZK44
	Borehole XZK57
	Borehole XZK212
	Discussion

	CONCLUSION
	ACKNOWLEDGEMENTS

	Paper 436.pdf
	INTRODUCTION
	THEORY
	EXPERIMENTAL VERIFICATION
	SUMMARY
	ACKNOWLEDGEMENTS

	Paper 291.pdf
	REFERENCES

	Paper 262.pdf
	INTRODUCTION
	MONITORING SYSTEM
	Data Management

	SUPPORTING STUDIES AND RESEARCH
	Photogrammetry
	Spaceborne InSAR
	CCRS Studies
	Vexcel Studies

	Other Studies
	Structural Studies


	SUMMARY
	ACKNOWLEDGEMENTS
	REFERENCES


	Pages552-666.pdf
	Paper 263.pdf
	INTRODUCTION
	SYSTEM NETWORK
	SYSTEM PERFORMANCE
	Primary Sensors
	Secondary Sensors
	Tertiary Sensors

	MONITORING DATA
	Primary Sensors
	Tertiary Sensors

	DISCUSSION OF MONITORING DATA
	Primary Sensors
	Tertiary Sensors

	SUMMARY

	Paper 325.pdf
	INTRODUCTION
	PRACTICAL ANALYSIS
	3.	MODES OF FAILURE
	4.	FAILURE CRITERIA
	which is the same as Eq. 2 above.  He also states that “the minor principal stress can never be less than t0 and that failure 

	5.	CONCLUSIONS

	Paper 139.pdf
	INTRODUCTION
	MODELING OF FOUNDATION
	DAM MODELING
	Concrete face slab
	Elastic compacted layer between concrete face slab and rockfill
	Rockfill
	Dam’s foundation
	RESULTS OF ANALYSIS
	CONCLUSION
	ACKNOWLEDGMENT

	Paper 387.pdf
	INTRODUCTION
	THE BRIDGE SITE AND SOIL CONDITIONS
	SEISMIC DESIGN REQUIREMENTS
	BRIDGE FOUNDATION AND ABUTMENT FILLS
	PILE RESPONSE FROM THE CONVENTIONAL UNCOUPLED ANALYSIS
	Ground-surface Response Spectrum
	Stiffness of Piles and Abutment Backfill
	Response of Piles to Structural Loads

	LIMIT EQUILIBRIUM ANALYSIS OF THE ABUTMENT EMBANKMENT WITH LCC
	PILE AND GROUND RESPONSE FROM A DYNAMIC SOIL-STRUCTURE INTERACTION ANALYSIS
	Dynamic Finite Element Analysis
	VERSAT-D2D Analysis Model
	Ground Displacements and Pile Response

	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 253.pdf
	INTRODUCTION:
	EXPERIMENTAL EVIDENCE
	NUMERICAL  ANALYSES
	ANALYSIS RESULTS
	CONCLUSIONS
	6. ACKNOLEDGEMENT
	References

	Paper 254.pdf
	INTRODUCTION
	FINITE ELEMENT ANALYSIS
	2-D MODELING OF A 3-D STRUCTURE
	2-D Models 1 and 2 vs. 3-D analysis
	2-D Model 3
	Comparison of results for 2-D model 3 and 3-D analyses for the entire range of Arias intensities

	CONCLUSIONS
	ACKNOLEDGEMENT
	References

	Paper 133.pdf
	INTRODUCTION
	IMPLICATIONS OF CHANGE
	Implications on geotechnical designs
	Implications on liquefaction designs

	THE ENERGY APPROACH FOR LIQUEFACTION POTENTIAL EVALUATION
	The energy approach by Law et al. (1990)
	Case History Analysis

	PROBABILITY/ RELIABILITY ANALYSIS
	Development of Limit State and Performance Functions
	Distributions of random variables
	Covariance among random variables
	Calculating the reliability indices and probability of liquefaction

	CONCLUSIONS
	REFERENCES

	Paper 134.pdf
	INTRODUCTION
	THE SPATIAL AND TEMPORAL DISTRIBUTIONS OF SEISMIC PARAMETERS
	Evaluating the probability of Mw and R
	EZ-Frisk software
	Deaggregation of seismic hazards

	CASE HISTORIES
	The Telegraph Hill Site
	Sites near The Marina District

	COMMENTS ON SEED’S APPROACH AND THE NBCC 2005 REQUIREMENTS
	SUMMARY
	CONCLUSIONS
	REFERENCES

	Paper 153.pdf
	INTRODUCTION
	GENERAL PRACTICE OF LOW-PRESSURE GROUTING IN TAIWAN
	IN-SITU GROUTING PROGRAM
	General
	Ground Deformation
	Observed Mechanism of Grouting

	LABORATORY EVALUATION OF LIQUEFACTION RESISTANCE OF GROUTED SANDS
	NUMERICAL SIMULATION OF GROUTING
	General
	Development of Grouting Mechanism
	Deformation of Soil around Grout Hole
	Effect of Permeability on Grouting Mechanism

	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS

	Paper 419.pdf
	INTRODUCTION
	NUMERICAL MODEL
	SLOPE GEOMETRY AND INPUT MOTIONS
	MITIGATION CONFIGURATIONS
	EFFECTIVNESS OF MITIGATION MEASURES
	CONCLUSIONS
	ACKNOWLEDGMENT


	Pages667-785.pdf
	Paper 562.pdf
	Paper 562.pdf
	INTRODUCTION
	ADVANCES IN LIQUEFACTION
	ADVANCES IN PIPING AND INTERNAL EROSION
	CASE HISTORIES
	DISCUSSIONS
	ACKNOWLEDGEMENTS


	Paper 369.pdf
	INTRODUCTION
	GROUND CONDITIONS
	DESCRIPTION OF THE STRUCTURES
	Station box
	Bored tunnel precast concrete lining

	CONSTRUCTION AND SCHEDULE ISSUES
	The details of the schedule are shown in Figure 5, where the stationing is along the X-axis and time along the Y-Axis.  The ve

	DESIGN ISSUES
	End walls panels
	Side wall panels
	Tunnel Soil Layer 1
	Tunnel Soil Layer 2

	Tunnel Lining

	MONITORING
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 375.pdf
	INTRODUCTION
	SITE CHARACTERIZATION
	DESIGN CONSIDERATIONS
	Stability of Existing Rock Fill Slopes
	Geometry
	Material Parameters and Wall Loading

	RELIABILITY ANALYSIS
	Results of Analysis

	SEISMIC DEFORMATION ANALYSIS
	Methodology
	Proposed Model Configuration and Assumptions
	Material Properties
	Ground Motions
	Results of Seismic Deformation Analysis
	Predicted Deformations – MSE Wall on an Improved Rock Fill Slope
	Predicted Deformations – MSE Wall on Existing Rock Fill Slope


	CONSTRUCTION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 411.pdf
	GROUND IMPROVEMENTS AT THE VANCOUVER CONVENTION CENTRE EXPANSION PROJECT
	ACKNOWLDEGEMENTS
	REFERENCES

	Paper 168.pdf
	INTRODUCTION
	COAL CHARACTERIZATION
	SAMPLING
	Field Sampling
	One-Dimensional Freeze Sampling
	Freezing Cell and Data Acquisition System
	Sample Coring and Placement

	ASSEMBLING THE FREEZING CELL
	Freezing of the Sample
	Alternate Method of Sampling

	DISCUSSION
	CONCLUSION

	Paper 169.pdf
	ABSTRACT
	RÉSUMÉ
	INTRODUCTION
	TEST EQUIPMENT
	TEMPERATURE
	PRESSURE
	CELL FLUID
	CELL MEMBRANE
	SEALING MECHANISMS
	PLUMBING
	DATA ACQUISITION SYSTEM
	CALIBRATION OF ELECTRONIC MONITORING DEVICES
	EXPERIMENTAL PROCEDURE
	DISCUSSION
	CONCLUSIONS

	Paper 459.pdf
	Acid Rock Drainage
	Zeolite clinoptilolite
	Chemical and Mineralogical Characteristics of Clinoptilolite
	CHARACTERISTICS OF ARD
	Pretreatment of clinoptilolite
	Column leaching cell tests
	Selective Sequential Extraction of metals from post-leaching clinoptilolite
	Leaching cell tests
	Bulk clinoptilolite Leaching cell tests
	Pretreated clinptilolite Leaching cell tests

	Post-leaching analyses of clinoptilolite

	Paper 418.pdf
	INTRODUCTION
	CALIBRATION TECHNIQUE
	CALIBRATION CURVE FROM DEMEC POINT DATA AND CT DATA
	DISCUSSION
	ACKNOWLEDGEMENTS

	Paper 137.pdf
	INTRODUCTION
	BUCKLEY-LEVERETT EQUATION
	FRASER VALLEY SITE
	GAINESVILLE, FLORIDA SITE
	CONCLUSIONS
	REFERENCES

	Paper 307.pdf
	INTRODUCTION
	METHODS
	RESULTS
	3.1  Contamination of Soils by PBDEs due to Biosolids Application
	3.2  Vertical Migration of PBDEs in Biosolids-Amended-Soil

	CONCLUSION AND RECOMMENDATIONS
	ACKNOWLEDGMENTS

	Paper 346.pdf
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	Hydrocarbon Removal
	Terminal electron accepting processes (TEAPs)
	Biodegradation Kinetics
	Consumption of TEAs and Nutrients

	CONCLUSIONS

	Paper 507.pdf
	INTRODUCTION
	FLUORESCENCE SPECTROSCOPY
	Fluorescence Emission-Excitation Matrices (EEMs)

	MULTIVARIATE STATISTICAL TECHNIQUES
	Parallel Factor Analysis (PARAFAC)
	Soft Independent Method of Class Analogy (SIMCA)

	EXPERIMENTAL WORK
	RESULTS AND DISCUSSION
	Fluorescence EEMs
	PARAFAC Analysis

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


	Pages786-891.pdf
	Paper 261.pdf
	Figures

	Paper 249.pdf
	INTRODUCTION
	BACKGROUND
	DESIGN AND CONSTRUCTION
	INITIAL MONITORING
	Density and Water Content
	Soil Suction and Temperature
	Permeability

	17-YEAR ASSESSMENT
	Field Program
	Finite Element Modelling (FEM)

	ANALYSIS OF CHANGE
	SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	Paper 533.pdf
	INTRODUCTION
	GRAVIMETRIC METHODS
	ELECTROMAGNETISM
	Time domain reflectometry (TDR)
	Previous Studies using TDR

	Capacitance Probe
	Ground-penetrating radar (GPR)
	Previous Studies using GPR


	ELECTRICAL CONDUCTIVITY
	Electromagnetic Induction Methods
	Resistivity Methods
	Previous Studies using Electrical Conductivity Methods


	TENSIOMETRY
	
	Previous Studies using Tensiometry


	NEUTRON SCATTERING
	
	Previous Studies using Neutron Scattering


	SEISMOLOGY
	
	Previous Studies using Seismology
	Current Studies using Seismology


	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 543.pdf
	INTRODUCTION
	Objectives
	Key Features of Phases I-III of the Pilot Study

	FIELD PERFORMANCE EVALUATION
	
	Climate
	Soil Temperature
	Soil Water Content
	Matric Suction
	Pore Gas Concentrations
	X-ray Diffractograms


	SUMMARY AND DISCUSSION OF RESULTS

	Paper 205.pdf
	INTRODUCTION
	THE ELEMENT FREE GALERKIN METHOD
	Moving Least Square (MLS) approximation
	Weight Functions Description

	DISCRITAZATION OF GOVERNING EQUATION
	NUMERICAL RESULTS
	DISCUSSION
	REFERENCES

	Paper 173.pdf
	INTRODUCTION
	THEORETICAL BACKGROUND
	Theoretical formulation for moisture transfer
	Theoretical formulation for dry air transfer
	Theoretical formulation for heat transfer
	Theoretical formulation for deformation

	IN – ROOM EMPLACEMNENT GEOMETRY
	The in–room emplacement geometry which has been proposed by AECL comprises a single tunnel with six canisters positioned at th
	Inner buffer
	Outer buffer
	Gap backfill
	Dense backfill
	Light backfill
	The host rock
	According to previous modelling work on the in–room  emplacement configuration (Thomas et al 2003), the granite host rock is a
	Concrete
	Copper
	Heat power generation

	MODELING THERMAL-MECHANICAL RESPONSE OF IN – ROOM EMPLACEMENT GEOMETRY
	CONCLUSIONS

	Paper 243.pdf
	A MULTIDISCIPLINARY APPROACH TO IMPROVE CHARACTERIZATION AND REMEDIATION FEASIBILITY OF URBAN SOILS CONTAMINATED BY HEAVY META
	1.	INTRODUCTION
	2. 	MATERIALS AND METHODS
	2.1	Site description
	2.2	Site investigations
	2.2.1	Electrical resistivity tomography
	2.2.2	Vertical profile investigations
	2.2.3	Soil matrix investigations

	2.3	Analytical methods for the vertical profile
	2.3.1	 Water content (105°C), LOI (1025°C), pH
	2.3.2	Total carbon, organic carbon, nitrogen and sulphur
	2.3.3	Major elements
	2.3.4	Total concentrations of metals

	2.4	Analytical methods for metal distribution in soil matrix
	2.4.1	Chemical, optical microscopy, and XRD analysis
	2.4.2	Metal distribution versus different particle sizes
	2.4.3	SEM-EDX analysis to determine metal speciation


	3.	RESULTS AND DISCUSSION
	3.1	Electrical Resistivity Tomography
	3.2	Comparison of the ERT with vertical soil profile
	3.3	Subdivision of soil horizons of profile G
	3.4	Vertical profile of major elements
	3.5	Vertical distribution of metal concentrations

	3.6	Metal distribution in soil matrix
	3.6.1	Main constituents of the soil matrix: XRD and optical microscopy investigations
	3.6.2	Metal distribution versus different particle sizes
	3.6.3	Metal speciation: SEM-EDX investigations


	4.	CONCLUSIONS
	5.	REFERENCES


	Paper 423.pdf
	INTRODUCTION
	CATEGORIES OF PHYTOREMEDIATION
	Phytostabilization
	Phytofiltration
	Phytovolatilization
	Phytoextraction
	Successful Factors for Phytoextraction of Heavy Metals
	Selection of Phytoextractors


	PHYTOMINING
	CONCLUSIONS

	Paper 424.pdf
	INTRODUCTION
	MATERIALS AND METHODS
	Selection of the Most Suitable Earthworm Species for Vermicomposting
	Nutrient Economy through Vermicompost Application

	RESULTS AND DISCUSSION
	Selection of the Most Suitable Earthworm Species for Vermicomposting
	Nutrient Economy through Vermicompost Application

	CONCLUSIONS

	Paper 532.pdf
	INTRODUCTION
	SITE CONDITIONS
	Stratigraphy
	Hydrogeology

	DESIGN CONSIDERATIONS
	Analyses of the cut-off wall construction techniques
	General description of the SB cut-off wall technique
	Design of the cut-off wall
	Cut-off wall specifications

	DESCRIPTION OF THE WORKS
	General
	Working platform
	Bentonite slurry preparation
	Trench excavation
	Soil-bentonite backfill preparation and backfilling
	Bottom of the trench and toe of the backfill cleaning
	Trench stability and in-trench slurry control
	Protective cap construction

	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Paper 487.pdf
	1. INTRODUCTION
	2. REPARATION OF GEOGRIDS 
	Three types of geogrids were employed in this study. The textile type of geogrid is divided into woven geogrid(TW) and warp knitted geogrid(TK) again and made of polyester high tenacity yarn coated with PVC resin. 
	The membrane drawn type geogrid(TM) is made of melted high density polyethylene with uniaxial conformation. So, for better comparison of these two types of geogrids, geogrids having same nominal strength (e.g., 8 ton/m-8TK, 8TW, 8TM, 10 ton/m-10TK, 10TW, 10TM) were selected as a sample. And, the tests were performed to only longitudinal directions because of the uniaxial drawn geogrid samples.

	3. EVALUATION OF ENGINEERING PROPERTIES
	4. RESULTS & DISCUSSION 
	4.1 Tensile properties 
	4.2 Creep test results 
	4.3 Installation damage resistance 
	4.4 Durability test results 
	4.4.1 Outdoor exposure resistance 
	4.4.2 Chemical resistance 
	4.4.3 Biological resistance 


	4.5 Evaluation of long-term design strength through partial factors-of-safety 

	5. CONCLUSION 





