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ABSTRACT  An extensive deep mixing (DM) ground improvement program using the Cutter Soil Mixing (CSM) technique was 
designed and constructed in 2013 to support up to 20 m high Mechanically Stabilized Earth (MSE) walls and bulk earthworks 
for the development of the Kitimat Liquefied Natural Gas facility at Bish Cove.  This performance-based design considered 
onshore and offshore static and seismic stability requirements as part of the project-specific design criteria.  The program 
comprised 1645 CSM panels constructed through soft fine-grained marine deposits, embedded typically 2 m into dense 
granular soils.  CSM panels ranged from 5 m to over 30 m in depth and were constructed by treating approximately 
73,900 m3 of soil to consistently yield average unconfined compressive strengths exceeding 2.5 MPa. 

This paper outlines the design approach adopted and challenges associated with designing the DM program located 
immediately upslope of the Bish Cove foreshore.  The challenges included constraints from a marine buffer zone and an 
existing tree line along the shore; a sloping ground profile; and highly variable onshore and offshore subsurface conditions.  
Details of the site-specific investigation (boreholes, test pits, Cone Penetration Tests, advanced laboratory testing and 
groundwater monitoring), and geotechnical engineering analyses are presented. 
 

Introduction 
As part of the development of the Kitimat Liquefied Natural 
Gas (LNG) facility, two relatively high MSE walls and 
associated bulk earthworks were proposed immediately 
upslope of the Bish Cove foreshore area, near Kitimat, in 
northern British Columbia.  Foundation soils comprised very 
soft to soft fine-grained marine deposits and/or loose to 
compact sandy silt to silty sand, overlying dense gravelly 
sand, to sand and gravel.  An extensive ground 
improvement program using the CSM technique was 
designed and constructed at the south end of the LNG 
facility to provide suitable foundations and stability of the 
MSE walls and associated bulk earthworks under static and 
seismic loading conditions. 

The objectives of this paper are to provide an overview 
of the design philosophy adopted for the CSM ground 
improvement design, discuss the challenges associated 
with designing the deep mixing (DM) program and highlight 
the key findings of the static and seismic analyses 
performed as part of the design.  The paper also presents 
an outline of the ground improvement work, details of the 
phased site investigation program, site characterization, as 
well as the engineering parameters selected for analysis of 
the upslope, near shore and offshore areas.  

Project Information 
The proposed location of the two MSE walls is immediately 
upslope of the Bish Cove foreshore. The walls are required 
to provide a level platform for the southern portion of the 
LNG facility and are approximately 165 m and 300 m long 
forming an “L” shape, as shown on Fig. 1.  The design 
heights of the MSE walls range from about 20 m to about 
18.5 m parallel to the shoreline, and from about 18.5 m to 
about 5.5 m for the section perpendicular to the shoreline. 

Site Location and Topography 
The site is situated at Bish Cove, along the western shore 
of the Kitimat Arm, approximately 17 km south of the town 
of Kitimat, as indicated on Fig. 1.  There are several deep 
ravines located at and in the immediate vicinity of the site, 
and these generally run north to south directing the surface 
water towards Bish Cove at the south end, or towards 
Bish Creek at the east end of the LNG facility.  The DM 
ground improvement site is located immediately upslope 
and is separated from the Bish Cove foreshore area by an 
approximately 20 m wide marine buffer zone comprising 



trees and vegetation.  A photograph of the site with Bish 
Cove to the left of the figure is shown on Fig. 2. 
 
Fig. 1. Site Location Plan 
 

 
 

The topographic profile of the site generally slopes 
downwards from north to south towards Bish Cove with 
approximate existing ground at EL. +19 m in the northwest 
DM area (upslope), and EL. +4 m immediately south of DM 
area (foreshore area).  The ground surface in the offshore 
areas varies from EL. -4 m about 125 m south of the DM 
area (offshore sloped area) to EL. -26 m about 200 m south 
of the DM area (offshore area).  The intertidal water levels 
range from about EL. +3.3 m to about EL. -3.3 m.  The site 
is further constrained by rising land and West Creek to the 
west, and bedrock outcrops to the north and east of the 
site. 
 
Fig. 2. Site with the 20 m wide Marine Buffer Zone and 
Bish Cove to the left of the photograph 
 

 
 

Project Constraints 
In addition to the topographical and physical location 
constraints discussed earlier, other key constraints affecting 
the DM design included the highly variable subsurface 
conditions encountered on the site and in the foreshore and 
offshore areas.  Available existing geotechnical data 
obtained from site investigations on and within the 
immediate vicinity of the project site indicated that the 

thickness and the consistency of the very soft to soft  
fine-grained marine deposits and underlying granular soils 
varied significantly across the project site.  Further, bedrock 
outcrops were observed at the east end of the project site.  
Combined with the sloping ground surface profile towards 
the Bish Cove offshore area, the subsurface conditions 
were considered highly variable across the site, as well as 
within the foreshore and offshore areas. 

The project-specific performance criteria established for 
the DM design required meeting or exceeding the minimum 
Factors of Safety (FoS) for various modes of failure (global, 
external and internal stability), and meeting the  
stress-deformation performance requirements under  
short-term and long-term static loads, as well as under 
dynamic loading conditions corresponding to the Operating 
Basis Earthquake (OBE) and Safe-Shutdown Earthquake 
(SSE). 

Deep Mixing Requirement 
To meet the project performance requirements considering 
the physical constraints at the site, as well as the type and 
consistency of the site soils, in-situ ground improvement 
was proposed by the Owner’s engineering team.  Following 
a prequalification and tender process, Golder Construction 
Inc. together with Golder Associates Ltd., were selected as 
the Design-Build team to complete the extensive deep 
mixing ground improvement works. 

The CSM technique was selected as a suitable ground 
improvement technique that would provide a cost-effective 
solution to treat the very soft to soft soils without the need 
for significant excavation and disposal effort.  CSM is a 
unique method of in situ deep soil mixing that utilizes 
specialized cutting heads rotating about horizontal axes, 
connected to a Kelly bar mounted on a large drill rig.  The 
CSM equipment is capable of generating sufficient energy 
to penetrate and vertically mix thick deposits of very soft to 
soft fine-grained soils and/or loose to compact deposits of 
sandy silt to silty sand and penetrate about 2 m into 
competent coarse-grained soils, while maintaining a high 
level of quality control.  Data was collected during 
construction to facilitate the Quality Assurance (QA) and 
Quality Control (QC) processes. 

The design-build team worked closely to enable 
collaboration throughout the phased site investigation, 
geotechnical analyses, DM design, field trials and 
construction stages so as to optimize the design and 
construction of the DM ground improvement scheme. 

Design Philosophy 
A performance-based design approach considering  
stress-deformation response of the ground improvement 
structure subjected to static and seismic load requirements 
was adopted for development of the DM design.  The 
procedures undertaken for the DM design were generally 
consistent with Filz and Templeton (2011), which involved: 
1. Initial collation and assessment of project information 

and site-specific geotechnical data; 
2. Site characterization and soil parameters selection; 
3. Undertaking various global, external and internal static 

stability analyses; 
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4. Completing static and dynamic stress-deformation 
analyses as part of the iteration process to optimize the 
design solution; and 

5. Optimizing the engineering properties of the composite 
DM zone to meet project performance requirements 
iteratively. 

Taking into consideration the variability of the 
subsurface conditions upslope as well as in the foreshore 
and offshore areas, representative simplified geotechnical 
models were developed for each area for static and seismic 
analyse 

Site Investigation 
A phased site investigation approach was adopted to obtain 
site-specific geotechnical data for design and to collect 
representative soil and groundwater samples for the soil 
mixing bench-scale tests.  The scope of the initial site 
investigation supplemented the available existing borehole 
and Cone Penetration Test (CPT) data collected by the 
Owner’s engineering team at the general project site, and 
enabled various in-situ testing, monitoring of groundwater 
conditions, and sampling of the main soil units to be carried 
out. 

The second phase of the site investigation enabled 
further subsurface data to be obtained specifically upslope 
and adjacent to the foreshore area (immediately south of 
the DM area), while obtaining relatively undisturbed  
fine-grained soil samples for advanced laboratory tests.  
Fig. 3 presents the locations of the exploratory holes 
consisting of boreholes, CPTs and mechanically excavated 
test pits that were completed during the phased site 
investigations.  A summary of the site investigation program 
is presented in Table 1. 

The subsurface conditions of the foreshore and offshore 
Bish Cove areas were assessed for static and seismic 
stability.  With restricted access, the foreshore and offshore 
subsurface conditions were assessed based on available 
data from previous investigations and recent data from the 
Owner’s engineering team, with recommendations to obtain 
additional data to verify assumptions once environmental 
approvals for such work are obtained. 

Subsurface Conditions 
Upslope Area 
The subsurface conditions within the DM area generally 
consist of coarse-grained fill, overlying topsoil and peat, 
overlying granular marine deposits overlying very soft to 
soft fine-grained marine deposits consisting of clayey silt to 
silty clay interbedded with silt layers, overlying sandy silt to 
silty sand, and gravelly sand to sand and gravel.  Bedrock 
was encountered underlying the granular deposits and 
generally comprised granodiorite with occasional andesite 
dykes.  Bedrock outcrops were encountered towards the 
east end of the site. 

Within the DM area, the subsurface conditions were 
highly variable, ranging from up to 21 m thick deposits of 
very soft to soft clayey silt to silty clay, overlying layers of 
dense to very dense gravelly sand to sand and gravel, to up 
to 15 m thick compact deposits of silty sand, overlying 
dense sand and gravel, as shown on Fig. 4.  For the area 

Fig. 3. Project-Specific Site Investigation Plan 
 

 
 
upslope of the foreshore, the thickness of the soft clayey silt 
deposits ranged from about 15 m near the foreshore, to 
about 10 m at the north end of the DM improvement zone 
as indicated in Fig. 5.  These soft fine-grained deposits 
were typically found overlying compact to dense silty sand 
to sand and gravel with the depth to dense granular soils 
generally encountered approximately 2 m below the top of 
the granular soils. 

Foreshore and Offshore Areas 
The subsurface conditions were interpreted to consist of 
fine-grained deposits with predominantly silty clay exhibiting 
plasticity indices (PI) greater than 7, overlying a low 
plasticity silt to silty clay silty clay (PI at or less than 7 with 
Liquidity Indices (LI) greater than 1).  The underlying 
granular soils generally consist of compact sandy silt to 
sand overlying compact to dense sand to sand and gravel, 
as indicated on Fig. 6. 

Groundwater Conditions 
There were two main water bearing soil units generally 
separated by the fine-grained soils that were considered for 
design.  The upper water bearing soil unit typically consists 
of the fill and/or granular marine deposits with an 
interpreted phreatic water level at about the interface 
between fill, granular marine deposits and clayey silt to silty 
clay soils (about EL. +4 m to EL. +5 m in the DM area 
parallel to the foreshore, and increasing in elevation 
upslope of the DM area).  The lower water bearing soil unit 
typically consists of sandy silt to sand and gravel with an 
interpreted phreatic water level at about 1 m to 2 m below 
the interface between the fill, granular marine deposits and 
clayey silt to silty clay soils (about EL. +3 m to EL. +4 m in 
the DM area and increasing in elevation upslope of the DM 
area, albeit at a lower gradient compared with the 
interpreted groundwater level of the upper soils).  
Insignificant variations in the groundwater conditions within 
the upper and lower soil bearing units were observed with 
tidal activity. 
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Table 1. Summary of the Phased Site Investigation Program 
 

Component Description  Details   

Boreholes Mud Rotary with in situ Nilcon Field Vane (FV) tests, Standard 
Penetration Testing (SPT) and thin-walled piston tube sampling 

13 boreholes up to 31 m 
below ground 

Solid Stem auger with bulk sampling for bench-scale tests 7 boreholes up to 33 m 
below ground 

Test Pits Mechanically excavated with bulk sampling for geotechnical and bench-
scale tests 

4 test pits up to 6 m  
below ground 

In Situ Tests Self-Boring Pressuremeter Tests (SBPMT) in fine-grained marine 
deposits 

12 SBT locations 

Cone Penetration Tests with pore pressure monitoring, dissipation tests 
carried out in non-cohesive soil layers, and seismic and resistivity data 

collection 

15 CPTs up to 26 m 
  below ground 

Groundwater 
Monitoring  

Vibrating wire (VW) piezometers for pore pressure monitoring of fine-
grained and granular deposits including tidal water monitoring 

7 VWs 

Slotted section standpipes for groundwater monitoring within granular 
deposits 

3 standpipes 

Laboratory 
Tests 

Moisture contents; Atterberg Limits; gradations; specific gravity; and unit 
weight. 

Fine-grained and granular 
deposits  

1D consolidation tests (multi-stage); unconsolidated undrained triaxial 
tests; static and cyclic simple shear tests; and x-ray diffraction analysis.  

Fine-grained deposits 

Water soluble chloride; total Sulphate; and pH. Soil and groundwater  
 
Fig. 4.  Interpreted Stratigraphic Profile Along the Length of the DM Area – Section A 
 

 
 
 

Site Characterization and 
Parameters Selection 
Considering the subsurface conditions and geotechnical 
properties of the main soil units, the DM program was 
divided into six areas.  Six stratigraphic profiles, labelled as 
Sections A to F, representative of the subsurface site 
conditions (Fig. 3) combined with the various load cases for 
short-term and long-term conditions were modelled in the 
static analyses. 

The key geotechnical parameters for the upslope 
subsurface conditions used in the static and seismic 
analyses, including the equivalent strength and elastic 
modulus properties for the composite DM zone, are 
summarized in Table 2, with the design values for the main 
soil units presented.  For static analyses, the key soil 
parameter was the undrained shear strength (Su) of the 
clayey silt to silty clay soils.  Design Su values presented in 
Table 2 considered rapid loading of the MSE walls and 
temporary fill surcharges, and ignored any beneficial gains 
in shear strength due to consolidation effects. 
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Fig. 5. Interpreted Stratigraphic Profile Along the Length of the DM and Upslope Area – Section B 
 

 
 
Fig. 6. Interpreted Stratigraphic Profile in Foreshore and Offshore Areas – Section B Extended 
 

 
 

Pseudo-static and dynamic seismic analyses were 
carried out considering long-term post-consolidation 
strength values, assuming full consolidation under the MSE 
walls and the bulk earthworks.  Material parameters for the 
upslope area representative of the post-OBE and post-SSE 
conditions were used in these analyses.  The effects of 
cyclic loading, strain-softening of the clayey silt to silty clay 
soils, and pore pressures developed during shaking were 
considered in the analyses.  The following two cases were 
analyzed: 

• Long-term soil strength parameters interpreted from the 
upslope site investigations considering the stratigraphic 
variations between exploratory holes in the foreshore 
and offshore areas.  These parameters were used to 
assess the stability of the existing offshore slope, as 
indicated on Fig. 6. 

• Post-shaking and liquefied soil strength parameters, 
considering the presence of weaker zones.  These 
parameters were used to assess the post-earthquake 
stability of the offshore slope in the event that 
liquefaction is triggered within the low plasticity silt to 
silty clay soils. 
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Table 2. Summary of the Phased Site Investigation Program 
 

Location Strata 

Design Parameters 

Unit Weight 
(KN/m3) 

Shear strength Poisson’s 
Ratio 

Elastic 
Modulus 

(MPa) Drained (˚) Undrained (kPa) 

Upslope Area Structural Fill 
(MSE wall and bulk fill behind 
MSE wall) 

22.0 42 N/A 0.32 to 0.35 38 to 170 

Compact Fill/Marine Granular 
Deposits 20.0 33 N/A 0.28 20 to 29 

Fine-Grained Marine Deposits 
(clayey silt to silty clay) 18.5 30 to 34 15 to 55 0.48 6 to 24 

Foreshore and 
Offshore Areas 

Clayey Silt to Silty Clay 
(PI> 7) 18.5 30 

Su = 14 kPa at EL. 
+ 5 m + 1.8 

(kPa/m) .z (m) 
0.48 6 to 10 

Silt to Silty Clay 
(PI ≤ 7 and LI > 1) 18.5 33 to 34 30 to 48 0.30 to 0.48 13 to 20 

Upslope to 
Offshore Areas 

Sandy Silt to Silty Sand 19.0 33 to 35 N/A 0.30 30 to 56 

Gravelly Sand to Sand and 
Gravel 20.0 35 to 37 N/A 0.33 93 to 133 

 

Deep Mixing Design 
The DM design considered rectangular CSM panels, 
typically 2.8 m long and 1 m wide ranging from about 5 m to 
about 31 m in depth.  These CSM panels were constructed 
with a typical penetration of 2 m into competent, dense 
coarse-grained soils.  The CSM panels were constructed 
with a nominal overlap of about 200 mm to form a 
continuous wall, termed a “barrette”.  These barrettes were 
constructed in parallel at 3.4 m centre-to-centre spacing to 
form a “composite DM zone”, with equivalent strength and 
elastic modulus properties estimated based on an 
equivalent area ratio of approximately 0.3, as shown on  
Fig. 7.  The composite DM zone is connected to a 
“continuous longitudinal wall of CSM panels”, with material 
properties estimated from the laboratory test results 
completed on representative wet grab and trial panel cored 
soil-cement samples for the project design mix. 
 
Fig. 7. CSM Panel Layout 
 

 
 

The design considered CSM barrettes modelled as a 
composite DM zone extending approximately 5 m beyond 
the toe and heel of the MSE walls (reinforced section of the 
wall).  The design depth of the CSM barrettes were initially 
based on global and external stability analyses followed by 
internal stability and static FE stress-deformation analyses. 

At the intersection between the two MSE walls 
(southwest corner), the settlement and lateral deformations 
of the DM area are three dimensional in nature.  Due to 
time constraints, a simplified equivalent 2D approach was 
adopted for static and seismic analyses.  The  
stress-deformation response of the DM area was 
conservatively estimated through 2D analyses for each DM 
area and MSE wall (Sections A and B), ignoring the 
benefits associated with the geometry of the overall “L” 
shaped DM area.  The stresses and deformations at the 
intersection were assessed by considering the resultant 
deformations estimated from the separate 2D static FE 
analyses.  For seismic analyses, the settlement and lateral 
deformations for the critical section (Section B) were 
estimated using 2D FLAC.  Similar to the static analyses, 
the seismic analyses did not consider the beneficial effects 
of the geometry of the overall “L” shaped DM area. 

Static Stability Analysis 
Global Stability 
Global Limit Equilibrium (LE) stability analyses using 
GeoStudio 2007 Slope/W (GEO-SLOPE, 2010) was 
completed for various load conditions to assess the static 
stability of the DM area.  Spencer’s method was adopted for 
stability analyses considering planar and circular slip 
surfaces through the clayey silt to silty clay soils and 
composite DM zone. 

The results of the analyses indicated that the 
subsurface conditions of Section B, combined with a 
surcharge of 5 m applied above the MSE wall final design 
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elevation under short-term conditions and meeting project 
performance criteria, was the critical case for DM design, as 
shown on Fig. 8.  The geotechnical properties of the 
composite DM zone were iterated for each section to give 
the critical DM properties for design while meeting the 
project performance criteria.  The FoS values resulting from 
the global stability analyses considering the final DM design 
parameters for each section exceeded 1.3 and 1.5 for the 
short-term and long-term conditions for various load cases. 
 
Fig. 8. Global Stability Analysis for Section B (Final DM 
Design) 
 

 
 

External and Internal Stability 
External and internal stability analyses were carried out for 
the composite DM zone, which included sliding of the DM 
(soil shear and shear between panels and soil); overturning 
of the DM zone; soil bearing capacity; CSM panel horizontal 
and vertical shear failure; CSM panel bearing failure and 
structural capacity of the CSM panels.  The FoS values 
resulting from the external and internal stability analyses 
considering the final DM design parameters for each 
section exceeded 1.5 for the short-term and long-term 
conditions for the various load cases. 

Stress-Deformation Analysis 
Static 2D Finite Element analyses using GeoStudio 2007 
Sigma/W (GEO-SLOPE, 2010) was used to assess the 
mobilized stresses and deformation response of the 
composite DM zone during, and following construction of 
the MSE walls and general filling for the area behind the 
MSE walls.  The critical case for DM design (Section B,  
Fig. 3) combined with a surcharge of 5 m applied above the 
MSE wall final design elevation under short-term conditions, 
was analyzed to assess the stress-deformation  response 
of the DM zone, as indicated on Fig. 9. 

Based on the analyses, it was concluded that the 
strength of the very soft to soft clayey silt to silty clay soils 
provided very little contribution to the overall strength and 
stiffness of the composite DM zone, due to the significant 
difference in strength and stiffness between the CSM 
panels and the native soils.  The portion of stress applied to 
the CSM panels versus the native soils was based on strain 
compatibility between the soil and CSM panels, which 
resulted in over 90% of the stresses being applied to the 
CSM panels with the remaining stresses being resisted by 
the native soils.  Results of the 2D FE stress-deformation 
analyses for the critical case (Fig. 9) indicated localized 

maximum shear stresses of 250 kPa to 300 kPa within the 
composite DM zone, and approximately 600 kPa within the 
“continuous longitudinal wall of transverse CSM panels”, 
with settlements at the top of the DM area of less than 
100 mm, satisfying the settlement design criteria. 
 
Fig. 9. Static 2D FE Analysis for Section B Showing 
Maximum Shear Stress Contours (kPa) (Final DM Design) 
 

 
 

The estimated stresses and strains based on initially 
specified CSM panel properties were refined such that the 
CSM panel properties were in reasonable agreement with 
the design properties that could be achieved in the field, 
while meeting the project performance criteria.  Based on 
the results of the various static stability and  
stress-deformation analyses, an equivalent design target 
unconfined compressive strength (UCS) value of 2.5 MPa 
was deemed appropriate to meet the project performance 
requirements. 

Seismic Stability Analysis 
Input Motion 
1D and 2D dynamic analyses were completed for OBE and 
SSE levels of shaking, corresponding to 1:475 and  
1:2,475 year return periods, respectively.  Selected 
acceleration time-histories were spectrally-matched to the 
Site-Specific Design response spectrum determined 
through a Probabilistic Seismic Hazard Analysis.  In total, 
10 horizontal earthquake acceleration time-histories were 
spectrally matched in the time-domain.  The Arias Intensity 
of the pre and post-matched motions were normalized with 
respect to the maximum value and compared with the 
original records to confirm that the energy distribution with 
time was not significantly affected by the matching 
technique.  Following this comparison, 6 acceleration time 
histories were selected and used as input in the FLAC 
analyses.  All records were baseline corrected. No vertical 
ground motions were considered in the ground response 
analyses. 

Liquefaction Assessment 
1D liquefaction assessments were carried out using the 
program SHAKE. Cyclic resistance ratios were evaluated 
using the methodology proposed by Idriss and Boulanger 
(2008). The seismic response assumed that the fine 
grained deposits located below the structural fill have had 
time to consolidate and therefore consider  
fully-consolidated strengths.  The strength and associated 
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stiffness of the fine-grained marine deposits below the 
structural backfill material were evaluated as normally 
consolidated having peak undrained shear strengths of 
20% of the effective confining stress imposed by the fills.  
The results of the analyses indicate that the granular 
deposits encountered beneath the fine-grained deposits 
and the DM area, exhibit a low liquefaction susceptibility 
during the OBE and SSE levels of seismic shaking. 

Site Response Analysis 
Seismic evaluation of the critical Section B was carried out 
using FLAC 2D.  The discretization of the domain analyzed 
is shown on Fig. 10.  The MSE wall was simplified and 
represented by a block of elastic soil, and the focus of the 
analyses was the performance of the DM Zone and not the 
MSE Wall.  To assess the effects of seismic shaking on 
ground deformations, the generation, redistribution, and 
dissipation of excess pore pressures throughout the 
duration, and sometime after the cessation of seismic 
loading was simulated using a coupled dynamic stress-flow 
analysis.  To predict the instability and liquefaction flow, an 
effective stress-based elastic–plastic constitutive model 
(UBCSAND) was used. 

The UBCSAND constitutive model is based on the 
elasto-plastic stress–strain model proposed by Byrne et al. 
(1995).  The fine-grained (cohesive) soil layers as well as 
the soils above the groundwater table, were modelled as 
non-linear Mohr-Coulomb materials incorporating the  
user-defined constitutive model UBC-HYSTERETIC 
developed at the University of British Columbia (UBC).  This 
model incorporates a hyperbolic shear  
stress-strain-strength relation and a modified Masing rule to 
model the unload-reload behavior. The analyses 
considered the following assumptions: 
1. All soil zones that reached an excess pore pressure 

ratio ≥70% are considered to fully liquefy or undergo 
cyclic softening. 

2. Liquefaction susceptibility of low plasticity silts was 
assessed by means of the criterion proposed by Idriss 
and Boulanger (2008), whereby soils with 3 < PI < 7, 
transitioning between “sand-like” and “clay-like” 
behaviour have the potential to liquefy.  The FLAC 
model incorporated a zone of these low plasticity silty 
soils considered to exhibit a “sand-like” behavior and 
modelled using UBCSAND. 

The results of the 2D FLAC analyses indicated that the 
maximum DM lateral displacements during seismic shaking 
occurred at the front top of the DM zone.  Horizontal 
displacement time-histories calculated at the top front of the 
DM zone corresponding to the SSE level of shaking are 
shown on Fig. 11. 

A representative design deformation value was obtained 
by considering the maximum (envelope) of the six motions.  
The results of the site response analyses indicate maximum 
horizontal residual displacements of 30 mm and 55 mm for 
OBE and SSE ground motions, respectively, meeting the 
project performance criteria.  

 
Fig. 10. FLAC 2D Mesh Used for Analysis  
 

 
 
Fig. 11. Time-Histories of Horizontal Displacements at the 
Top Front of the DM Zone 
 

 

Post-Seismic Event Stability 
The evaluated FoS stability for the local and global static 
stability of the offshore slope (Fig. 6) based on in situ 
conditions and post-shaking conditions suggested that 
while the long-term static stability of the offshore area 
exceeded the design requirements, the post-seismic 
stability of the offshore area was marginal.  The results of 
the stability analyses for the post-shaking conditions 
indicate that there is a high risk of partial loss of soil support 
south of the DM area during or following strong shaking 
equivalent to SSE (1 in 2,475 year return period) ground 
motions. 

For this assessment, the excess pore pressures 
obtained from the 2D FLAC analysis for a SSE (1 in 
2,475 year return) event combined with the estimated  
post-shaking soil strengths were used to undertake  
post-seismic stability and stress-deformation analyses.  
These analyses were carried out following a rationally 
conservative approach where a reduction in soil support 
within the upper 8 m to 10 m immediately downslope of the 
DM area could occur.  The results of the stability analyses 
indicated that the post seismic global stability exceeded the 
project performance requirements.  The findings from the 
stress-deformation analyses are presented on Fig. 12 
showing the maximum shear stress contours for the  
post-shaking event conditions, where between about 200 
kPa and 300 kPa was estimated within the composite DM 
zone, and up to about 600 kPa was assessed within the 
“continuous longitudinal wall of transverse CSM panels”, 
meeting the project performance requirements. 
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Fig. 12. Static 2D FE Analysis for Section B Showing 
Maximum Shear Stress Contours (kPa) (Final DM Design) 
considering Foreshore and Offshore Conditions 
 

 

Bench-Scale Data and Field 
Trial 
Representative soil and groundwater samples were 
collected from the site and used for laboratory bench-scale 
testing for soil-cement mix design. Testing was carried out 
concurrent with the phased site investigations.  Various 
factors (soil type and variation, groundwater chemistry, 
binder type, binder volume, water-to-cement ratio and 
mixing energy) were considered in the soil-cement mix 
design to obtain a target design UCS value of 2.5 MPa.  
UCS tests were completed for various soil-cement samples 
(clayey silt to sand and gravel), binder factor,  
water-to-cement ratio and curing times to determine a 
suitable design mix that would yield average UCS values 
exceeding the target design value at 56 days.  
Consideration was given to the consistent mixing energy 
and homogenous quality of the soil-cement that could be 
achieved with the CSM equipment in the soil-cement mix 
design (Filz and Templeton, 2011). 

The results of the bench scale tests indicated that the 
target design UCS value could be consistently achieved for 
the very soft to soft clayey silt to silty clay soils with lower 
binder factors required for the granular soils to achieve the 
same target design UCS value. 

A field trial consisting of 8 CSM panels was constructed 
in the critical area of DM design (Section B) using the CSM 
equipment and method of soil-mixing that would be 
consistent with the equipment and method adopted for 
construction of the remaining 1642 production panels.  In 
the field trial area, the CSM equipment was required to mix 
to average depths of 22 m, while penetrating approximately 
2 m into competent gravelly sand to sand and gravel at the 
base of the panel. 

The soil-cement trial panels were cored to typically 
1.5 m below the bottom of CSM panels to obtain continuous 
HQ sized cores of the soil-cement and confirm the native 
soils underlying the CSM panels.  Laboratory testing of 
representative soil-cement core samples consisting of 
consolidated undrained triaxial tests, falling head 
permeability tests, tensile strength tests and UCS tests 
were carried out as part of the validation process.  The 
results of the laboratory tests completed on soil-cement 
core samples for the final soil-cement mix design 

consistently exceeded the design UCS value and stiffness 
values required for DM design. 

The findings from the field trial were used to validate the 
final DM design and were also considered for the technical 
specification of performance criteria of the CSM panels.  
The field trial data was also used to develop and implement 
QA and QC plans. 

Conclusions 
Close collaboration between the Design-Build team enabled 
the design of the DM program, using the CSM technique, to 
be completed considering both key design and 
constructability issues, while meeting the stringent 
performance requirements. 

A phased site investigation approach enabled collection 
of adequate geotechnical data for this site underlain by 
highly variable subsurface conditions, permitting an 
assessment of the critical conditions affecting the DM 
design, including variability of subsurface conditions, 
geometry, and critical modes of failure. 

To meet the performance requirements of this project, 
finite element analysis was completed to assess the static 
stress-deformation response. Advanced numerical 
modelling was also used for assessing the  
stress-deformation behavior under the design seismic 
loading conditions.  Results from the bench-scale tests and 
field trial were initially used for DM design, with validation of 
the parameters used through an extensive program of 
quality control sampling and testing. 

The final DM design consisted of 1645 CSM panels 
constructed over an area of approximately 12,900 m2 to 
form barrettes connected to a longitudinal continuous wall 
of CSM panels. The barrettes provide static and seismic 
stability acting as a foundation base for the MSE walls.  The 
CSM barrettes were designed with a typical  
centre-to-centre spacing of 3.4 m and generally extended 
5 m beyond the toe and heel of the MSE walls.  The CSM 
panel depths ranged from 5 m to 30.7 m with approximately 
2 m embedment into competent coarse-grained soils.  The 
average unconfined compressive strength of the 
constructed CSM panels consistently exceeded the design 
value of 2.5 MPa at 56 days.  A total volume of 73,900 m3 
of fine-grained and coarse-grained soils was  
cement-treated in situ to support up to 20 m high MSE walls 
located near shore in a seismically active region. 
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