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ABSTRACT 
Slope stabilization at the Ten Mile Slide undertaken by the BC Ministry of Transportation and Infrastructure (Ministry) on 
Highway 99 was successfully completed in Fall 2021. The project, approximately 17 km northeast of Lillooet on the left 
bank of the Fraser River, resulted in improved long-term safety and reliability for people and goods travelling the highway 
and the CN rail line above, supporting the local forestry, mining and agricultural resource sectors. Highway 99 is an 
essential route between the rural communities of Lillooet, Xaxli’p first nation and transportation networks in Kamloops. The 
landslide has been active for decades and now spans the highway. The retained portion of Ten Mile Slide is 200 m wide 
at the highway and is 300 m long with an estimated volume of 1,000,000 m3 of soil material and forms part of a much 
larger, dormant “soil glacier” called the Tunnel Earthflow.  

The solution included 276 soil anchors installed above the highway, a tied-back pile wall (148 large diameter drilled 
shafts with 125 tie-back soil anchors) below the highway and reconstruction of the highway grade and drainage. Key to 
the success of the project was the adoption of the observational method, and the incorporation of structural elements that 
could tolerate the anticipated slide movement during construction and/or were adjustable and expandable. Works were 
installed by top-down construction within defined time allowances to avoid over-stressing completed structures during 
construction.  
 
RÉSUMÉ 
La stabilisation des glissements de terrain dit Ten Mile Slide, entreprise par le ministère des Transports et de l’Infrastructure 
(ministère) de la Colombie-Britannique sur la route provinciale 99, a été achevée avec succès à l’automne 2021. Ce projet, 
à environ 17 km au nord-est de Lillooet sur la rive gauche du fleuve Fraser, a permis d’améliorer la route et la ligne de 
chemin de fer du CN ci-dessus, soutenant ainsi les secteurs locaux de la foresterie, de l’exploitation minière et des 
ressources agricoles. La route 99 est l’itinéraire essentielle entre les villages ruraux de Lillooet et le nation autochtone 
Xaxli’p avec centre régional de Kamloops. Le glissement de terrain est actif depuis des décennies et enjambe maintenant 
la route. Ten Mile Slide mesure 200 m de large au niveau de la route et 300 m de long avec un volume estimé à 
1 000 000 m3 de matériaux de sol et fait partie d’un « glacier de sol » beaucoup plus grand et dormant appelé Tunnel 
Earthflow.  

La solution comprenait 276 ancrages de sol installés au-dessus de la route, un mur de pieux (148 pieux forés de 
grand diamètre retenu avec 125 ancrages de sol) sous la route et la reconstruction de l’alignement et du drainage de la 
route. Le succès du projet a été assuré par l’adoption de la méthode d’observation, et l’incorporation d’éléments structurels 
qui pouvaient tolérer le mouvement des glissements anticipé pendant la construction et/ou qui étaient réglables et 
extensibles. Les travaux ont été installés par construction haut-en-bas dans des délais bien définis afin d’éviter de 
surcharger les structures déjà complétés pendant la construction.  

 
 
1 BACKGROUND 
 
BC Ministry of Transportation and Infrastructure (Ministry) 
recently completed a slope stabilization project at the Ten 
Mile Slide on Highway 99, which is an essential part of the 
road network connecting the British Columbia coast with 
the interior of the province and which connects the 
communities of Lillooet and Xaxli’p to the regional services 
in the City of Kamloops. Approximately 1,600 vehicles 
travel this section of highway every day, about 20 per cent 
of the traffic comprises heavy vehicles (trucks and buses). 
A Canadian National Railways (CN) line crosses the top of 
the slide and was partially stabilized by the railway in an 
earlier project, as reported in Piling Canada (2017). 
 

The landslide was first detected in 1988 and is 
estimated to have regressed more than 250 m upslope in 
the last 40 years. Historical monitoring and remote sensing 
data shows that the landslide has moved at average rates 
ranging from 1.1 m to 3.7 m (3.6 to 12.1 ft) per year.  

 
In September 2016, landslide movement rates 

suddenly increased which resulted in the closure of the 
highway for eight days and Xaxli’p declaring a state of 
emergency. The cause of this movement is unclear but 
may be due to failure of the material in the toe area of the 
slide near the river, which retrogressed up to and above the 
highway. By late 2016, this section of highway was the 
most expensive, challenging and technically complex site 
for the Ministry to maintain in the province and was subject 



 

to 50% load restrictions with 24-hour flagging to maintain 
single lane alternating traffic. Slide width has remained 
stagnant at the highway. 

 

 
Figure 1. Overview of Tunnel Earthflow and Ten Mile Slide 

 
Ten Mile Slide is 200 m wide at the highway, 300 m 

long, and approximately 10 to 30 m deep with an estimated 
volume of 1,000,000 m3 of soil material. The landslide 
forms part of a much larger, dormant ”soil glacier” called 
the Tunnel Earthflow. The slide is a geotechnical anomaly 
being one of the only known continuously moving 
landslides in North America. From the project’s initiation 
the team recognized the uniqueness of Ten Mile Slide in 
that it moves every day, and the resulting complexity of 
stabilization using structural components. Prior to 
commencing stabilization, average movement rates were 5 
to 10 mm/day with rates up to 50 mm/day following rain or 
snow melt events.  

 
Sliding movement is translational, occurring along a 2-

metre thick roughly planar basal shear zone. The mobilized 
body of Ten Mile Slide is mainly dry, has higher strength 
than the basal shear surface and behaves as a relatively 
stiff and cohesive mass. Previous efforts to stabilize the 
highway with shear keys installed using the Cutter Soil 
Mixing (CSM) method had only mitigated landslide 
movement temporarily (Gaib et. al. 2012). 
 
1.1 Geology 
 
The stratigraphy at the site includes, in order of increasing 
depth: Tunnel Earthflow, Undifferentiated Glacial Sediment 
and Jackass Mountain Group Bedrock. The movement of 
the slide has resulted in a shear zone near the base of the 
Tunnel Earthflow unit. This shear zone has been 
characterized spatially and with depth by several boreholes 
from different investigation efforts over many years. The 
Tunnel Earthflow is approximately 20 m thick; the texture 
is heterogeneous and unsorted, and typically comprises 
plastic, well graded clayey silt, sand and gravel with 
cobbles and boulders. Except in a few instances, water 
seepage or wet materials were not encountered.  
 

The earthflow material is underlain by Undifferentiated 
Glacial Sediment (UGS) comprising permeable, dense, 
drained, coarse granular soil. Cobbles and boulders occur 
at any depth in this soil, as do seams and lenses of low 
permeability, clayey sediments.  

 
The boulders encountered in the Tunnel Earthflow 

comprised weathered volcanic rock with particle size up to 
5 m, while boulders in the UGS comprised smaller particles 
of hard igneous rock. Bedrock is located at depth below the 
site and is not relevant to the stabilization measures.  
 
1.2 Landslide Characterization and Geomechanics 
 
The characterization of the geomechanics of the active 
landslide, assessment of potential retrogression scenarios 
and the impact on the magnitude of support required to 
stop landslide movement was previously assessed in 
Hensold et. al. (2017). That publication presents a detailed 
study of Ten Mile Slide’s geologic environment, style of 
movement, evolution over time, and the implications these 
factors had on the engineering design of the long-term 
stabilization solution. This paper follows in sequence from 
the 2017 publication to present the detailed geotechnical 
design of the stabilization system, its implementation and 
the results as expressed by geotechnical and structural 
instrumentation. Landslide movement based on Terrestrial 
and Aerial Laser Scanning (TLS and ALS) and change 
detection analysis prior to landslide stabilization is 
described in Lato et. al. (2017). 
 
1.3 Previous Stabilization Measures 
 
As shown in Figure 1, a Canadian National Railways (CN) 
line crosses the top of the slide.  As described in Piling 
Canada magazine (2017), stabilization of the railway and 
upper portion of the landslide using strand anchors and 
micropiles was completed in 2016 by CN prior to the 
Ministry commencing stabilization measures for the 
remainder of the landslide.  
 
2 STABILIZATION CONCEPT SELECTION 
 
Typical solutions such as re-routing the highway, unloading 
the crest or buttressing the toe of the slide were concluded 
not to be feasible due to the steep slope and proximity of 
the Fraser River at the toe of the slide and the railway at 
the crest. Groundwater drainage was expected to be 
ineffective because groundwater pressure was near-zero 
in both the coarse-grained Undifferentiated Glacial 
Sediments below the slide and in the overlying Tunnel 
Earthflow soil, except for occasional perched aquifers. Four 
feasible stabilization design concepts were short-listed that 
could provide the required improvement in factor of safety; 
soil anchors, passive piles (shear dowels), a tied-back pile 
wall, and a combination of soil anchors and a tied-back pile 
wall.  
 

A combination of soil anchors and a tied-back pile was 
found to be the most cost-effective means of achieving the 
design criteria and was selected in Fall 2016 as the 
preferred option to carry forward to detailed design. 



 

 
3 DETAILED DESIGN 
 
Detailed design of the stabilization measures required an 
integrated multi-disciplinary team including geotechnical 
and structural engineering, Ministry engineering and 
construction departments and highway designers. This 
paper focusses on the geotechnical design aspects of the 
project and the results of constructing the stabilization 
measures.  
 
3.1 Design Criteria 
 
An important step in the design process was determining 
an appropriate factor of safety for slope stabilization. 
Ongoing movement of the landslide suggested the limit 
equilibrium factor of safety prior to stabilization was near 
1.0. After completing a rigorous site investigation, design 
sensitivity analysis, geo-structural numerical modelling, 
two test soil anchors and consulting with a technical panel 
comprised of independent experts, the criteria adopted by 
the Ministry was to design the stabilization measures to 
increase the factor of safety by a minimum of 20 percent 
on each of the three cross-sections analyzed (e.g. 
minimum factor of safety FoS of 1.2) for geotechnical 
design of the stabilization measures. Historically a value of 
1.5 is generally applied as the target limit equilibrium factor 
of safety for a slope stability project. The stabilization 
measures required to achieve that level were not practical, 
and a review of worldwide ‘best practices’ concluded it is 
not the general standard of practice for stabilizing 
landslides of this magnitude.  

 
To manage uncertainties and risks associated with the 

work it was further decided to adopt the observational 
method for design and construction (Peck, 1969), including 
significant geotechnical and structural monitoring before, 
during and after construction. The observational method 
allows for design modifications during construction if 
monitored performance is inconsistent with design 
assumptions and analyses. The stabilization system was 
designed accordingly to be expandable and flexible to slide 
movement, particularly during construction. 

 
The minimum design life of the stabilization measures 

is 30 years based on the rate of slide retrogression and the 
structural capacity of the stabilization system. If the 
combined effect of the stabilization measures constructed 
by the Ministry and CN prevents future retrogression of the 
landslide, the design life of the stabilization measures is 
expected to be longer and largely determined by the life of 
the structures. The designs for all structural components of 
the stabilization measures were compliant with the 
Canadian Highway Bridge Code, (CSA 2014), a 475 year 
return-period earthquake event and meet the retaining wall 
performance requirements for 75-year design life. For the 
Ultimate Limit State (ULS) assessment, the factored 
resistance of the structural elements (e.g. Design Load for 
anchor bars) was designed to meet or exceed the load 
required to increase the geotechnical factor of safety of the 
slide by the required 20 percent. 

 

Climate change projections indicate a small increase in 
annual precipitation over the design life of the stabilization 
measures. The impact of these wetter conditions was 
considered with regard to slope stability by checking the 
sensitivity of the factor of safety of the stabilized slide to a 
permanent and sustained increase in groundwater 
pressure to confirm the resulting factor of safety remained 
sufficiently high. 

 
3.2 Design Solution 
 
A structural solution which increased the shear resistance 
along the failure plane was selected. The design solution 
needed to consider ongoing slide movement during 
construction so that components installed in early 
construction phases could tolerate daily slide movement 
until enough additional structural support was installed to 
stop movement.  
 
 

Figure 2. Interpreted geological profile and selected 
stabilization solution, with Tunnel Earthflow shown yellow, 
basal shear zone grey, and UGS hatched below. 

 
Figure 2 shows the arrangement of the stabilization 

works along the primary design section. The selected 
solution included 276 post-tensioned, Class I (PTI, 2014) 
double corrosion protected (DCP) soil anchors with precast 
concrete bearing blocks installed above the highway. In 
addition, a tied-back drilled shaft pile wall (148 large 
diameter drilled shafts, 20 m to 26 m long, with 125 DCP 
tie-back soil anchors, waler assembly and a cap beam that 
was up to 5 m in height) below the highway and 
reconstruction of the highway. The piles are embedded 10 
metres into the dense, free-draining, coarse-grained, 
undifferentiated glacial sediments and the design allowed 
for complete loss of all the tunnel earthflow soil downhill of 
the pile wall, as the unsupported portion of the landslide will 
continue to move downhill towards the river.  
 

The design work included two-dimensional limit 
equilibrium stability analyses for the landslide stabilization 
measures, and for local construction bench stability 
assessment for excavation and construction of the 

stabilization measures. In addition, advanced two and 
three-dimensional numerical modelling of soil-structure 
interaction was completed to evaluate the construction 
sequence and constraints, and to predict the response of 
the structural components of the stabilization system 



 

through construction and in the long term for both static and 
seismic loading. 
 

Working top-down, each row of anchored blocks was 
sized to slow, or even stop, the movement of the slide mass 
above it. After installation and testing, the anchors of a 
given row could be locked-off within a fairly short time-
frame. However, the pile wall required a large number of 
piles to be installed and during the time required, the soil 
mass below the lowermost row of anchored blocks 
continued to move. The design therefore required a pile 
solution that would exhibit considerable early shear 
strength and be tolerant of displacement until the tie-back 
anchors could be installed, tested and locked-off. 
 

The solution selected was to use steel shell piles with 
concrete infill (composite piles), with the steel shell 
providing initial shear stiffness across the slide plane while 
the concrete infill cured. Installing tie-back anchors through 
steel shafts would have been prohibitively expensive, so 
only every third pile was a steel shell composite pile with 
the remainder being reinforced concrete bored piles. 
Drilling anchors through the concrete pile shafts is a 
common construction task. The composite piles were 
designed to be installed ahead of the concrete piles to raise 
the factor of safety for the landslide by a minimum of 5%, 
to slow slide movements and allow the infilling concrete 
piles to reach adequate concrete strength without being 
damaged.  

 
Presentation of the geotechnical (FLAC 2D) and 

structural numerical modelling and detailed structural 
design of the tie-back tangent pile wall is provided in a 
companion Deep Foundations Institute (DFI) paper (Gygax 
et. al., 2022). The geotechnical soil-structure interaction 
modelling to estimate loading and response of the 
stabilization structures to construction and potential future 
conditions included an assumed slide movement rate of 
approximately 7 mm/day at the ground surface, based on 
historical monitoring data. 

 
While the numerical modelling was considered 

representative and was the basis of engineering decisions 
and design, application of the observational method during 
construction was considered a key component to the 
project execution to manage risks and uncertainties. Based 
on monitoring results, the design could be adapted to suit 
changing conditions as construction proceeded. The 
monitoring and instrumentation program included: 

 Electronic vibrating wire load cells on selected soil 
anchors and pile wall tie-back anchors, 

 Slope inclinometer casings cast into selected 
composite piles of the pile wall and distributed on 
the slope above the highway, 

 Ground surface displacement measurements 
during construction using precision, robotic total 
station survey of numerous installed targets. 

 Terrestrial Laser Scanning (TTLS) and change 
detection analysis. 

 
 

4 CONSTRUCTION 
 
Figure 3 shows a drone photograph of the completed 
stabilization system in October 2021. The stabilization work 
was completed in three Phases under three construction 
contracts. Thirty (30) soil anchors were installed in early 
2017, an additional 44 soil anchors were installed in 2018, 
and the remaining stabilization work consisting of 202 soil 
anchors, the tangent pile wall and the tie-back anchors was 
completed in Phase 3 from 2019 to 2021.  
 

 
 
Figure 3. Drone photo of the completed stabilization works, 
Highway 99 the CN rail line above. 
 
4.1 Construction Specifications 
 
The works were specified to be installed with top-down 
construction starting at the upper row of soil anchors and 
within defined time allowances specified in the construction 
contracts that were based on the assumed 7 mm/day 
movement rate and estimated production rate for drilled 
shaft and soil anchor construction. The first two phases of 
construction provided the design team with an 
understanding of the geotechnical conditions, soil anchor 
installation challenges, construction costs/productivity and 
validated the design approach which allowed the team to 
incorporate lessons learned in the subsequent phase. 
 

The stabilization solution included structural 
components uncommon to typical Ministry work such as 
post-tensioned soil anchors, and the specified use of full-
length temporary segmental steel casing and dual rotary 
rigs for the drilled shafts. Bar (or tendon) anchors were 
specified for this project over strand anchors primarily 
because BC contractors have far more experience 
installing anchor bars and because of the ability to re-
tension bars efficiently in response to slide movement and 
anchor block settlement. Because of the importance of 
shear capacity, pile integrity testing was completed using 
the Thermal Integrity Profiling (TIP) method, which was 
very successful and identified the need for smaller 
diameter reinforcing cages on the few occasions where it 
was necessary to complete the lower portion of the drilled 
shaft open hole.  

 



 

The construction contractor was required to design and 
implement a precision survey-based slide monitoring 
system with associated Trigger Action Response Plan 
(TARP) stipulating actions required based on movement 
rates calculated from survey data at least twice per day. 
Actions to be taken in the event of acceleration of ground 
movement included survey checks and more frequent 
surveys, ultimately leading to suspension of the work, 
evacuation of the active landslide and highway closure.  
 
5 RESULTS 
 
The stabilization system was designed to be constructed in 
3 phases, with each phase following in sequence after a 
short hiatus. The results of construction of the three phases 
are described in the following sections in terms of the 
responses observed in the geotechnical instrumentation. 
Interpretation of the responses is provided based on the 
observed data trends and the status of construction 
through time. 
 
5.1 Phase 1 
 
Phase 1 of soil anchor construction proceeded in response 
to the September 2016 movement event that closed the 
highway. The 30 anchors were installed in the upper row at 
6 metre centers with the intent of supporting the ground 
immediately downhill of the CN micropiles following 
excavation at the highway level that was completed to re-
establish single lane traffic. Detailed design for Phases 2 
and 3 was essentially complete at that time and the plan 
was to move into Phase 2 construction within a couple 
months of completing Phase 1. The environment had a 
different plan. Soil sampling near the end of Phase 1 
construction indicated that some of the on-site materials 
that would be excavated and removed from site had 
naturally occurring high concentration of metals and 
required disposal in accordance with provincial regulations 
for environmental protection. The resulting design and 
permitting activities resulted in a 22-month duration 
between the locking off the Phase 1 and Phase 2 anchors.   
 

Figure 4 is a plot of load cell monitoring data for the 
Phase 1 soil anchors prior to construction of Phase 2, 
wherein anchors are numbered from west to east. The load 
on the Phase 1 anchors began to increase during the 
hiatus and it became necessary to de-tension the anchors 
to avoid exceeding the design load. The first such de-
tensioning was approximately 2 months after completing 
construction, but the rate of load gain and frequency of de-
tensioning increased, and anchors were being de-
tensioned as frequently as every 2 weeks before the Phase 
2 anchors were constructed and locked off. Based on 
survey monitoring of prisms, the associated downslope 
ground surface movement in the 22-month period between 
locking off the Phase 1 and Phase 2 anchors was 
approximately 0.9 m just downslope of the completed 
Phase 1 anchors. During this same period, ground surface 
movement exceeded 2.5 m based on prisms located 
roughly 20 metres upslope of the highway. The data 
presented in Figure 4 demonstrates the flexibility of anchor 

bars and the ability to re-tension them efficiently, if 
required.  
 

 
 
Figure 4. Anchor load for the upper row prior to Phase 2 
construction showing anchor de-tensioning  
 
5.2 Phase 2 
 
Phase 2 of construction included infilling the anchors 
already installed on the upper row resulting in anchors at 3 
metre centers along the entire length of this row. Phase 2 
also included 30 more anchors at 3 metre centers for the 
east half of the second row, where ongoing slide movement 
and load gain on anchors was more pronounced. The 
anchors on the second row were loaded and locked off in 
a short period of time in December 2018, resulting in the 
immediate cessation of load gain in the anchors on the 
upper row.  
 

 
 
Figure 5. Anchor load during Phase 3 construction and 
events that caused changes 
 

Thereafter, anchors loads were stable with minor loss 
or gain in load, and de-tensioning was not required again 
prior to commencing construction of Phase 3 of the 
stabilization system. Once the Phase 2 anchors were 



 

locked off, ground surface movement of the supported 
portion of the slide, at and above the lowest soil anchors, 
was not detectable by the TLS change detection analysis. 
Slide movement continued downslope of the supported 
portion of the slope, resulting in a 0.6 m high scarp forming 
roughly 5 metres downslope of the second row of anchors 
by the time Phase 3 construction started, which did not 
result in significant anchor load gain.    
 
5.3 Phase 3 
 
Phase 3 construction commenced in September 2019, 
continuing top-down construction of the rows of soil 
anchors starting by completing the western half of the 
second row of anchors. In early November 2019, heavy 
precipitation resulted in acceleration of slide movement 
immediately downslope of the highway and implementation 
of the TARP. A tension crack developed along the downhill 
shoulder of the highway with about 0.25 m of vertical 
displacement that did not extend into the trafficked surface 
of the highway. In accordance with the TARP, the highway 
was closed until slide movement slowed. The tension crack 
was filled, the road re-graded and highway re-opened in 
about 24 hours. Construction of soil anchors upslope was 
not impacted by this episode of landslide movement.  
 

Construction of the tie-back anchors for the tangent pile 
wall would require construction equipment operating near 
or on top of the crack that manifested in November 2019. 
Therefore, the Ministry modified the design of the pile wall 
to lower the elevation of the top of the wall and the tie-back 
anchors by as much as 5 metres. The modification resulted 
in significant unloading due to excavation to form the 
working platforms with improvement both local and global 
(landslide) stability. The design modification required a 
temporary retaining wall such that single lane traffic would 
be maintained along the lowermost row of anchored 
concrete blocks throughout pile wall construction. The 
contractor elected to design and construct a temporary 
expanded polystyrene (EPS) block, lightweight retaining 
wall with reinforced soil cap, upon which highway traffic 
was detoured for pile wall construction, shown in Figure 6. 
Construction of the pile wall and tie-back anchors 
proceeded to completion without significant acceleration of 
landslide movement and the TARP was not activated 
again.  
 

 

 
Figure 6. Drone photo of pile wall construction including 
traffic detour on top of temporary EPS retaining wall.  
 

Subsequent to initial lock-off, the load on monitored soil 
anchors upslope of the highway relaxed as a result of 
consolidation and creep settlement of the plastic tunnel 
earthflow soil underlying the anchor blocks. This behavior 
was anticipated based on monitoring load on anchors 
installed in Phases 1 and 2, and re-tensioning of each soil 
anchor twice after initial lock-off was included in the Phase 
3 construction contract. The final round of re-tensioning 
and anchor head detailing was the last component of the 
work, which was completed on October 14, 2021.  
 

 
 
Figure 7. Anchor load during Phase 3 construction and 
events that caused changes  
 

Figure 7 shows load monitoring data for anchors on the 
lowermost row of soil anchors. The effect of frost formation 
below anchor blocks is evident in the data and the sudden 
increases in load result from anchor re-tensioning. It was 
observed that loading and locking off the tie-back anchors 
resulted in a reduction in load in the nearby soil anchors on 
the lowermost row and lesser reductions in load for the two 
rows above. The final round of re-tensioning soil anchor 
was conducted in top-down sequence, and it was observed 
that re-tensioning a row of soil anchors caused load 
reductions in the anchors on the two rows downslope.   

 
The load on pile wall tie-back anchors remained 

constant after lock-off and no re-tensioning was required.  
 

Five new slope inclinometers (SIs) were installed as 
part of Phase 3; four on the slope above the highway and 
one immediately east of the east end of the pile wall. Each 
of the SIs on the slope was installed shortly after soil 
anchor construction was complete to capture the response 
of the slide to the addition of the active anchor support. 
Three of the SIs were installed on the slope between the 
upper two rows of anchors, and the fourth between the 
upper row of anchors and the CN micropiles.  

 
Figure 8 shows data from the SI between the upper two 

rows of soil anchors at the center of the slide for the 2-year 
period of Phase 3 construction. The movement of this 
portion of the slope slowed significantly as the second and 



 

third row of anchors were installed. Little slide movement 
has occurred in the area of the four SIs near the upper row 
of anchors since the completion of soil anchor re-
tensioning in early October 2021; consistent with anchor 
load cell data and the results of the TLS change detection 
analyses undertaken bi-monthly during construction.  

 

 
Figure 8. Cumulative displacement of SI at center of slide 
between the upper two rows of soil anchors 
 

Figure 9 shows data during construction for SIs 
installed in selected composite piles, showing the response 
of two segments of the pile wall. The first plot presents data 
during the period that the wall was behaving as a 
cantilever, and the seconds shows the effect of loading and 
locking off the tie-back anchors. Evaluation of the SI data 
enabled the structural engineer to evaluate the 
performance of the wall including the potential formation of 
plastic hinges and the impact on performance of the wall. 
 

Figure 10 shows the result of TLS change detection 
analysis over the last 3 months of construction, showing 
there is no detectable movement above the pile wall, while 
landslide movement continues downslope and material 
moves towards the Fraser River. 
 

 
 
Figure 9. Cumulative displacement of SIs in two composite 
piles showing; a) downslope deflection of composite pile 
prior to loading tie-backs, b) upslope deflection resulting 
from loading the tie-backs 
 

 
Figure 10. TLS change detection analysis  
between August and October 2021 showing ongoing slide 
movement downhill of the pile wall only 
 
6 ONGOING MONITORING 
 
Anchor loads are monitored, uploaded and plotted daily, 
allowing the designer and owner to review data in real-time. 
Since construction was completed, the load on most of the 
soil anchors has remained constant or slowly decreasing 
as anticipated, and slope Inclinometer data indicates 
landslide slide movement is negligible above the pile wall. 
The tie-back anchors were locked off and remain at 
approximately two-thirds of design load, but the load is 
predicted to slowly increase with time as the landslide 
downslope of the pile wall continues to move and pull away 
from the wall. 

 
Load on the monitored soil anchors at the east end of 

each row indicates load is decreasing in steps, for example 
as shown of anchor E55 on Figure 7. The Slope 
Inclinometer at the east edge of the slide between the 
upper two rows of anchors has continued to detect 
movement in this area with a signature indicative of ground 
settlement and drag load on the SI casing. These results 
are consistent with ongoing crack deformation in the highly 
disturbed soil causing ground settlement below the anchor 
blocks, which may trigger anchor re-tensioning or other 
maintenance activities in the future. This behavior is 
interpreted to be the result of crack deformation beneath 
the anchor blocks in this area of landslide extension and 
tensile damage (Donati et. al. 2020). At this edge of the 
slide, excavation to form the benches for the soil anchors 
was shallower due to topographic constraints, leaving 
behind shallow and wide aperture existing cracks that were 
excavated and removed across the main body of the slide.  
 

If load in the soil anchors at the east edge of the slide 
continues to decrease, additional anchor re-tensioning and 
other remedial measures may be undertaken to address 
that issue. It is not necessary for the design load to be 
maintained on the soil anchors. The anchor bars are axially 
stiff elements and have been shown to respond with load 
increase if the landslide and ground surface moves a small 
amount. For example a 20 mm extension of the anchor bar 
increases load in the bar by 500 kN; 25% of design load. 
The full design load remains available in the bars 



 

regardless of the current load, as does the full 20% 
increase in factor of safety of the slide. 
 
7 CONCLUSIONS 
 
Slope stabilization for Ten Mile Slide on Highway 99 was 
successfully completed in Fall 2021, resulting in improved 
long-term safety and reliability for people and goods 
travelling the highway and the CN rail line above, 
supporting the local forestry, mining and agricultural 
resource sectors. The project has not only resulted in a 
safe and reliable highway alignment and minimized 
maintenance costs for this important corridor to national 
transportation routes, but it has been essential for Xaxli’p: 
by maintain community connectivity and cohesiveness, by 
providing the most direct connection between Lillooet and 
Kamloops, and by providing community benefits and 
economic reliability. 
 

This large, complex and highly active landslide was 
stabilized using a structural solution comprising 350 post-
tensioned anchors and a 200 metre long tied-back, drilled 
shaft tangent pile wall.  Key to the success of the project 
was the adoption of the observational method, including 
incorporation of structural elements that could tolerate the 
anticipated slide movement during construction, and/or 
were adjustable and expandable. Following the 
observational method resulted in design modifications 
during construction in response to an acceleration of 
landslide movement in November 2019, facilitating safe 
and efficient completion of pile wall construction in October 
2021. Ongoing real-time monitoring of anchor load and 
periodic collection of Slope Inclinometer data from the 
stabilized slope will continue to inform the Ministry and 
designers of the need for maintenance activities.  
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