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•  Robotic systems can be integrated into industrial operations as 
part of autonomous ground surveys for environmental monitoring. 

•  They can be deployed in areas where industrial activities affect 
soil properties such as the oil sands tailings. 

•  Measurement of soil properties and sampling are required to: 
–  identify hazards, 
–  understanding consolidation processes, 
–  minimize long term storage of fluid tailings, and 
–  facilitate progressive reclamation 

Robotic systems for industrial applications  
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Robotics on Oil Sands Tailings 
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•  Rover for Tailings Characterization (RTC) 
•  Field Trials 
•  Terramechanics-based surface characterization 
•  Future work 
•  Conclusions 

Outline 
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RTC-I Initial Concept 

Previous platform based on Husky A200 with 
cone penetrometer and core sampler 5%



•  Deploy a prototype rover for sampling soil without having 
to send people on manual sampling campaigns.

•  remote AFD cell sampling.

•  Main tasks:

•  Drive 10 - 100 m from shore (teleoperated),

•  Break through crust (up to 45 cm),

•  Collect a core at 1.5 to 3 meters depth, and

•  Return safely.

Mission Requirements 
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Sample Return Mission Concept 
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4 Development of a mobile robot for geotechnical ground

surveys of oil sands tailings

At the outset of the design process we used the functional specifications discussed in the previous section to
develop RTC-I. The system was designed to take part in two trials. 1) Conduct a sample return mission:
drive into deposit, drive to the sampling location, drill through the crust, reposition rover to take a sample,
collect sample at depth, and drive back to shore (Fig. 8). 2) Conduct a wheel-soil interaction study by
traversing a patch of terrain (tailings sand around the deposit) and take measurements of the loads and
state of a wheel to estimate soil parameters.

(a) (b)

(c) (d)

Figure 8: Tailings sample return mission: (a) RTC-I driving to the sampling location. (b) Rover drilling
through the crust. (c) Rover collecting a sample at depth after repositioning. (d) Rover driving back to
shore with sample.

The following factors are taken into account in the general design of RTC-I: bearing strength of the AFD
cell surface, thickness of crust, and depth of sample. In addition, the system needs to be ruggedized to work
on dirty industrial environments and comply with several safety, health, and environment (SHE) factors to
operate on an industrial site.

Our prototype is composed of three main subsystems: a mobile platform, a drill, and a soft soil sampler (Fig.
9). We designed RTC-I to traverse deposits with bearings strengths as low as 15 kPa, drill through crusts
up to 45 cm thick, and sample up to 3 m deep (with sampler extension). The characteristics of the field
vehicle in its current state are summarized in Table 1. In the following subsections we present the design of
the subsystems, focusing on our solutions to meet the functional specifications.

4.1 Mobile platform

The experiences accumulated while working with our previous prototypes drove the selection of an electric
platform for this study. A Husky A200 UGV was modified to carry the payloads and instrumentation
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RTC Platform 

8%

•  RTC Platform

•  Mobile platform: Husky A200 

•  Weight: ~200 lb

•  Max speed: 1 m/s

•  Max climb grade: 35 deg

•  Ground clearance: 130 mm

•  Run time - heavy usage: 2 hours
RTC-I Platform



Drilling Subsystem 
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•  Drilling subsystem main 
features:

•  Electric drill and 4 inch 
diameter earth auger.

•  Linear actuator, up to 2 ft 
stroke and 150 lb force.

•  Teleoperated from ground 
station.


Drilling subsystem mounted on 

mobile platform



Sampling Subsystem 

•  Sampling subsystem main 
features:

•  Rack and pinion mechanism.

•  2000 lb force.

•  Up to 3 m long rack.

•  2.5 inch diameter x 5 in long 
core sample.

Sampling subsystem mounted 
on mobile platform
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Operator Control Station 

•  Robot Operating System (ROS)

•  2 cameras for teleoperation

•  navigation

•  sampling monitoring

•  Redundant communication systems

•  Wifi (200 m range)

•  RC (>1km range)

•  System state monitoring and fail-safe systems
11%



Field Trials 

RTC-I on AFD Cell – sample return mission 12%



AFD Cell 1 (soft surface) 

13%RTC-I driving into AFD cell



AFD Cell 1 (soft surface) (2) 
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•  Robot ground 
pressure ~ 20 kPa

•  Excessive sinkage 
was experienced.



AFD Cell 1 (soft surface) (3) 

15%RTC%drilling%on%AFD%cell%crust%

Sampling%tool%deployed%
%

Operator’s%view%of%sampling%process%
%



AFD Cell 2 (hard surface) 

(a) (b)

(c) (d)

Figure 14: (a) RTC-I teleoperated into AFD experimental cell. (b) Drilling thought the crust. (c) The
sampling tool being lowered through a hole in the curst of the deposit. (d) RTC-I with sample collected
from 1.7 m depth.
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AFD Cell 2 (hard surface) (2) 
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Return%to%shore%with%sample%Sample%collecFon%



AFD Cell 2 (hard surface) (3) 
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Sample%from%deposit,%1.7m%depth%

Rover%with%sample%from%deposit%



AFD Cells surfaces operator’s view 
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AFD Production  Cell 

(a) (b)

Figure 15: (a) RTC-I teleoperated into AFD production cell. (b) Drilling thought the crust.

(a) (b) (c) (d)

Figure 16: (a) RTC-I repositioned over the hole drilled through the deposit’s crust. (b) RTC-I lowering
sampling tool using rack and pinion mechanism. (c) Sampling depth reached. (d) Sampling tool retracted
with retrieved sample.
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RTC%drilling%into%AFD%ProducFon%Cell%RTC%driving%into%AFD%ProducFon%Cell%



AFD Production Cell Sample Collection  

(a) (b)

Figure 15: (a) RTC-I teleoperated into AFD production cell. (b) Drilling thought the crust.

(a) (b) (c) (d)

Figure 16: (a) RTC-I repositioned over the hole drilled through the deposit’s crust. (b) RTC-I lowering
sampling tool using rack and pinion mechanism. (c) Sampling depth reached. (d) Sampling tool retracted
with retrieved sample.
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1.%Align%tool%with%
hole%through%the%
crust.%

2.%Deploy%sample%
collecFon%tool.%

3.%Collect%sample%
at%depth.%

4.%Retrieve%tool%
with%sample.%



Sample Collection (Operator’s View) 

(a) (b) (c)

Figure 17: (a) Sampling tool repositioned over the drilled hole. (b) Sampling tool lowered through the crust
to retrieve a sample. (c) Sampling tool retracted with collected sample.
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Sample Retrieval 
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•  Soft terrain characterization is accomplished by estimating key soil 
parameters. 

•  Wheel-terrain interaction can be studied to determine the rough 
terrain mobility and estimate the traversability of an environment. 

•  The aim is to determine the maximum shear stress before failure. 

 

•  Coulomb�s equation - maximum shear force that a wheel can 
impart on the soil. 

•  The cohesion stress and the internal friction angle can be estimated 
using the classical terramechanics slip-based traction model. 

Surface terrain characterization  
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•  Online estimation of these parameters allows for the implementation 
of adaptive control which would allow an unmanned system to 
explore and characterize unknown environments. 

•  The results from the estimation of key soil parameters can be 
georeferenced to construct a map of surface soil strength for a region 
of interest. 

•  Conveying the information obtained through a map will provide 
substantial benefits for mitigating risks of working on potentially 
unstable terrain. 

 

Surface terrain characterization (2) 
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Terramechanics Modeling 
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InteracFon%forces%and%stresses%of%a%rigid%
wheel%and%so^%soil.%

•  Slip-based terramechanics models are used to describe the 
interaction between soft soils and rigid wheels.  



Terramechanics Modeling (2) 

•  The linearized equations can be rearranged to a form where a linear 
least-squares regression can be conducted to determine maximum 
likelihood estimated of the parameters of interest, with the 
assumption that measurement errors are normally distributed.


•  A  and  B depend on: 

–  torque
–  sinkage
–  angular and linear velocity
–  normal force

•  which can be measured on-line to estimate cohesion and internal 
friction angle. 

The motor is attached to a four inch diameter earth 
auger (Figure 6). The auger has a usable length of 
2 ft. A plastic guard is mounted around the auger 
to prevent accidents during operation. The plastic 
guard also prevents the auger from slipping off its 
axis of rotation while it is in contact with the 
ground. At this point, no speed or torque feedback 
is used to control the drill.  
 
The drill is mounted on a vertical electric linear 
actuator. The linear actuator has a maximum 
extension of 2 ft and can produce up to 150 lb of 
weight on bit on the auger. Preliminary laboratory 
experiments confirmed that this force is sufficient 
to drill through dry soils. The linear actuator is 
supported by linear bearings for T-slotted framing; 
they prevent the motor assembly from rotating due 
to high reaction torques. A DC motor controller is 
used to control the vertical position of the drill. The 
linear actuator has an internal variable resistor that 
is used as a linear potentiometer. The analog 
position feedback is required by the MCU as part 
of the input to a PID controller to control the linear 
actuator. The PI controller proved to be sufficient 
as the velocity of the linear actuator is very small. 
 
Sampling Mechanism 
 
A sampler mechanism was designed to collect soft 
material samples from up to 3 m depth. It consists 
of a sample container that is lowered into the 
deposit by a rack and pinion linear actuator (Figure 
7). 
 
The sample container is designed to allow soft 
material to flow through it as it is lowered through 
the deposit; one-way valves capture the sample as 
the tool is raised. A plastic tube is placed inside the 
sampler to contain the captured material. This tube 
can collect samples with a volume of 1500 cubic 
cm. The plastic tube can be capped and be used 
to transport the sample with minimal disturbance.  
 
A potential problem of the sample container is that 
hard or dry soil can obstruct it and prevent material 
flow. One way to mitigate this problem is to 
improve the design of the container and replace 
the one-way valves with an actuated mechanism. 
The mechanism would keep the container closed 
as the sampler is lowered, and will open it when 
the sampler has reached the sampling depth. Work 
on this design improvement has already been 
conducted, but further testing is still required. 
 
  
 

Visual feedback to the operator is required to 
successfully operate the sampler. A front facing 
video camera is required to navigate and position 
the robot on the sampling location. In many 
deposits it is required to drill a hole through a hard 
surface layer to be able to reach the soft material 
under it. A second video camera is used to align 
the sampler to the hole. This camera points at the 
sampler’s   point   of   contact  with   the   ground,   giving  
the operator a direct view of the sampling process.  
  
Terramechanics Modeling 
 
Terramechanics models are used to study the 
stresses generated under a wheel moving over 
soft soil (Bekker, 1969). Slip-based models can be 
implemented to estimate the cohesion stress and 
internal friction angle of the terrain. From these 
parameters the drained shear strength of the soil 
can be calculated using Coulomb's equation: 
 

     
      

     (1) 
 
where   is the cohesion stress,   is the internal 
friction angle, and   is the maximum normal 
stress on the soil. Previous studies have simplified 
quasi-static models and estimated key soil 
parameters using a linear least-squared method 
(Iagnemma et al., 2004 ).  The simplification yields 
an equation of the form: 
 

                    (2) 
 
Where A, and B are functions of the wheel 
geometry, linear velocity, angular velocity, sinkage, 
normal loads and torques. The details of this 
equation and estimation method have been 
summarized in previous studies (Olmedo et al., 
2012). 
 
Instrumentation for wheel-soil interaction 
studies 
 
In order to implement the least squares estimation 
of cohesion stress and internal friction angle using 
equation 2, the values of A and B are required. 
This   motivates   the   measurement   of   the   wheel’s  
linear velocity, angular velocity, sinkage and 
torque. The wheel geometrical parameters are 
known, and the normal load of the wheel is 
assumed to be constant and is calculated from the 
robot’s  weight  distribution  on  flat  terrain.   
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•  Sinkage is used to calculate contact 
angles with infrared sensors. 

•  Torques are measured with a 
wireless torque transducer on the 
shaft. 

•  Angular velocities are measured 
using quadrature encoders. 

•  Ground speed is measured with an 
optical flow sensor. 

•  Other sensors: GPS, motor currents 

RTC-I Instrumentation for Terramechanics 

Instrumented platform
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Rover development 

Terramechanics research experiments on a sand dike 
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Robotic Manipulators 

•  Robotic manipulator for Terramechanics
–  Instrumented wheel
–  Self-contained
–  Independent of mobile platform
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•  Robotic manipulators
–  Undisturbed surface 

sample collection 

Robotic Manipulators (2) 
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Autonomous systems 

Perception and Control SystemMobile Robot Platform

System State Machines 1, 2, …, n

Task Perception & Control 1, 2, …, m

High Level System Controller

Sensor 1, 2, …, i

Low Level Controller 1, 2, …, k

Actuator 1, 2, …, jEnvironment

Operator



Conclusions 

•  Robotic systems can be used as part of monitoring operations of 
challenging environments, such as oil sands tailings.

•  The developments of the technologies necessary for subsurface 
sampling and soft soil parameter estimation have been discussed.

•  The design and development of mechanisms for drilling and 
collecting samples from AFD cells were presented.

•  Field trials were conducted to demonstrate the feasibility of the 
proposed system with favorable results. 

•  The challenges of working in soft soils have been identified, and 
future work has been proposed. 
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