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Executive summary

This report presents the results of a project aiming to develop an automated alarm
system to warn transportation infrastructure operators of permafrost -related
geohazards. While linear infrastructure like roads or airstrips can themselves cause
disturbance s to surrounding permafrost, so can climate change. As temperatures warm
and precipitation patterns change, permafrost thaw -related geohazards such as ground
subsidence and landslides are increasingly likely, which could lead to dangerous
conditions and th e possibility of isolating communities.  To address these hazards, the
research team has developed an automated system to collect data in real -time to
continuously assess conditions of the ground and infrastructure using site -specific
algorithms to define risk levels. Elevated risk levels are automatically communicated to
infrastructure operators for action to be taken. This report outlines the three primary
components of the project including: 1) conception of the system; 2) site
characterizations a nd analyses; and 3) implementations of the system.

The alarm system uses a LoRaWan network configuration which consists of four main
components: data loggers which are equipped with LoRaWan transmitters (the end-
nodes), the internet gateways, the network s ervers, and the application. ULog data
loggers were specifically designed by LogR Systems for this project, and can collect, store,
and transmit ground data at regular intervals. The data is transmitted to the network
servers via a Multitech Conduit intern et gateway, which can also store data to prevent
data loss in the event or internet or power outages. LogR Systems also developed a
complete server infrastructure, which acts as a central database for data transmitted
from the end nodes through a secure MQ TT (Message Queuing Telemetry Transport)
connection. To access and download the data from the servers and to run the risk
assessment algorithms and potentially trigger alarms, an API (Application Programming
Interface) has also been developed. The overall architecture of the server network and
client application has been developed using the docker containers technology to be
easily packaged and transferable to the client server

The implementation phase of the alarm system is divided into two components, th e
Nunavik component, and the Yukon one. In Nunavik, the airstrips at the Salluit, Tasuijaq
and Inukjuak airports were selected. For these sites, in  -depth studies of permafrost and
associated processes had already been conducted, including the dangers assoc iated
with ground subsidence and landslides that could damage the airstrips and surrounding
infrastructure. These sites were also already equipped with multiple ground
temperature sensors, which were used with the new ULog data loggers. LoRaWan
gateways we re connected in or on suitable buildings near the loggers to transmit data



from the loggers to the servers. Using the ground temperature data, site -specific
algorithms were developed to trigger alarms based on threshold values for warming or
active layer d epth increase. In the Yukon, two sites were selected, one at kilometer 116
of the Dempster Highway, and the other at kilometer 1456 of the Alaska Highway. These
two sites feature retrogressive thaw slumps that are eroding the ground adjacent to the
roads and threaten to erode the roads altogether. These sites were therefore selected
for in -depth analyses to better understand the geomorphological processes and develop
site-appropriate algorithms. Both sites were studied using a combination of
geomorphologica | and ground thermal regime studies, and of UAV (unmanned aerial
vehicle) aerial imagery analyses. Using these analyses, strategies have been developed
for alarm implementation at both sites. In fall of 2021, a prototype system was set in
place to test the data recording and transmission at the Alaska Highway site.

The project has resulted in the conception and implementation of three alarm systems
in Nunavik and has paved the way for installation of the alarm systems along the two
major roadways of the Yuk on. Moving forward, the system will benefit from
technological upgrades, including using different types of sensors and using satellite
communication systems to implement the systems in remote areas. Additionally, this
alarm system has the potential to be adapted to environments and geohazards other
than those related to permafrost -thaw in the North.
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1. Introduction

As temperatures warm and precipitation patterns change, transportation infrastructure
throughout the North is vulnerable to  the changing climate. This project addresses the direct
consequences of climate change impacts on infrastructure built on permafrost. The thawing of
ice-rich permafrost is responsible for many infrastructure failures that accompany severe
hazards such as thaw settlement, slope failures and thermal erosion. Much of the
transportation infrastructure in the North is now impa cted, and in the most dramatic cases,
permafrost related hazards such as landslides and sinkholes can damage infrastructure to such

a degree that on -site traffic is completely disrupted, and damaged sections can present an
immediate and life -threatening da nger to users.

Though these geohazards are often triggered by rapid processes that can be caused by climatic
events such as heavy rain, heat waves, and unusually warm summer temperatures, they are
often preceded by pre -conditioning processes such as locali zed heat flow, ground water flow,
thaw settlements, and deformation. It is therefore possible to anticipate potential
infrastructure failures by installing an array of sensors connected to an alarm system that can
alert the infrastructure operators and use rs about the rising risk of a geohazard. Because each
site is unique, it is important to tailor the design of the sensor array and the alarm triggering
algorithms to each site based on an in -depth site analysis.

This study focuses on two of the most common  permafrost -related geohazards: landslides that
can partially or completely erode or bury entire sections of the road, and catastrophic ground
subsidence from rapid thaw due to thermo -erosion or fast settlement . These permafrost -
related geohazards were stu died at five sites: km 115 of the Dempster Highway and km 1456

of the Alaska Highway in the Yukon, and the Tasiujag airport runway, the Inukjuak airport
runway, and the Salluit airport access road in Nunavik. The two sites in the Yukon, and the
Salluit air port site are all slide -related geohazards, while the Tasiujag and Inukjuak sites are
subsidence -related geohazards.

For all sites, the alarm -system design process was similarly subdivided into a three -step
procedure. First, it is necessary to conduct site evaluations at the vulnerable infrastructure
sections, and accurately define the biophysical settings, along with the pre  -conditions and
processes causing the geohazard risks. This includes measuring the geophysical properties of
the ground, ground temper ature, ground deformations and stress, and characterizing ground
water movements. Second, the alarm system must be designed according to the site evaluation
information, the identified potential permafrost related hazards and vulnerable sections of the
infrastructure. This includes developing a site -specific algorithm to trigger the alarm based on

1



a set of conditions, as well as the technology to collect, analyze, and transmit the alarm signal

to the infrastructure manager. And finally, with the site charac  terized and the alarm system
tailored for each site, the system can be implemented in the field to test the practical solutions
and technologies.

Based on the research history and complexity of each site, the three  -step process has been
implemented to vari ous stages of completion, as per the timeline of the project. The Nunavik
sites (Tasiujaq, Inukjuak and Salluit), had previously undergone extensive site characterizations,
thus potential hazard and critical infrastructure zones had already been identified prior to this
study. It was therefore possible to design and implement the alarm system. The Yukon sites
had yet to be characterized, and therefore this was necessary as a first step before the system
could be designed and fully implemented, extending bey  ond the timeline for the project.

With these five sites at various stages of implementation, it has been possible to assess the
potential for such alarm systems, including the site assessment and algorithm creation: the
ease of deployment, installation, an d operation of the system; the real -time communication
capabilities of the system; the end -user experience; the costs and benefits of the systems; and
finally, the overall applicability across the northern transportation systems to increase the
lifespan of the infrastructure and prevent injuries and casualties attributable to infrastructure
failures.

1.1. Early Warning Alarm system: Principle and design.

Among the geohazards that are associated with the gradual or abrupt thawing of permafrost,

the ones that can affect transportation infrastructure on roads, runways and railways are those

that cause a loss of support from the underlying foundation soil . These geohazards have the
potential to render t his infrastructure unusable , putting essential transportation corridors at
risk. There are six dominant categories of permafrost -related hazards that are cause for
concern:

1. Thaw settlement due to the thawing of ice-rich permafrost beneath the infrastructure.

2. Active layer detachment slides, which are a type of landslide that take s place when thaw
depth reaches into ice -rich ground on slopes with gradients as low as 2°. These
landslide s can cut a road and/or eventu ally move a section of a roadbed.

3. Retrogressive thaw slump s (RTS)which are a type of landslide that occur when ice -rich
permafrost thaws causing the ground to slump in a retrogressive manner . As the



permafrostin the scarp thaws, the cliff face crumbles and the headwall retreats. RTS can
affect infrastructure either through erosion as the headwall retreats into the
infrastructure, or by deposition if material from the headwall is deposited onto the
infrastructure below.

4. Erosion of ephemeral caves in the permafrost under infrastructure  either through water
seeping through permafrost (intra -permafrost) in thawing stratigraphic layers or by fast
flowing water through massive ice, often along an ice wedge. An arch may be formed
over a void under the infrastru cture that can eventually collapse.

5. Ditching by thermo -erosion, which occurs when a ditch is eroded by water flowing over
permafrost, for example along an ice wedge network or over disturbed terrain exposing
permafrost . This ditching can extend downflow or upflow and erode a road.

6. Overriding of a road by a mudflow originating from erosion upstream from the road, for
example from a retrogressive thaw slump or some other type of mass wasting process.

The geomorphological and geotechnical processes that  trigger th ese geohazards are rather well
known in general. The required geological conditions and causes of terrain destabilization are
also known. Geotechnical factors such as gravity, internal friction angle, water content, slope,
internal pressure , and others are well understood.

Data acquired from instrumentation can help us understand the causes and triggers of hazards

that have already occurred in a given region or at  a particular ly sensitive site . Using this data
can help establish threshold values for different variables that are surpasse d for hazards to
occur. This data is collected using data dataloggers at various time intervals (hourly , daily,
weekly), and is downloaded on a regular basis . Most surficial and internal hazard -related
processes in permafrost terrain operate on timescales of days and hours (ex. thaw rate) and
are the end -results of evolution over the previous weeks and months (ex. seasonal warming of
the temperature profile, deepening of the thaw front in a summer), or even years (wa rming of
the permafrost temperature). Table 1 provides a summary of the potential hazards for
infrastructure, the key parameters to measure, the type of sensors to use, the key variables to
be calculated with the data, the types of necessary algorithm s to program and the optimal rates
of data acquisition.



Table 1 Main hazards, parameters, sensors, variables, algorithms and data acquisition frequencies for
designing pre -warning systems for geohazards in permafrost along transportation infrastructures

Optimum

Variables
frequency for

Measurement

Key parameters

Device

calculated from
the parameters

Algorithm

data

acquisition

Thaw settlement -Temperature (T) - Thermistors -Depth of 0 °C isotherm  -Interpolation Daily
-Temperature profile -Depth vs time
-Thaw rate -Degree-days
-Air degree-days curve slope
Active layer - Temperature -Thermistors -Temperature profile -Interpolation Daily
detachment failures -Thaw rate -Depth vs time
-Depth of 0 °C isotherm  -Degree-days
-Air degree-days curve slope
-Treshold
-Intertistial pressure (P)  -Pressure sensors - Pressure trespassing
RTS headscarp -Visual observation -Camera -Observation -Photo/video Hourly, daily
retreat -Strain (rate of slope -Strain gauge -Distance (mm, cm) -Detection of
maovement, extension -Inclinometers rate increase
rate) (o) -Extensometers
-Interstitial pressure -Pressure sensors -Pressure -Idem
-Temperature -Thermistors -Temperature -Idem
Cavities (arches) -Water temperature -Thermistors -Temperature -Ifrise2=0°C Hourly, Daily
Seepage (supra, intra, -Water pressure
sub permafrost) -Pressure sensors - Pressure - Rapid rate of rise
Upstream or -Visual observation -Camera -Observation -Photo/video Hourly, daily
downstream thermo- (Context -precipitation -Cumulative
erosion Known /mapped) -Rain gauge [snowmelt precipitation
Mud/debris flow -Visual observation -Camera -Observation -Photo/video Hourly, daily

from upstream

Once the processes that form a hazard and its triggering mecha nisms are known, the
challenges for designing a pre -warning system that will alert the transportation infrastructure
operator of its imminent occurrence are multiple:

Because instruments measure individual parameters such as temperature, pressure, distanc e,
and water content , pertinent data must be analyzed to inform on the progression of terrain
conditions towards the trigger of the hazard.

Thus, calculations must be made with the acquired data to detect or to anticipate the potential
surpassing of threshold values for the hazard . Depending on the hazard type, the thresholds
could be based on a rate of thaw penetration, a temperature or a pressure increase over time,
an acceleration of the rate of change in a slope angle, a rate of deformation in an inclinometer,
arate of head scarp retreat, the nearing or surpassing of a threshold value thaw depth, among
others . Each time data is acquired, the calculations must be redone to assess the situation on



an ongoing basis. Therefore, in an automated system this implies the automatic launching and
functioning of a mathematical algorithm written as a computer program.

The frequency of data acquisition must be high enough to make th  ese automated calculations
timely to assess the level of risk. This implies tha t data from the monitoring site  be retrieved in
real-time (daily, hourly , or even more frequently). Therefore, data transmission to a base station
is necessary via a means of telecommunication (radio, satellite, phone  or internet). If the alert
system fail s or transmits an advance pre -warning, it may be necessary to have access to the
data acquisition system in the field to change data acquisition frequency or obtain
instantaneous validation; therefore, the base station must also be able to communicate with
the datalogger in the field. Communication capabilit ies must be bi -directional as shown in
Figure 1.

T From sensors to warning

Sensor network and flow chart

¢ ~ Algorithm ‘)

~, —— —— .
Data (T,P,0...) ‘ Interpolation Probality of hazard
validation & formating =» Rates —> Warning of risk
b Trends

/ Tresholds _

\"--,._,__!P_robable trigger) - L s

] ]

- Need retalculation? I

\ P Change settings? v

7 Action N
{Preventive measu r'es".‘
| Safety warnings |

\\ /

‘ Sensors| Dataloggers | Gatewayl Data handling | Risk determination | Warning ‘

Figure 1 Flow diagram from sensors to warning launch. The sensors in the field are linked to
transmitting/receiving dataloggers. The transmitted data are received in a base station called a gateway ,
which re-transmit s the data to a computer (server). The data are valida ted, and quality checked by
software before being introduced into the algorithm. From the output of the algorithm, a warning signal

is sent if deemed necessary. The program settings of the dataloggers can be modified  as required .

It is important to rememb er that, by definition, the triggering of a geomorphological or
geotechnical hazard cannot be predicted in space and time with 100% certainty. However, since
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the conditions under which they occur are well understood, the level of risk of hazard incidence
can be assessed and forecast ed both in time and by approximate location with the knowledge
of site context. As such, the B w a r nnformgitidn transmitted to the infrastructure operator is
the level of risk of hazard occurrence, which can be set at a pre-selected level of risk.

In this study, the instrumentation s and warning systems were only tested on three types of
hazards documented at five field sites: active layer detachment slides along a road (Salluit,
Nunavik), headscarp retreat of a retrogressive thaw slump  along a road (near Whitehorse in
Yukon), and thaw settlement/collapse of infrastructure (Inukjuak and Tasiujaq airports in
Nunavik and Dempster Highway in Yukon). The technology developed for data acquisition and
transmission was designed for the purposes of this project as its core objective. A first version
of a software for automated data processing and risk assessment was also written.

1.2. LoRa Physical Layer and LoRaWAN Networking Protocol Overview

0T (Internet of thing s) related wireless technologies developed in rece nt years are extremely
heterogeneous in terms of protocols, performance, reliability, latency, cost effectiveness, and
coverage (Cilfone et al., 2019). After consideration of feasibility, practicability, accessibility and
costs of the various transmission technologies, the  most appropriate technology for the alarm
system consists in creating local networks of dataloggers connected to a base station (gatew  ay)
using the LoRa (long-range) radiofrequency of 902-928 MHz.

In contrast to existing short -range wireless communication technologies currently used for
indoor loT sensors (e.g., Bluetooth and Wi -Fi), LoRa/LoRaWAN provide long -range and outdoor
wireless communication. The wireless communication takes advantage of the long-range
characteristics of the LoRa physical layer (LoRa PHY), allowing for a single-hop link between the
end-node and one or many gateways. LoRa PHY is a proprietary chirp spread spectrum (CSS)
scheme that uses the sub -1 GHz wireless frequency band. All devices (nodes) are capable of bi -
directional communication supporting tasks such as Firmware Over  -The-Air (FOTA) upgrades
or modification of acquisition parameters ( i.e., data acquisition time step, data transmission
rate, etc.). The advantages of LoRa technology include long range and secure data transmission
over license -free sub -gigahertz radiofrequency with low power consumption, reducing
infrastructure investment, battery replacement e  xpense, and ultimately operating expenses.
According to the LoRa PHY chipset manufacturer, transmission range can reach up to 20 km in
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open area s making th is technology sufficient for most current long  -range IoT applications. The
trade -off to achieve such extended data transmission range s under very low power
consumption is low ering the data transmission rate ( Figure 2A). The communication
frequencies, data rate, and power for all devices are determined through the LoRaWAN
protocol, a cloud -based medium access control (MAC) layer protocol that manage s the
communication between gateways and end -node devices as a routing protocol ( Figure 2B).
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Figure 2 A) Comparison of different wirel ess technologies and communication protocols based on data
rate and transmission range (modified from Cilfone et al., 2019). B) The device  -to-infrastructure of LoRa
physical layer parameters and the LoRaWAN protocol (Semtech, 2019).

LoRaWAN defines the ne tworking protocol for LoRa based devices. It specifies different device
types, different keys, and encryption capabilities to build a secure wireless network. According

to the LoRaWAN specifications, there are three different classes for the network end -nodes
(Class A, B and C). Class A devices support bi-directional communication, in which each end -
node has two short down -link receiving windows after an up -link transmission. Class B end -
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nodes also support bi -directional communication, but have additionalr  eceiving windows, which
are determined by time -synchronized beacons from the gateway to allow the server to know
when the end -node is listening. Finally, Class C devices allow continuous reception of data due
to its maximal receiv ing slots. In LoRaWAN netw orks, the cryptographic security is handled
using A 128-bit AES keys providing multiple layers of encryption to secure packets at the
network and application level.

A typical LoRa network consists of four different components: the end -nodes, the gateways, the
network server and the application ( Figure 3). The end-nodes (class A) are devices with
embedded LoRa PHY transceivers. Each end -node measures and saves their readings into their
internal memory and periodically transmits the data to the gateway using the LoRa PHY
transmission Chirp Spread Spectrum and the LoRaW AN protocol. The gateway (class C) forms
the bridge between end -nodes and the network server. Gateways have simple tasks that consist

of scanning the spectrum and receiving LoRa packets from end -nodes and forward their data
to a network server. Compared to end-nodes, gateways use higher bandwidth such as Wi -Fi,
Ethernet or Cellular to link up to thousands of end -nodes to the network server. The network
server makes further validation of the packets, colligates packets received from the end -nodes
and classifies and stores the data into a database. The application is the component that access
and analyze the data stored in the database hosted by the server. The application can make
further interpretation to solve specific problems.

Since LoRa allows for long -range communications, reaching up to 20 km in optimal conditions,

the classical topology of a LoRaWAN network is a star topology. A star network consists of end -
nodes and gateways and in which gateways gather and relay messages between end -nodes to
the net work server ( Figure 3A). The default class for the end -nodes is class A, which means
communication is always initiated by the end -node and is fully asyn chronous. Each uplink
transmission can be sent at any time and is followed by two short downlink windows, allowing
for bi -directional communication, or network control commands if needed. Consequently, the
end-node is able to enter low -power sleep mode for as long as defined by the application, thus
making the power -consumption of end -nodes very low while still allowing for uplink
communication. To reduce the latency, gateways are defined as class C meaning that their
receivers are open at all times to prom ote downlink transmission at any time initiated by the
network server. The compromise is the power drain of the gateway which, compare dtoclass A
end-nodes, is considerable and forces the use of continuous AC power alimentation or at least

a 12 V recharge able battery with solar -panels. Gateways are connected to the internet through
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a variety of methods including Wi-Fi, cellular, or Ethernet connections. End -nodes in such
network s are asynchronous and transmit when they have data available to send. Data
transmitted by an end -node is received by a gateway, which forward s the data to a centralized
network server that filters duplicate packets, performs security checks, and forwards the data

to application servers. This approach allows for the creation of local networks near remote
northern communities with coverage ranging from 5 -20 km depending on the regional
topography. With slight improvements, it shall be possible in the future to connect the gateway
either to cellular networks in inhabited regions o r to remote satellite transmitting stations for
remote applications.

For highly mountainous or dense urban areas, there may be the necessity for multi -gateway
(multi -hop) support to preclude the deployment of a larger number of gateways. In that case,
the LoRaWAN network topology can be changed for a mesh network. However, evenif ~ a mesh
network is technically possible under the current LoRaWAN protocol (existence of class B relay
device), no official development and implementation of such routing protocol s to bring multi -
hop capabilities to LoRaWAN are available (C ilffone et al., 2019). Some methods are being
tested, but still need development (Lee and Ke, 2018). Mesh versus star network topology also
reduc es the overall power efficiency of the network whi  le increasing the program complexity.
In fact, bi-directional end -nodes (class B instead of class A) need to be synchronized to the
network using periodic beacons at the expense of some additional power consumption in the
end-nodes.

(Class A) (Class C) A (Class B) (Class Q)
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Figure 3 A) Star versus B) mesh network topology in LoRaWAN network (modified from Cilfone et al.,
2019).



1.3. LoRaWAN network and components characteristics of the current
project

1.3.1. End-nodes (ULog Datalogger)
Since power management is critical and represents  the cornerstone for a reliable wireless
transmission network of sensing devices in northern environments ; and since coverage
provided by a star configuration meet s the project requirements, the possibility of creating a
mesh -network has been discarded to reduce the overall complexity and development cost (i.e.
risk) for the current project. In cases where extended transmission range beyond the LoRa
capability is nee ded, a star of star network s could be implemented where a second gateway will
act as a relay device and transfer the data to another gateway connected to a server. In the
current project, the LogR systems dataloggers will act as the end -nodes of the networ k. Each
end-node will measure and save their readings into their internal memory and will periodically
transmit the data to the gateway using the LoRaWAN protocol.

To maximize RF transmission performance, an external antenna connected to the datalogger is
recommended, as seen in Figure 4. However, it is possible to install an internal antenna inside
the dataloggers in ca ses where enhanced protection is needed. The external antenna can be
extended up to several meters away from the datalogger in order to enhance signal reception
and transmission when deployed in environments with physical constraints or obstacles.

Figure 4 The ULog datalogger (end -node) with A) external antenna with 2 m lead cable or B) directly
attached to the enclosure. C) End -node installation at the Tasiujag runway test site using an external

antenna configuration.
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1.3.2. Gateway
According to the objectives of the proj ect, an extensive review of existing third -party
commercial gateway s has been conducted. From the two gateways selected as potential
candidates, the Laird Sentrius RG191 LoRaWan gateways and the Multitech Conduit gateway,
the latter was ultimately chosen. The choice was justified by the software and firmware
compatibility as well as the programming environment and flexibility of the Multitech Conduit
gateway . Another important specification of this gateway is its internal memory capacity. This
is a very relevant aspect because it will prevent data loss in the event of internet service
interruptions. In the case of an internet interruption, the gateway will stock the data transmitted
from the end -nodes and will transfer all data stocked to the database server  as soon as the
internet connection is re -established. Using the Multitech Conduit gateway in combination with
an Uninterrupted Power Supply (UPS) unit (to prevent power outage) will also decrease the risk
of data loss and network malfunctions.  The technical specifications of the Multitech Conduit
gateway are shown in Table 2.

To comply with FCC and RF exposure compliance and certifications, Multitech p roposes a
selection of three antennas to use with the ir gateway . The three antenna options are presented

in Table 3 along with their technical specifica tions. The three options offer a range of gain s
which is a key metric that combines the antenna'’s directivity and electrical efficiency. Generally
speaking, the gain describes how well the antenna converts radio waves arriving from a
specified direction into electrical power, the higher the gain, the better the reception and the
higher the transmission range.
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Table 2 The Multitech Conduit gateway technical specifications.

- - .

-
C ermatest?

Specifications

Input Voltage

9 VDC 1.7A input provided to 100 - 240 VAC 50/60 Hz
external adaptor or fused DC Power Cable

Processor and Memory

ARM9 processor with 32 -Bit ARM & 16-Bit Thumb
instruction sets

400MHz ¥ 16K Data Cache ¥ 16K
MB DDR RAM ¥ 256 MB FIl ash Me

Wi-Fi/Bluetooth (-247

GNSS for LoRa Packet Time Stamping Concurrent GNSS

models) connections: 3 GNSS Systems Supported: (default:
concurrent GPS/QZSS/SBAS and GLONASYS)

LoRa Frequency Band 915 MHz

LoRa Channel Plan Us915

Channel Capacity

8-channels (half -duplex)

LoRa Power Output

27 dBm maximum output power before antenna

SD Card (under | Micro SD Card, 32GB (HSMCI) max (industrial temperature
nameplate) range recommended)

Cellular, GPS, LoRa: female SMA / LoRa: reverse polarity
Antennas

female SMA

Operating Temperature

-30° to +70° C*

Storage Temperature

-40° to +85° C

Humidity

Relative humidity 20% to 90%, non -condensing

EMC Compliance

US: FCC Part 15Class B Canada: ICES003 Class B Australia;
CISPR 32 EU: EN 55023 Class B, EN 301 483 V2.1.1, EN
301 489-1 V2.2.0, EN 301-489-52 V1.1.0

Radio Compliance

US: FCC Part 22, 24, 27 Canada: ISEED03 AU: AS/NZS
4268:2012 + A1:2013 MPE Standard 2014
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Table 3 The Multitech Conduit gateway's antenna options proposed with their technical specifications

ANT-916-1D-2000-

Model number W1063 RPS FG9026
N\
Image
PulseLarsen Linx  Technologies | Laird Connectivity
Manufacturer
Antennas Inc. Inc.
Freauency Grou UHF (300MHz ~|UHF (300MHz ~|UHF (300MHz ~
quency Sroup 1 GHz) 1GHz) 1GHz)
Frequency
898MH 915MH 915MH
(Center/Band) z z z
Frequency Range 868MHz ~ 915MHz | 895MHz ~ 945MHz 902MHz ~ 928MHz
Antenna Type Whip, Tilt Whip, Straight Whip, Straight
Radiation Omni Omni Omni
Number of Bands 1 1 1
Gain 3dBi 1.6dBi 8.15dBi
Termination RP-SMA Female RP-SMA Male N Type Female

Height (Max)

8.000" (203.20mm)

4.906™ (124.60mm)

65.000" (165.10cm)

Ingress Protection

IP67

IP67

1.3.3. Network Server and client application

In the current project, LogR Systems developed a complete server infrastructure where each
gateway sends the end -nodes data in .json format to a centralized server using a secure MQTT
(Message Queuing Telemetry Transpo rt) conne ction. MQTT is an open, lightweight, publish -
subscribe network protocol that transports messages between devices. The protocol usually
runs over TCP/IP that provides ordered, lossless, bi -directional connections and was specifically
designed for n etworks with a limited bandwidth such as LoRaWAN networks. The overall
architecture of the server network and client application has been developed using the docker
containers technology in order to be easily packaged and transferable to the client server (CEN

server in this case) ( Figure 5).
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Figure 5 The complete server infrastructure developed using a secure MQTT protocol.

All end-nodes (dataloggers) have an Extended Unique Identifier (EUI). Based on the EUI assigned
to an end -node, the network server colligates the segmented data packets received through

the gateway and store s the data into a single temporary table. This temporary table allows for
the classification of the segmented data packets for e ach end-node of the network and to
proceed to validation to confirm that all data packets for a specific data transmission have been
received. Once this validation is made, the assembled data are converted from the base 64
compressed format into readable r aw data values under each specific field and saved to a
permanent table (ulog_data) in the MySQL database hosted on the network server.

To access and download the data from the network server, an API (Application Programming
Interface) has also been deve loped. The API sends request s to the network server in order to
retrieve data or any requested information available using specific functions. For instance, the
POST /authentication function is be used to identify the user and generate a token from which
the user can list all its devices and to download the data. The authentication information
(username/password) is placed in the request body under the form x  -www -form -urlencoded
and acts as a security check to access the data. The function ET /device/Areturn s the complete
list of available devices a user has access to (by serial number), and the function ET
/device/<serial number>/data Awill return all the data for a specific device using the serial
number unique identifier. | n that function, the use of additional parameters like « from » and «

to » in the request can be used to filter the data to download. The #om Aand b /\parameters
use the timestamp in the file data to constrain the search. If the #om Nand b /are not defined
during the request, all the data available will be downloaded.
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The capabilities of the application are limitless. For instance, data interpretation and
visualization module s can be developed inside the API. Moreover, various types of alarm
systems could be developed using the same data with new threshold values, or even in other
geohazard environments.

1.3.4. Safety measures implemented to avoid data loss
LoRaWAN network s are composed of several components (end -nodes, gateway, and server)
that exchange information across the network either by using uplink (end -nodes to the gateway
to the server) or downlink (server to the gateway to end -nodes) communications ( Figure 6).
Common mechanisms to ensure proper reception and data integrity during the communication
process is called acknowledgment. Consequently, every time data  are transferred from one
component to the other, atransm itter must receive acknowledge ment from the receiver before
moving with the transmission process. While in theory, this is quite simple, it is relatively
common for the links between th ese network components to be altered or broken. Since
acknowledg ement i s needed in order to keep track either a message has been successfully
transmitted across the network, or not, a lack of respon se from the components will lead to a
temporary or permanent network failure.

Each network componen t can be exposed to specifi ¢ threats that might cause communication
failures. The most common threat affecting the links between the end -nodes and the gateway
are signal losses (caused by an electromagnetic interference or simply a specific meteorological
condition) or a power outag e of the gateway. Both threats could cause non-acknowledgement
of data integrity during uplink or downlink transmissions, thus postponing data transmission

until the links are fully recovered. The most common threat that is likely to affect the link
between the gateway and the server is an internet outage either caused by a power outage
(internet router down) or a network outage (internet service disruption). In order to avoid any
data loss or gaps when such hazards occur, s everal safety transmission mechanisms were
implemented to increase the resilience of the network and will be specifically described in the
following section.
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Figure 6 Most common hazard likely to affect the links between the networ k components during uplink
or downlink transmission.

1.3.4.1. Communication failure between end -nodes and the gateway
Several causes may lead to a communication failure between the end  -node and the gateway.
The most common cause of communication failure would be a signal loss between the end -
nodes and the gateway. Since RF signal quality is highly affected by the physical environment
(topography, vegetation , and building s) and the propagation medium properties (dry or moist
air), signal strength/quality may vary ov er time. For most of the site s, the environment al
conditions are expected remain the same over time. However, this is not the case for the
propagation medium properties that might fluctuate according to meteorological conditions.
For instance, snowstorms, and foggy or rainy periods might decrease the signal strength, thus
increasing the risk of a communication failure between the end  -node s and the gateway. During
such communication failure events, safety mechanisms between the end -nodes and the
gateway have been implemented in order to save the end -node battery and also to minimize
transmission back -log and data access latency.

The first mechanism implemented is called the retry. For every message sent by the end node
to the gateway, acknowledgment must be received from the gateway to ensure data integrity
before sending any other split or full message (sampling event). If, for any reason, the end node
does not receive the acknowledge message after transmission, another transmission attempt
of the same messa ge will be made. In case of repeated non -acknowledge ment, the end -node
will retry the transmission up to 8 times. After 8 transmission attempts without acknowledge
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from the gateway, the end -node will go into sleep mode for a minimal sleep time interval before
trying another transmission attempt (up to another eight retries if needed) (Figure 10). If the
second transmission attempt is still unsuccessful, the transmiss  ion sequence will be considered
a failure and the end -node will go back into sleep mode until the next planned sampling log
interval. Just before the planned sampling log interval, the end  -node will try another complete
LoRa transmissions sequence.

After two transmission sequence failures, the LoRa transmission task will consider the gateway

as lost (Figure 10, LoRa lost gateway sequence). A lost gateway will force the end -node to go
back into sleep mode until the next planned sampling log interval. Then, the end -node will
reinitialize the LoRa radio module and attempt a join procedure until the gateway
acknowledge s the join request. If the join request is unsuccessful, another join request will be
made 15 min utes later by the end -node. In case of several unsuccessful join requests in a row,
the delay between the join requests will increase exponentially. This second mechanism
prevent s the drainage of the end -node battery while trying to re -establish communication with
a lost gateway. For instance, if the g ateway is down for a week, after two days, the end -node
will only try to re -establish communication by sending a join request every 24 hours.

At any time, data measurements are saved inside the end -node internal memory and are not
deleted until the user intentionally decide s otherwise using the LogR application. As soon as
the communication is re -established between the end -node and the gateway, all the non -
acknowledg ement messages (backlog events) will be progressively sent to the gateway. This
thir d mechanism is called the backlog recovery mode and promote s the transmission of all the
non -acknowledge ment messages (sampling events) starting from the oldest record. During the
backlog recovery mode, the end -node will send as many backlogged events as p ossible before
the next sampling event while respecting the minimal sleep time interval required to respect

the LoRaWAN protocol (time on air and duty cycle limitations). Note that due to th ese
limitations, backlog transmission may take several days to com plete depending on the number
of backlogged events, the data rate mode and the sampling interval. Higher data rate mode
(DR3 and DRA4) will take less time to empty the backlog events. If the end -node internal memory
becomes full, the LoRa transmission will  stop, and the end -node will enter a permanent sleep
mode (no more sampling).
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1.3.4.2. Power outage
Most of the Arctic sites are subject to frequent power outages caused by power line damage
due to high wind. A power outrage will lead to a gateway shut down, thus i nterrupting the
communication between the end -nodes and the gateway. First, to avoid any data loss, it is
important to state that every measurement made by the end -node is saved i
internal memory and, unless otherwise  specified, will not be deleted at any time. Thus, in the
event of a major failure that will require either a gateway or an internet router replacement,
data will always be recoverable by downloading the end -node in the field. To increase the
resilience of the network to power o utages, we suggest the use of a UPS (uninterruptible power
supply) with an internal battery. The use of such  a device will protect the internet router and
the gateway from peak surcharges while ensuring a constant power load to keep t he units
running until the power is reestablished. Depending on the UPS model, the run  -time may vary
from a few minutes to a few hours. Tests ha ve been conducted with a Tripp Lite SMART1500
UPS With th is model, the power load provided was sufficient to keep the gateway running for
up to six hours. Depending on the site specificities (i.e: mean duration of power outage),
additional batter ies can be added to increase the run -time in the event of a of service
interruption.

1.3.4.3. Internet outage
Internet outage is a common concern in remote locations. In Northern Quebec for instance , the
principal internet provider is Tamaani, a Kativik Regional Government division responsible for
providing internet service to the 14 Nunavik communities. The Tamaani internet service is
gradually switching from satellite broadband to LTE modems and fiber optic broadband.
Internet service interruption is quite common in northern remote location s due to either power
outage or simply ba d signal quality from the local internet tower. To avoid any data loss due to
the internet service disruption thatis not due to a power outage, a saving mechanism has been
implemented in the gateway. Since the links between the end  -nodes and the gateway w ill still
be preserved, the gateway will accumulate data from the end  -nodes into its internal memory
until it becomes full. Depending on the number of end -nodes and the sampling rate, the
gateway will be able to accumulate data for a period ranging from da  ys to months. Once the
communication link between the gateway and the server is reestablished, data saved in the
gateway will be transferred to the serverinthe  following few hours. If the communication is not

nt o

restored before the ¢atbecamaey ilils unisent data wiladccumuatmr y

the end -node and will be flagged as backlog events and sent as soon as possible following the
backlog recovery mode protocol.
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This safety measure was put to the test in the freshly installed network at the Inu kjuak airport
in September 2021. A contractor doing repair  work in the airport garage where the gateway
was installed accidentally disconnected the internet for many  weeks. However, as soon as the
service was re-established all the data stored in the end n odes (the dataloggers along the
runway) and in the gateway were transmitted to the server in Québec city in less than a few
hours .

2. Case studies, associate geohazards , and system implementation

2.1. Nunavik sites
2.1.1. Salluit

2.1.1.1.  Site history
Sallluit is a village of about 1700 inhabitants located on the shore of a fjord at the extreme north
of Nunavik ( 6 2 ° 14 AN, (Figurés 7). Locade8 i t hé/continuous permafrost zone
(LAHér aul t et al ., 2016) and characterized by
community occupies a site which ensures accessibility to the sea and protection against strong
winds. For historical reasons, the communi ty has grown over the years in an unfavorable
geomorphological environment. In fact, most of the urban concentration is currently located in
a narrow valley delineated by steep rocky slopes ( Figure 7). The dominant Quaternary
sediments are post -glacial marine silty clay in the valley bottom and glacial till of variable
thickness over laying the bedrock on slopes and plateaus. Both sediment types are frozen into
very ice-rich epigenetic permafrost (Figure ), which is sometimes locally covered by a thin layer
of ice-rich syngenetic permafrost ( colluvium ). Geotechnical investigations done over the years
has confirmed the presence of ice-rich permafrost at a depth of about one meter below the
surface (Allard et al, 2004; 2010;L AHér a ujJLtAHé2r0a0ud t ant making the ardelvary )
sensitive to permafrost thaw related hazard occurrences  (Figure 9).

For instance, t he whole valley bottom of Salluit is affected by recurrent active layer detachment
failures, i.e. active layer detachment slides (ALDS)(Figure 10). ALDShave occurred in 1993, 1998,
2005, 2006 and 2010, almost systematically at the end (late August -early September) of
summers that were warmer than the average when the depth of thaw  reached at the base of
the active layer into ice -rich soil horizons. Activ e layer slides are a major concern for the safety
and land use management of the community. For  example, the 1998 landslide prompted the
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decision to pause the expansion of highly needed housing in the community for 12 years until

a proper permafrost assess ment was done. Construction of new buildings is prohibited by a

zoningby-l aw on sl opes with angles w 4 % on clay soi
already restricted because of the topography. The 2005, 2006 and 2010 landslides came close

to th e airport access road and the M inistere des Transport du Quebec (MTQ) stabilized the scar

with gravel fill as a preventive measure.

The local airport and the access road were originally built in 1987 and 1988. The road runs on
marine silty clays in the valley before climbing uphill on the plateau where the airport sits at an
elevation of about 225 m a.s.l. The road section in the valle y is on an embankment built over
ice-rich clays on sloping terrain. The road was paved in 2003. After  which, the combined effect
of climate warming, bad drainage conditions on the transverse slope, snow accumulation on

the sides and, likely, the low albedo of the pavement resulted in major deteriorations due to
differential thaw settlements in the underlying permafrost. That section of the road was rebuilt

by the MTQ in 2012 and 2013. Major modifications and engineering adaptation measures were
then made, i ncluding the design and construction of a gentle slope on the uphill side of the
road with a shallow ditch draining through multiple culverts, the removal of the pavement and

the installation of heat drains on the downhill side of the embankment. Performan ce
assessment of th ese mitigation techniques has recently been completed ( LAHér aul 1). et a
Many thermistor strings monitor the temperature regime and active layer depth underneath

the embankment. Since its adaptation in 2012, the road has remained relatively stable until
recently , where longitudinal crack s have formed on the embankment shoulder s, suggesting
ongoing slow creep (Figure 11). Though it runs on sloping and ice rich ground, the access road
to the airport is essential to public safety and socio -economic activity. Therefore, being able to
send pre -warnings of risk of occurrence of landslides in the valley will allow decision mak  ersto
prepare and plan for preventive or corrective actions if needed.

The process of active layer detachment sliding is associated with thaw penetration in a highice -

content soil. The ice content near the active layer/permafrost boundary increases (th is layer is

also called the transitional layer) in colder years when the active layer is shallower (formation

of aggradation ice). When an especially warm summer occurs resulting in deeper thaw
penetration , the melting of ground ice creates an increase of pore pressure at the
thawed/frozen interface that may overcome the shear strength of the soil. The active layer on

sl opes may 3det achj and wsth thedmerfacesaeting as disdeariplane. thr ou n d
Salluit, below the transition layer beginning at a depth of 90 -100 cm is the very ice rich
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permafrost. Under the road, the first one meter at permafrost top has volumetric ice contents
above 90%. With the expected warming of the climate, the thermal regime of the permafrost

will necessarily shift t oward warmer temperatures leading to warmer permafrost temperature

but also the thickening of the active layer. As the thaw front will slowly penetrate the ice rich
permafrost table, localized thaw settlements will develop and landslides on slope sare likely to
occur.

Previous studies using climate data and data from thermistor cables have shown that two

simple parameters can be used to assess the level of risk for a landslide to happen for a given

summer in near real time : 1- air temperatures calculated as the sum of thawing degree  -days

since the start of the season, and 2- ground temperatures (particularly the depth of the 0 °C

i sotherm), the two being related by a power func
was written to measure these two parameters on an hourly basis and to automatically make

the necessary calculations to assess the risk of occurrence of a landslide.

21



Détroit d'Hudson
;\ﬂf{ ¥ /\N
NG Og\\ /4
)
e )\/L/“\/»—«:m\\dz/
) &
i
S
/"\/ ~_/
7 - ///
&
. N V.
B ———
/
/ !
1
(
)
P g
[ y
\ ; B\
‘\'\_ S
UL
| AR )
{ 3 @\
Y4 (j”f’“

Figure 7 Location map of the Inuit community of Salluit, Nunavik; the community is sheltered ina U-

shaped glacial valley running north -south and opening onto the Sugluk Fjord.
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Figure 8 Ice-rich permafrost cores extracted from A) the post -glacial marine silty clay at the valley
bottom and B) the silty till deposits covering the slopes and plateaus.
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Figure 9 Map of the terrain vulnerability to permafrost

Nunavik.
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Figure 10 Active layer detachment slides in Salluit. Top :5 September 1998 event; the planned housing

development was halted, existing houses were moved. Reconstruction restarted after 2010 in the area
on adapted foundations. Middle: summer 1998 event located on a riverside slope near the Kuuguluk
river. Bottom left: Summer 2005 event (initial event), note the road embankment near the head  scarp.
Bottom left: subsequent event further north in the same area, August 2010 .
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Figure 11 Active emba nkment shoulder creep processes affecting a section of the Salluit airport access
road from 2014 to 2020.

2.1.1.2. Instrumentation

For this study site, two existing thermistor strings were selected and equipped with the new
ULogC32 LoRa datalogger in 2021 to feed the near real time data required to make the whole
warning system operational . The first thermistor string (GN-2) is in an open field area close to
the road (Figure 9). The instrumentation was installed in 2010 as part of a P hD project and has
been in operation since. The thermistor string has 15 thermistors (model YSI 44033)  directly
buried into the ground to ensure optimal thermal conductivity between the thermistors and

the surrounding ground. For this site, the monitoring equipment setup along with the
thermisto r string configuration are presented in Table 4 and the final field installation overview
is illustrated in  Figure 13C. The initial purpose of the GN -2 thermistor string was to provide high
resolution temperature profil es across the active layer and the permafrost table , thus making
it the most suitable instrumentation site to track thaw depth change with great accuracy on a
natural slope subject to active layer detachment slide (A LDS) occurrence.
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The other thermistor string  (SAL:-F6)equipped with the new ULogC32 LoRa datalogger is located

at the toe of the access road embankment (downslope side) in a section affected by slow
downslope movement induced by creep processes ( L AHé r a u l2021) éigurea9). .This
thermistor string was installed into a 14-meter -deep geotechnical borehole i n 2009 (LAHEé
et al., 2012). For this site, the monitoring equipment  setup along with the thermistor string
configuration are presented in  Table 5 and the final field installation overview s illustrated in

Figure 13D.

Air temperatures are provided by an automatic meteo  rological station (SILA) located in the
valley bottom near the access road (Figure 9) and transmits data through the G OES satellite
system. The ground temperatures and the air temperature are merged in the program (see
section 2.1.1.4). In the future, the instrumentation for the warning system can be improved by
adding pressure gauges in the ground and slope movement indicat ors, thus increasing the
guality of the risk evaluation by coupling thermal and mechanical parameters
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setup and configuration.

Table 4 GN-2 thermistors string monitoring equipment
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setup and configuration.

Table 5 SalF6 thermistors string monitoring equipment
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2.1.1.3.  LoRaWAN network implementation
For the Salluit test site, two potential locations for the gateway  were selected prior to the field
work. Those locations where chosen based on internet connection and power supply
availability. The two potential sites are: inside the CEN research station with the use of an
external antenna attached to the roof of the building at a height of about 10 m (site A) or inside
an existing instrumentation enclosure (DTS station) located at the north end of the access road
near the two thermistors strings  (site B). In both cases, the sites are equipped with internet
router and have on -grid 110 -volt power supply.

Based on the site configuration (topography and land cover), the end -node and gateway
antenna specifications (height and gain) and the LoRa spectrum characteristics (transmission
power, receiver sensibility, etc), coverage signal maps were produced for each gat  eway location
using an Irregular Terrain (ITS) radio propagation model . The coverage maps were produced
using the Radio Mobile Online application (copyright of Roger Coudé , VE2DBB. Parameters
used to generate the coverage map s are summarized in Table 6. The objective of the RF
propagation map was to evaluate the best location for the gateway based on the antenna
specifications of the end -nodes and the gateway, the local topography and the surrounding
building s that may reduce RF signal propagation, thus the signal that would e nsure reliable
wireless transmission.
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Table 6 Parameter values entered as inputs in the ITS

radio coverage map

radio propagation model used to compute the

Parameters Location A Location B
Gateway Antenna Height (m above ground): 10 5
Gateway Antenna Type: Omni Omni
Gateway Antenna Gain (dBi): 8.15 8.15
End-node Antenna Height (m): 2 2
End-node Antenna Gain (dBi): 1.6 1.6
Frequency (MHz): 915 915
Tx power (Watts): 0.1 0.1
Tx line loss (dB): 1 1

Rx line loss (dB): 3.2 3.2
Rx threshold (dBm): -127 -127
Required reliability (%): 95 95
Strong Signal Margin (dB): 10 10

For the two potential gateway locations, the computed RF propagation map s are shown in
Figure 12. According to these results, the gateway installed at location A (CEN research station)
promote s a strong and reliable signal coverage for most of the valley except  a small area close
to the access road and where the two ground temperature stations are located. Note that
between the CEN research station and the ground temperature station s, the presence of a little
hill covered with tall building creates a significant shadow effect that reduce s the signal
strength . This shadow effect produces a zone of potentially poor signal reception that  covers
both thermistor string locations . Despite an increase of both antenna height (gateway and end -
node), this zone of poor signal strength cannot be minimized. The RF propagation map
generated using the site B parameters ( DTS station enclosure ) offers better signal coverage
over the area of interest. However, e ven though location B produces the best signal coverage,

location Aremain ed the preferred option due to  significant logistic advantages.
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After the installation of the gateway in the CEN research station in late summer 2021 Figure
13A), in situ signal strength measurement s and transmission reliability assessment s were
conducted at the ground temperature monitoring stations ~ GN-2 and SAL-F6 (Figure 13C and D),
but also across the community and beyond . The final gateway external antenna heigh t was
slightly lower than planned (6 m) (Figure 13B), but despite the lower ele vation, the signal
strength (RSSl)at GN-2 was about 7111 dBm with transmission retries ranging from0 to5 signal
strength at the SAL-F6 monitoring station was much better (z98 dBm), thus lowering
transmission retries to less than two on average. The monitoring station has been transmitting
ground temperatures every hour and there is no missing data since it was implemented on
August 12™ 2021. Note that the internet connection at the Salluit research station was
interrupted for a period of seven weeks, between October 4 ™ and November 17 . Once the
internet service was restored , saved data in the gateway w ere transferred to the server in less
than an hour confirming that the i nternet outage safety mechanism is effective in avoiding any
data loss.

32



Gateway location A Gateway location B

Strong signal area(>10dB) Strong signal area (>10dB)
Bl Weak signal area (<10d8) - Bl Weak signal area (<10dB)
No or very poor signal area y : No or. very poor signal area

Figure 12 Gateway signal coverage for two gateway locations at the Salluit test site. Location A is inside the CEN research station bui Iding with
the use of an external antenna and location B is inside the DTS data acquisition enclosure with also the use of an exter nal antenna and
location B is inside the DTS data acquisition enclosure with also the use of an external antenna. Locations of the ground mon itoring stations

GN-2 and SAL-F6 are illustrated on the map by the red dots.
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2.1.1.4.  Algorithm parameters, thresholds and expected outcomes

Based on the site characteristics as presented above, an algorithm was developed to
assess the level of risk of ALDS particularly in the vicinity or alongside the access road to
the Salluit airport . The road is in a valley, on an embankment built across a slope (i.e.
roughly parall el to contours) over very ice ri.:
content). Landslides have occurred during warm summers in the valley in 1993, 199 8,
2005, 2006 and 2010, with the | at e s t headscarg enlx a few meters from the road
(see section 2.1.1.1). A previous analysis of ground temper ature data collected since
2002 revealed that the landslides took place at the end of summers with above average

air temperature as measured by thaw degree -days (cumulative sum of temperatures
above 0°C)( LAHér aul t ese&@rmedsummetsthe théw front reache d into the
ice-enrichment zone at the interface between the active layer and the permafrost. This
layer may have formed, i.e ., accumulated, aggradation ice in the previous cooler years
or may also simply be the top of the ice -rich permafrost. In this case, the design of the
algorithm is based on the surpassing of thresholds that are related to two key
parameters: a climate threshold and a critical depth reached by the thaw front as it gets
increasingly deeper in the active layer during a summe r. As such, the algorithm is based
on the relationship between cumulative degree -days and thaw front depth , a direct
application of .StefanAs equation

This threshold is reached when the cumulative degree -days reach a value 30% above the
previ ous tay whch rogghly corresponds to a critical depth of thaw 9% greater
than the previous year.

In summary, in order to generate a landslide risk warning , the algorithm operates
according to the following sequence:

1 Hourly data are daily transmitted from the loggers in the field to the getaway located
in town. Then the getaway relays them by internet to the server at the university.

1 As soon as they are received, the data are validated and checked for their quality by
a programmed protocol (e.g. wrong signals, values out of possible range, etc.)

1 The data are then entered in the algorithm which calculates the daily mean and sums
with the previous dayAs a-dagsuanairlteanpesature arila wi ng d
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thaw depth. Air temperatures are co llected from an automated met station called
SILA. Thaw depths (0 °C isotherm in the ground) come from thermistor cables
equipped with closely spaced thermistors and LoRa capable dataloggers.

1 When the sum gets close to the defined threshold of the previous year, a pre -warning
e-mail is automatically generated and sent to the administrator, municipal officers,
the regional government services (land use managers and public safety department)
and the owner of the road (Ministére des  Transport du Quebec), stating that the risk
is intermediate and will continue to rise.

1 The day the sum overpasses the threshold, a warning of high  -level risk is sent.
1 The data files and the calculations are updated every day at 15:00.

1 The same algorithm can easily be applied to road s and airport runways that are at
risk of thaw settlement by the deepening of the active layer into ice rich permafrost
under the infrastructure. The threshold value then is either the deepest thaw depth
previously observed from thermistor cables under the infrastructure or a known
depth of the top of ice rich permafrost obtained by drilling or from reports dating
back to pre -construction geotechnical surveys.

The automation process from data acquisition to the sending a warning of risk was made
possible by writing a script using Python 3.8.5 (Gauthier, in prep.). The program was
developed in the Spyder 4.2.5 environment . Python is a widely used programming
language especially for scientific data analysis, and Spyder is an open -sourced interface
the facilitates data analysis , in which python libraries and packages can be accessed. This
programming language was selected because it is so widely used, and because it is
compatible with ESRI software including ArcGIS Pro and ArcGIS Online making it possib le
to publish the data in web maps to be used by planners. In fact, making the data available

in near real time on a parallel platform to the potential users and administrators of
infrastructure is valuable as it helps explain the risk within its spatial ¢ ontext .

Our main program (principal.py) calls the various modules containing the classes or sub -

programs that execute the various tasks ( Table 7). The code of the main program and

the sub -programs are available online on GitHub ( Centre dAEtudes .Nordi q
The classes and modules necessary for the execution of the program were developed

from the libraries available from  Python and are listed in table 8.

36


https://github.com/PermafrostDataNunavik/CEN_Project.git

Table 7 The program modules , with short descriptions.

Modules Description
Main executed program that calls the
modules in order to upload, clean, transform
o and analyse the data and publish them
Principal.py

online. It also estimates the level of risk of
occurrence of an active layer slide and sends
pre-warning signals if needed.

Donnees_sila.py

Collects the climate data from the SILA

) cl i mat e stati on on M
Classe DonneesSila _
formats the table with the new data.
Establishes a secure (

Connexion_serveur_ftpcen.py

LogRsystemAs s e r theemistora

data from cables.

Donnees_pergelisol.py
Classe DonneesPergelisol

Formats the table with the new data and
calculates daily averages from hourly values.

Validation_donnees.py
Classe ValidationDonnees

Cleans and validates data quality accordingt o
the set criteria and transforms resistance
data into temperature values.

Indices_cilmatiques_quotidiens.py
Classe IndicesClimatiques

Determines the dates of beginning and end
of the freezing and the thawing seasons and
calculates climate indices (sum of degree -
days).

Couches_web.py
Classe CoucheWeb

CENAs Ar
and update of the web data with the newly

Connexi on t o

uplo aded data.

Signal_risque_glissement.py
Classe AlerteRisqueCourriel

Produces two daily PDF:

assessment of level of risk of occurrence of

reports in

an active layer landslide and sending of the
warning signal.
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Table 8 Main Python librairies used for program development (

PyPi, 2021; Python, 2021).

Python libraries Description

Manipulation and analyses of large datasets using data
Pandas 1.1.3

frames.

Manipulation of data tables and et mathematical
Numpy 1.20.2 .

functions.

Manipulation, analysis, and visualisation of geospatial
ArcGIS 1.8.5 _ _ .

data. Compatible with ArcGIS Online.

_ Numerical integration, interpolation, optimisation, linear

Scipy 1.6.2

algebra, and statistics.

Matplotlib 3.3.4

Creates figures for data visualisation.

Paramiko 2.7.2

SSHv2 Protocol in Python with client and server
functionalities.

Dataframe_image
0.1.1

Conversion in graphics of data tables produced with
Pandas.

Yagmail 0.14.26

Sending of personalized e -mails.

FPDF 1.7.2

Creation of personalized PDF files.

The program automatically starts at 15:00 daily and is executed through the launch of

the main program principal.py with a command file ( batch file; extension .bat) by the task

the Ce nt rEtedesd A
Nordiques at Université La val (UL). Once launched, the main program calls the different

planner. The task is planned on a standing operating computer at
modules to read the data from the LORA server and  accomplish es the tasks of averaging
hourly data, calculating degree -days, summation of degree -days, interpolate thaw depth
(O °C isotherm) betwe en thermistors, and assess the level of risk by comparison with the
set threshold. The call sequence of the modules is shown in the logical diagram
14).

(Figure
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Main module, running every
day at 3:00 pm

principal.py
- 1 . . L 1 ,

Retrieving and processing of air Retrieving and processing ground
temperature data temperature data
donnees_sila.py donnees_pergelisol.py

@ python '
connexion_ftp_cen.py
indices climatiques quotidiens.py |
validation_donnees.py
Daily assessment of landslide risk
calcul_risque glissement.py level according to the climatic

threshold

Evaluate the level of landslide risk,

signal_alerte_glissement.py send the alert signal if necessary

Low Moderate High @

Contacts to be alerted
by email (public
decision-makers,

for example)

couche web.py

Regardliess of the risk level, the web layers are updated and the
results are available in the dashboard for monitoring the daily risk
level of active-layer detachment failures in Salluit

Figure 14 Logical diagram of the sequence of modules, showing the structure and functioning of
the main program and its modules (sub -routines).

The program is launched at the set time even if the standing computer is  offline . If for
some reason the computer is turned off or  a network failure prevents the launch, the
program will automatically be executed the next day at 15:00. A standard READ_ME.txt
file is available with the source code , which describ es the code in detail .
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2.1.1.5. Dashboard application overview for the Salluit active layer
detachment slide risk level
The daily active layer detachment slide risk level for the Salluit  airport access road is
available online through a dashboard application specifically developed to inform the
public. The dashboard application has been developed by Gauthier (in prep.) using the
ArcGIS Dashboard web application (Esri, 2021b)and is accessibleonline ( Cent r e dAEt ud
Nordique, 2021 b).

The dashboard application window is divided into two main section s, a lateral panel on
the left-hand side and a main window on the right -hand side. The lateral panel present s
the current risk level o r the historical risk levels calculated for previous year s. A specific
climatic year can be selected on the top right corner of the dashboard application ( Figure
15). Along with the risk level, the lateral panel contains information related to the
monitoring station used and the date of the last update . The main window provides a
range of complementary information related to the active layer detachment slide
process and its risk evaluation . This complementary information is subdivided into four
tabs located at the bottom of the main window. The first tab gives the climate
parameters used in the risk calculation including the daily temperature , the cumulative
thawing index, and the freezing/ thawing index ratio (Figure 15A). The second tab gives
the risk level with alegend (Figure 15B), the third tab contain s the 7-day weather forecast
from Environment Canada for Salluit (Figure 15C) and the last tab gives background
information about the active layer detachment slide processes and how its risk
evaluation is computed (Figure 15D).
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2.1.2. Tasiujaq

2.1.2.1.  Site history
Located in the continuous permafrost zone in Southern Nunavik, the Tasiujaq airport
was first built in 1989 -1990 on a fluvial terrasse along the B érard River at an elevation of
approximately 30 meters above sea level. The entire runway was built over warm
brackish, and ice-rich permafrost with mean annual ground temperatures between -2°
Cand -3° C (Allard et al., 2020).

The runway is 1190 m long and 44 m wide , and was originally built with an embankment
height of about 2.5 m. During the initial construction, a layer of insulation was added
between the contact of the first and second sedimentary layer along a 50 m section of
the runway. Thermistor strings were installed beneath these sections, as well as in
natural soil nearby as a reference to assess the effectiveness of the insulation.

The local geology for this site is very well known thanks to extensive studies of the area
using a variety of methods includi ng stratigraphic cross sections analyses along the
riverbanks , drilling, electrical resistivity tomography (ERT) and ground penetrating radar
(GPR) surveys Savard, 2006; Allard et al., 2007; L /ékault et al., 201 2). The runway was
built entirely over a marine regression sequence of  unconsolidated sediments , that is
relatively consiste nt across the runway ( L /éFkult et al., 201 2). The layered sedimentary
sequence consists of four units, as seen in  Figure 16. The first unit is the surface layer
that extends 1 m deep and consists of sand and gravel laid by tidal channels during the
emergence of the post-gl aci al d A.Urbeesecond Lnit exter®le ta about 5 -6 m
deep and consists of low-tide mudflat sediments including poorly sorted silt and some
sand and stones. Within this unit are thin layers of segregated ice lenses.  This unit is also
slightly saline, which has the effect of lowering the freezing point by an average of 0.5 °
C, and a maximum of 1.1 ° Cin some samples. The third unit is about 4 m thick and is
composed of loosely stratified sand and gravel with some boulders with abundant shell
fragments and cemented by pore ice. This layer was likely laid in a pro -glacial submarine
environment . Finally, at about 10 -11 m deep the fourth unit consists of marine clay with
thick ice lenses and sub -vertical ice veins. The depth to bedrock is unknown, though it
exceeds 25 m.
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Figure 16 Cores of the stratigraphic units beneath the Tasiujag runway : A and B) Poorly sorted
and brackish int ertidal silts of from unit 2, between 2.5 and 3.6 m deep ; C)Increase in coarseness
with depth and transitional, base of unit 2 at ~5 m depth ; D and E) Sand and gravel with shell
fragments of unit 3 , depth of 7.8 to 8.4 m; F and G) Marine clay with inters persed ice lenses and
vertical ice veins, depth from 10.1 to 14.5 m

The second unit, which is icy and silty appears to be the layer within which permafrost
thaw is inducing important  settlement along the runway. There are several areas where
differential settlement has occurred, particularly along the eastern shoulder (Beaulac
and Doré¢, 2006). In 2004, significant settlements of up to 50 cm , along with tension cracks
were observed near the taxiway, between the 5+100 and 5+140 m chains (Allard et al.,
2007) (Figure 17A and B).
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Signs of localized degradation on the edge s of the runway suggests that the permafrost
under the shoulders is severely affected ( LAHér aul t .@&ven tlelorientatich @f1 2 )
the runway relative to the prevailing winds, large amounts of snow can accumulate at
the foot of the embankment.  Additionally, shrubs have grown along the foot of the
embankment which furthers  snow accumulation. The insulation resulting from snow
accumulations cause ground temperatures to increase and permafrost to thaw . This
process is exacerbated by the pooling of water at the foot of the embankment due to

poor drainage in these newly depressed areas (L'Hérault et al., 2012) ( Figure 17C). The
combination of snow accumulation and poor drainage leads to warmer soil
temperatures, which ¢ auses changes in the thermal regime of the permafrost  towards
thawing conditions. Drilling in 2009 showed that permafrost under  the depressions at
the foot of the embankment had thawed to depths in excess of 6 m, or almost completely
through the intertidal sediment s (L'Hérault et al., 2012). In 2010, a transverse depression
was observed, and it is probably associated with a transverse  groundwater seepage
flowing across the embankment from east to west. This depression was still visible
during the fieldwork carried out by Université Laval in the fall of 2018 ( Figure 17D). A
topographic survey of the runway surface carried out by a contractor before the
reme diation work has highlighted the extent and amplitude of the surface deformations
due to thaw settlements (Figure 17E).

Over the years, the runway has been resurfaced many times, including in 200 7 to
remediate degradation identified in Allard et al. ~ (2007). The airport was also a site for
engineering adaptation measures including air convection embankment, heat drain, and
gentle slope embankment. Major remediation work w as undertaken in 2018 which
included lowering the embankment slope  from 1:4 to 1:6 for about 2/3 of the runway
perimeter and the creation of wide and shallow drainage ditches that were built a short
distance away from the embankment to prevent water from pooling at the foot of the
embankment. While it appears that the lower slope is somewhat effective in cooling
ground temperatures, the infrastructure remains at risk to degradation . Temperature
data from thermistor strings  located in the runway at the end of the summer of 2020
show that the active layer thickness reached up to 3.64 m inthe non -insulated section of
the runway, which is nearly into the thaw -sensitive ice -rich silt la yer that underlies the
entire runway. Therefore, the risk of general degradation along the runway  remains high
in the face of a changing climate. The existing array of instrumentation that has been set
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up at this site along with the ongoing monitoring will support the risk evaluation
algorithm developed to emit timely warning when important settlement is expected .
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Figure 17 A) and B) Significant depressions with longitudinal cracks as observed in 2004 on the

east side of the Tasiujag runway. C) Accumulation of water at the foot of the embankment on the

east side in July 2009. D) Major depression on the west side observed int he fall of 2018 during

the adaptation work. E) Topographic survey carried out  during the summer of 2018 highlighting

major depressions still affecting therunway .( From LAHérault et al, 2021)
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2.1.2.2.  Instrumentation
The Tasiujag runway is equipped with  numerous ground temperature station s, some of
which have been in operation since the early 90s. An overview of the in strumentation
available at the Tasiujag runway site is shown in Figure 18. From the existing
instrumentation available at this site , two ground temperature stations were selected to
be equipped with the new ULogC32 LoRa datalogger. One station is located at the south -
west end of the runway (TAS-F1A) and monitors the ground temperature under the
gentle slope embankment and the other station is located mid -runway (HT -181) also on
the west side of the embankment. HT-181 monitors ground temperature at the center
of the embankment, but als o the ground temperature in a borehole located about 10 m
away from the runway (TAS -F2A), which is often used as a reference. Configuration s of
the thermistor string fo r each ground temperature monitoring stations are summarized
in the table in Figure 18.
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TASF1A HT-181 TASF2A
Sensor ID Depth (m) Thermistor model Sensor ID Depth (m) Thermistor model Sensor ID Depth (m) Thermistor model
T17 -0.05 PR222J2 Tl -0.05 PR222J2 T17 -0.1 YSI 44033
T18 -0.25 PR222J2 T2 -0.25 PR222J2 T18 -0.25 YSI 44033
T1 -0.75 PR222J2 T3 -0.75 PR222J2 T19 -0.5 YSI 44033
T2 -1 PR222J2 T4 -1 PR222J2 T20 -0.75 YSI 44033
T3 -1.25 PR222J2 T5 -1.25 PR222J2 T21 -1 YSI 44033
T4 -1.5 PR222J2 T6 -1.5 PR222J2 T22 -1.5 YSI 44033
T5 -1.75 PR222J2 T7 -1.75 PR222J2 T23 -2 YSI 44033
T6 -2.25 PR222J2 T8 -2.25 PR222J2 T24 -2.5 YSI 44033
T7 -2.75 PR222J2 T9 -2.75 PR222J2 T25 -3 YSI 44033
T8 -3.25 PR222J2 T10 -3.25 PR222J2 T26 -4 YSI 44033
T9 -3.75 PR222J2 T11 -3.75 PR222J2 T27 -5 YSI 44033
T10 -4.75 PR222J2 T28 -6 YSI 44033
T11 -5.75 PR222J2 T29 -7 YSI 44033
T12 -6.75 PR222J2 T30 -9 YSI 44033
T13 -8.75 PR222J2 T31 -11 YSI 44033
T14 -10.75 PR222J2 T32 -13.5 YSI 44033
T15 -14.75 PR222J2
T16 -19.75 PR222J2

Figure 18 Ground temperature instrumentation available at the Tasiujag runway site . The selected monitoring stations to be part of

the LoRaWAN network along with t heir thermistors strings configuration s are summarized in the table.
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2.1.2.3.  LoRaWAN network implementation
Prior to the field deployment of the LoRaWAN network at the Tasiujaq Airport, an RF
coverage map was produced using the parameters shown in  Table 9. The resulting RF
coverage map suggests a very good signal coverage for the whole runway and beyond
(Figure 19). In fact, due to the very flat topography of the area, good signal coverage can
easily reach up to 12 km from the gateway.

Table 9 Parameters values entered as inputs in the ITS radio propagation model used to compute
the radio coverage map, Tasiujaq runway site.

Parameters Value
Gateway Antenna Height (m above ground): 8
Gateway Antenna Type: Omni
Gateway Antenna Gain ( dBi): 8.15
End-node Antenna Height (m): 1
End-node Antenna Gain (dBi): 1.6
Frequency (MHz): 915
Tx power (Watts): 0.1
Tx line loss (dB): 1

Rx line loss (dB): 3.2
Rx threshold (dBm): -127
Required reliability (%): 95
Strong Signal Margin (dB): 10
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Green: Strong signal margin (> 10 dB, 95% of the time)
Yellow: Weak signal margin (< 10 dB, 95% of the time)

Figure 19 Gateway RFcoverage for the Tasiujaq runway site.

During the implementation of the LoRaWAN network in ~ the summer of 2021, extensive
in situ signal strength and transmission reliability measurements were conducted across

the area using two different external antenna models (e.g.. ANT -916-ID-2000-RPS and
FG9026). Due to the small area of interest and the distance from th e farthest ground
monitoring station to the gateway, the antenna with the lowest gain value (antenna
model ANT -916-ID-2000-RPS, 1.6 dBi) was installed instead of the higher gain antenna
(antenna model FG9026, 8.5 dBi). RF signal coverage tests using differ ent antenna
heights and | ocations around the airporditels gar a
These tests suggest that a 3 m height antenna fixed directly on the north -west wall of the
airport gara ge was sufficient to ensure proper RF signal coverage across the area of
interest, while allowing for easy installation (Figure 20A). For this reason, even though
the reduce d height and the less-than-optimal location of t he external antenna likely
reduce s the signal coverage performance, the latter antenna configuration was chosen
(Figure 20B). With the current gateway antenna configuration, a surprisingly reliable
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signal was measured over a 9 km radius around the gateway. = The gateway was installed
inside the airport garage and connected to the  secured KRG transport WIFI network
(Figure 20C).

Due to Transport Canada regulation s, the ground temperature monitoring station
external antennas (end -nodes) must stay lower than the runway center -line elevation. A
typical ground temperature monitoring station installation with external antenna
located along the runway embankment slope is shown in Figure 21A. For the TAS-F1
ground monitoring station loc ated on the embankment slope, the antenna sits at a
height of only 90 cm above the ground and is likely to be snow covered during winter
(Figure 21B). For this reason, transmission reliability is expected to be reduced during
wintertime for this station. However, as of January 12, 2022, data transmission is still
active and there is no missing data since its implementation in August 2021. For the HT -
181 ground temperature monitoring station located a few meters away from the
embankment toe, antenna height restriction was not an issue. For this station, the
antenna was installed at a height of about 2 m above the ground level (  Figure 21C).
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Ground temperature _Gateway
monitoring station #2 ~ (Airport
(HT-181 & TAS-F2A) garage)

2
Ground temperature t
monitoring station #1
(TAS-F1A)

Figure 20 A) Tasiujaq runway LoRaWAN network configuration with the proposed gateway
location and end -nodes locations (ground temperature monitoring stations). B) Gateway external
antenna fixed to the north -west wall at a height of about 3 m. C) Gateway located inside the

airport garage.
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Figure 21 Typical installation with external antenna for end -node located along the runway
embankment slope. Ground temperature monitoring station (end -nodes) B) TASF1 and C) HT-
181.
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2.1.2.4.  Algorithm parameter s, threshold s and expected outcome s

Thaw settlement is the soil volume change that occurs when the ice contain ed in the
permafrost melt s upon thawing and the soil consolidates under the existing overburden
pressure s (Figure 22A). Thaw settlement is usually a slow phenomenon that develop s as
the thaw front penetrates a n ice-rich frozen layer that contain s ice exceeding the
porosity of the material. However, in some case s, it can evolve rapidly in presence of
anthrop ogenic disturbances or environmental factors that accelerates the permafrost
thawing . The thaw settlement ratio is expected to slightly increas e under thawed
overburden pressure and the load of the embankment (Figure 22A). In permafrost
region s, fine-grained soils are prone to contain significant amount s of excess ice, thus
leading to a generally high thaw settlement ratio (  Figure 22B). A well-defined stratigraphy
along with a historical record regarding the active layer thickness variation s are crucial
to adequately assess the thaw settlement potential for a specific site.

Temperature
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Figure 22 A) Typical volume change versus strain for ice -rich frozen soil subjected to thawing
(modified from Andersland and Ladanyi, 2003). B) Ice -rich permafrost sample before and after

thaw settlement laboratory test.
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In order to evaluate the risk of occurrence of thaw settlement according to the  thickening
of the active layer due to either an increase in the air temperature or anthropogenic
disturbances , a simple algorithm was developed and implemented for the Tasiujaq
runway. This algorithm uses the daily thaw depth estimated from  available ground
temperature measured by the LoRaWAN network end -nodes (TAS-F1 and HT-181) and
the soll stratigraphy at the monitoring site  s. Note that t he daily thaw depth correspond s
to the OdegC isotherm but could be lowered in the presence of saline permafrost . Based
on the site stratigraphy, specific cryostratigraphic positions are defined and act as risk
level thresholds ( Figure 23).

Based on these cryostratigraphic positions, four levels of risk for the thaw settlement
hazard have been defined: none, low, moderate and high. @ The embankment and
subgrade interface corresponds to the threshold between no and low risk level while the
prior -to-construction (PTC)thaw depth and the ice-rich permafrost contact sets the
threshold betwee n the low and the high-risk level. In the case where the permafrost
below the PTC thaw depth is ice-poor (case A), a moderate risk | evel is added between
the low and the high-risk levels. For this moderate risk level, the upper threshold
corresponds to t he position of the PTCmaximum thaw depth and the lower boundary
as defined by the contact between the base of the ice-poor layer and the top of the ice-
rich permafrost layer.

If the thaw depth is constrain ed inside the embankment, the thaw settlement risk is
considered none xistent . However, as the thaw front slowly penetrates the subgrade , the
risk level becomes low until the thaw depth reaches the maximum PTCthaw depth .
When the thaw front exceeds the PTC thaw depth , but does not reach the ice -rich
permafros t, the risk is considered moderate (case A) (Figure 23). If the thaw front exceeds
PTC levels and penetrates the ice -rich permafrost, the thaw settlement risk becomes
high (case B) (Figure 23).
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Figure 23 Daily evolution of the th aw settlement risk warning during the thawing season based
on the site stratigraphy , the cryostratigraph y and the daily thaw depths estimated from the
ground temperatures reading. Without ( Case A) or with (Case B) an intermediate layer of ice -poor
permafrost located below the prior to construction maximum thaw depth.
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