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ABSTRACT: Recent advances in sensing, data transmission and data analyses are reshaping how geotechnical engineers monitor 
ground conditions and geotechnical structures. Designing, constructing, maintaining, and upgrading these systems now demand fresh 
thinking to reduce materials, energy, and labor. Achieving this goal requires a deeper understanding of performance during construction 
and throughout the service life enabled by innovative monitoring and data analysis. Rapid progress in monitoring and sensing 
technologies is opening new possibilities for condition assessment and decision-making in geotechnical engineering practice. This 
paper highlights emerging sensing and monitoring technologies that deliver datasets unimaginable a decade ago. Computer vision, 
distributed fiber-optic sensing, LiDAR, wireless sensor networks, and satellite remote sensing provide high-resolution measurements 
with broad spatial coverage at relatively low field-scale cost. The main goal is to deliver the next generation of geotechnical systems 
by smarter information, which is rich, continuous data from many embedded sensors to wide-area satellite observations. When coupled 
with advanced analytics, these data can catalyze new approaches to design, construction, operation, maintenance and reuse of 
geotechnical structures.  

KEYWORDS: Computer vision, multispectral imaging, distributed fiber-optic sensing, LiDAR, wireless sensor networks, and satellite 
remote sensing  

 
1 INTRODUCTION 

Active monitoring of ground conditions and geotechnical 
infrastructure during both construction and operation is 
essential for managing risk and ensuring that performance 
aligns with engineering expectations. In practice, this requires 
instrumenting structures and the surrounding ground to 
measure key response variables and compare observed behavior 
with engineering parameters, empirical correlations, and 
predictive models. This philosophy is long established in 
geotechnical engineering through the observational method 
(Peck, 1969), in which monitoring feedback is used to validate 
assumptions and, when necessary, to refine design and 
construction decisions. 

Although there is recognition of the importance of 
monitoring, the geotechnical engineering sector has been rather 
slow to adopt new sensing technologies compared to other 
industrial sectors. Sensing systems originally developed for 
other industries, such as aerospace, automotive, electronics, and 
oil and gas, are often adapted for geotechnical applications. 
These adaptations typically use off-the-shelf components that 
may not fully address the specific needs of geotechnical 
engineering projects. Consequently, the data collected can be 
difficult to interpret, unreliable for decision-making, or 
perceived as too costly relative to their value. Factors such as 
fragmented supply chains, a reliance on established practices, 
stringent safety and liability requirements, and concerns about 
long-term reliability can also hinder the transition of 
innovations from research to everyday engineering practice. 

At the same time, sensing and communications 
technologies are advancing rapidly (Soga, 2023). This shift 
creates an opportunity to rethink how geotechnical systems are 
observed, interpreted, and managed across their lifecycle. By 
integrating modern monitoring with a clearer understanding of 
how the geotechnical system is used (e.g., how loads, 
environmental conditions, and human activity evolve over 
time), engineers can build more resilient and adaptable systems. 
Emerging sensing and monitoring technologies, which will be 
introduced in this paper, can potentially offer new pathways to 
deliver richer information at scale and to support timely and 
evidence-based decisions in geotechnical practice. 

This paper aims to present a review of the latest technologies 
that have been implemented in or recently introduced into 
practice in geotechnical engineering. The technologies 
discussed include: 

 Digital sensors, 
 Wireless sensor networks, 
 Distributed fiber optic sensors, 
 Infrared and multispectral sensors, 
 Computer vision, 
 LiDAR, and 
 Satellite monitoring. 

For each technology, the paper outlines fundamental 
characteristics and examines their contributions to the field of 
geotechnical engineering. 

Although significant advances are being made and will 
continue to be made to leverage these technologies, a critical 
consideration in geotechnical engineering research and practice 
is connecting the scales among sensing technologies to assess 
infrastructure conditions. This requires an understanding of the 
technologies involved, their limitations, and how data from one 
sensing technology can inform data collection and decision-
making using other technologies. Connecting sensing 
technologies across scales mimics the fundamental need to 
understand soil behavior across scales from micro-soil behavior 
to distributed infrastructure system response and geologic 
environment monitoring at the macro-scale.   

On one end of the spectrum, smaller scales of measurement 
tend to offer higher resolution and accuracy, as illustrated in 
Figure 1. The technologies discussed in this paper are 
advancing this relationship toward the upper-right direction, 
resulting in both broader coverage and enhanced resolution. For 
instance, Distributed Fiber Optic Sensing (DFOS) technology 
measures strain and temperature every 5 cm along fiber optic 
cables that can extend for several kilometers. Similarly, LiDAR 
and computer vision technologies generate three-dimensional 
models and track the movements of scanned objects with 
resolutions comparable to those of traditional robotic total 
stations, but they produce denser datasets. The extensive and 
richly detailed datasets obtained from these technologies can 
provide new insights into the mechanisms of ground 
deformation and soil-structure interaction at the site scale. 
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On the other end of the spectrum, satellite remote sensing can 
cover very large areas spanning hundreds or even thousands of 
kilometers. Growth of satellite-based remote sensing 
technology in the last decade is characterized by more satellite 
constellations that are also equipped with better sensing 
technology. It is worth noting that in 2008 there were 150 
satellites that were specifically used for earth observation. Earth 
observation satellites quadrupled in the following decade, 
reaching 684 in 2018, and nearly doubled to 1167 satellites by 
January 2023 (Pixalytics, 2023) with further growth expected 
in coming years. 

 

 
Figure 1. Geotechnical sensor and monitoring with larger coverage 
and higher resolution and accuracy 

2 DIGITAL SENSORS AND DEVICES 

2.1 Micro-electro-mechanical systems  

Micro-electro-mechanical systems (MEMS) are miniaturized 
integrated devices that combine electrical and mechanical 
components, typically at length scales from micrometers to 
millimeters (and potentially smaller in next-generation nano-
electro-mechanical systems, NEMS). By integrating sensing 
and actuation with on-chip computation and communication, 
MEMS enable compact, multifunctional systems. MEMS 
fabrication extends semiconductor manufacturing processes to 
include micromachined mechanical elements, allowing high 
levels of integration and the realization of multiple sensing 
functions on a single silicon chip. 

In civil infrastructure monitoring, MEMS are used 
predominantly as sensors and have become an increasingly 
attractive option for structural assessment and control, health 
monitoring, damage detection and repair evaluation, and long-
term asset preservation. Relative to conventional devices, 
MEMS sensors offer advantages in size, power consumption, 
sensitivity, and cost (driven by mass production), while being 
less intrusive and potentially enabling improved performance 
and service life. A wide range of MEMS sensors is now 
available for civil applications, including devices for measuring 
acceleration, inclination, temperature, and pressure. 

An accelerometer measures acceleration by sensing the 
deflection of an inertial mass suspended by compliant elements 
(e.g., springs). This deflection is converted into an electrical 
output, enabling measurements of orientation, transient 
accelerations, and vibration, which are key quantities for 
diagnosing departures from normal structural behavior. MEMS 
accelerometers are increasingly used in infrastructure 
monitoring because they can provide low power consumption, 
compact packaging, and integration of sensing and signal 
conditioning within a single device, often at lower cost than 
conventional accelerometers. Performance has improved 
rapidly; for instance, EPSON M352 is an ultra-high-sensitivity 
accelerometer with a resolution on the order of 0.2 μg/√Hz 
(Figure 2(a)). 

Tilt measurement is widely used in geotechnical and structural 
engineering. MEMS accelerometers described previously are 
well suited to this task because they sense both static and 
dynamic acceleration. That is, under quasi-static conditions, 
inclination can be inferred from the gravitational component. 
However, MEMS inclinometers are commonly designed with 
low bandwidth and strong damping so that vibration contributes 
less error to the reported tilt. MEMS inclinometers typically 
employ uni-axial or bi-axial accelerometer elements to resolve 
gravity and often integrate on-board processing to compensate 
temperature-induced bias and drift. For example, Murata 
SCL3300 is a 3D-MEMS-based single-axis inclinometer that 
uses a differential measurement principle and provides a 
resolution of approximately 0.001°/√Hz over a ±90° range. 
Murata SCL3400 (Figure 2(b)) is a high-grade 2-axis 
inclinometer with a noise density of about 0.0009°/√Hz with 
±30° (with 10Hz low pass filter) and ±90° (with 40 Hz low pass 
filter). It is designed to have a minimal offset drift over lifetime 
(<0.12°), making it suitable for long-term structural health 
monitoring. 

 
 

 
(a)                                                         (b) 

Figure 2. MEMS devices (a) accelerometer and (b) inclinometer 

 

2.2 In-place Inclinometer and Shape Array Accelerometers 

An in-place inclinometer (IPI) and a Shape Accel Array (SAA) 
are deformation instruments that use inclinometer technology, 
as shown in Figure 3. Both instruments utilize MEMS 
inclinometers as previously described. However, the two differ 
in their mechanical construction, guidance and orientation 
methods, output data, and tolerance for large curvature and 
deformation. Table 1 summarizes the trade-offs between 
manual inclinometers, IPIs, and SAAs.  
 
 

  
Figure 3. In-place inclinometer and Shape Accelerometer Arrays 
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Table 1. Qualitative comparison of inclinometer-based deformation 
monitoring approaches. 

Attribute Manual 
Inclinometer 

IPI(conventi
onal) 

IPI (latest) SAA 

Typical 
range 

±30 deg 
from vertical 

Calibrated 
for ±10-30° 

±90° (tri-
axial) / ±30° 
(bi-axial) 

±60° from 
vertical 

Data 
collection 

Manual Manual/Aut
omated/Real
-time 

Manual/Aut
omated/Real
-time 

Manual/Aut
omated/Real
-time 

Expected 
movement 
capacity 

Medium Low to 
medium 

Medium to 
high 

Medium to 
high 

Gauge 
length / 
spacing 

500 mm 0.5-3 m Customizabl
e 

0.25 or 0.5 m 

Max number 
of sensors 

N/A O(10^1) O(10²) O(10^2) 

Maintenance 
/ 
recalibration 

High Medium Low Low 

Installation 
time 

None 
(survey 
only) 

High Low 
(modular 
plug and 
connect) 

Low 

Relative 
price 

$ $$ $$ $$$ 

 

In IPI, a series of discrete tilt sensors is installed at specific 
depths. Similar to a manual inclinometer, tilt is measured at 
each sensor location, which can be either uniaxial or biaxial. 
The data obtained from these measurements are then integrated 
with depth to create a profile of lateral displacement versus 
depth. A typical gauge length for these sensors ranges from 0.5 
to 3 meters. The latest IPI consists of multiple MEMS-based tri-
axial tilt sensor cells with ultra-low power consumption, high 
precision (better than 0.001° resolution), and a wide 
measurement range, making them suitable for both short-term 
and long-term monitoring in remote or power-constrained 
environments. Installation can be tailored to the host structure: 
for rigid structures (e.g., tunnel linings, steel frames), the IPIs 
are mounted directly; for non-rigid bodies (e.g., embankments, 
slopes), they are first embedded in a rigid carrier tube like 
grooved inclinometer casing (see Figure 4(a)). The grooves in 
the casing help control the orientation of the sensors. The latest 
system is compatible with wireless mesh networks, enabling 
real-time data transmission via a gateway or a standalone 4G 
unit. Primary applications include vertical settlement profiling 
(landslides), lateral convergence monitoring (tunnels), and 
railway track geometry (cant, twist, longitudinal settlement). 

 

   
(a)     (b) 

Figure 4. (a) In-place inclinometers and (b) Shape Accel Array       

 
SAAs are continuous-profiling deformation sensors that 

accurately reconstruct the changing shape of a borehole or 
alignment. They consist of a series of short, rigid instrumented 
segments (ranging from 0.25 to 0.5 meters) connected by 
flexible, non-rotating joints (Figure 4(b)). This design allows 
for measurements of shape without the need for grooved casing 
for orientation. The joints connecting the segments are 
engineered to articulate in multiple directions while preventing 
any twisting, which is crucial for maintaining azimuth. This 

preservation of azimuth is essential for accurately 
reconstructing a unique three-dimensional shape over time. The 
system calculates the alignment by integrating the incremental 
orientation changes along the array, resulting in displacement 
profiles that are similar to inclinometer plots but can offer 
higher spatial density. 

Deployment challenges for IPIs and SAAs include 
ensuring reliable reference conditions, especially in long 
horizontal installations. It is also crucial to manage casing 
tolerances and grouting decisions, as these can impact coupling 
and accuracy. Additionally, preventing interpretation errors 
caused by moving reference points, temperature variations, or 
localized segment anomalies is essential. To address these 
challenges, best practices recommend pairing them with clear 
installation documentation, implementing redundant 
measurements (such as survey controls, extensometers, and 
pore-pressure sensors), and establishing explicit Quality 
Assurance/Quality Control (QA/QC) protocols. 

IPI and SAA monitoring systems are commonly used in 
situations where (i) a project requires continuous or high-
frequency time series data, or (iii) the location is remote, 
making repeated manual surveys costly.  IPIs and SAAs are 
now widely used in routine engineering practice of large 
geotechnical engineering projects. Numerous publications and 
technical reports describe the application of IPIs and SAAs for 
geotechnical monitoring (e.g., Abdoun et al., 2007; Bennett et 
al., 2011; Lipscombe et al., 2014; Swarbrick and Clarke, 2015). 

3 WIRELESS SENSOR NETWORKS 

3.1 Background 

Implementing wired monitoring systems for large-scale 
infrastructure can be time-consuming and expensive, largely 
due to cable installation and associated site constraints. In 
contrast, wireless sensor networks (WSNs) are attractive 
because they eliminate the need for extensive cabling, 
particularly for distributed or hard-to-access assets such as 
tunnels, pipelines, slopes, and rail corridors. When coupled 
with high-precision, low-cost sensors (like MEMS sensors as 
described in the previous section), WSNs enable monitoring at 
spatial scales and sensor densities that were previously 
impractical (e.g., Hoult et al., 2009). 

A typical WSN for infrastructure monitoring consists of (i) 
sensor nodes with on-board sensing, computation, and a radio 
(Figure 5(a)); (ii) gateways or data sinks that collect data and 
provide backhaul to the Internet (cellular, ethernet, satellite) 
(Figure 5(b)); and (iii) a software layer for storage, 
visualization, alerting, and integration with engineering 
workflows. Gateways typically require more power than nodes 
and are commonly grid-connected or paired with larger energy 
harvesters.  

Coverage can be extended using multi-hop routing, in 
which nodes relay data to one or more gateways (Figure 5(c)). 
Multi-hop architectures improve scalability and can reduce per-
link transmission power, affecting throughput, latency, and 
energy consumption. While a single gateway can theoretically 
address very large node counts, practical infrastructure 
deployments more commonly involve networks in the order of 
tens to hundreds of nodes. Achievable scalability depends 
strongly on the chosen communication protocol and network 
configuration. 
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(a)      Sensor nodes 

 

     
(b) Gateway 

 

 
(c) Mesh network 

Figure 5. Wireless sensor network 

Key advantages of WSNs for civil infrastructure monitoring 
include: (i) deployment of large numbers and diverse types of 
sensors without cable installation; (ii) the ability to instrument 
locations that are difficult or unsafe to access with wired 
connections; (iii) near real-time acquisition of spatially 
distributed data, supporting faster interpretation and decision-
making; (iv) long-duration operation using on-board user-
replaceable batteries, reducing the need for frequent 
maintenance, and (v) industrial design of a minimum IP65 
rating for dust and water resistance. Modern WSN platforms 
often incorporate mesh networking protocol, in which nodes act 
as both sensing units and relay points. This architecture 
improves coverage and reliability while providing flexibility for 
deployment with minimal time and effort, even by non-
specialists. Modern WSN systems are best viewed as an 
integrated stack (sensor hardware, embedded computation, 
radio links, backhaul connectivity, data management, and user-
facing visualization) rather than a collection of standalone 
devices (Figure 6). 

Wireless sensor networks (WSNs) are now widely 
recognized as a low-cost, resource-efficient alternative to wired 
monitoring systems for structural deployments (e.g., Rodenas-
Herráiz et al., 2016). By reducing installation effort and 
enabling dense instrumentation, WSNs have opened up 
monitoring applications that would have been challenging to 
implement only a decade ago. 

 

 
Figure 6. Modern WSN system 

3.2 Technology 

A typical WSN “node” integrates a microcontroller (MCU), a 
radio transceiver, and one or more sensors, all designed for low-
power operation. Representative low-power MCU families 
include the Texas Instruments MSP430, Atmel AVR 8/16-bit 
devices, and ARM Cortex-M series (32-bit). In general, 8/16-
bit MCUs offer lower power consumption, whereas 32-bit 
MCUs are preferred when computationally demanding tasks 
(e.g., floating-point signal processing) are required. For 
example, TI’s MSP430FRx family can operate at mean currents 
on the order of ~5 mA (~15 mW) in active mode and μA–nA 
(μW–nW) levels in low-power modes (excluding radio). In 
contrast, ARM Cortex-M3-class devices commonly draw ~10–
20 mA in active mode and μA levels in sleep mode, while 
enabling more sophisticated on-node analytics. 

Radio energy use is often the dominant contributor to 
power consumption. IEEE 802.15.4-compliant radios such as 
TI’s CC2420/CC2520 typically draw only a few mA in active 
circuitry and μA in sleep but require substantially higher 
currents during communication (approximately ~18–30 mA 
while transmitting and ~20 mA while receiving). On-board 
sensors are generally low power (often mA or less), whereas 
external sensors can draw more due to warm-up requirements, 
limited sleep capability, and higher sampling rates. Additional 
components (such as anti-aliasing filters and external memory) 
also contribute at the mA–μA level. 

Communication range and throughput depend on the radio 
technology and frequency band (see Table 2). Radio 
propagation is a dominant uncertainty driver in WSN 
performance. Signal strength and reliability depend on 
reflections, scattering, refraction, diffraction, and attenuation 
by buildings, vegetation, topography, traffic, and atmospheric 
conditions. These effects are amplified in urban sites and 
underground spaces where multipath and shadowing are 
common. Consequently, robust deployments emphasize 
redundancy: multiple paths (mesh), strategic antenna 
placement, and realistic link-budget testing during 
commissioning. 

Table 2. Radio frequency technology comparison 
Standard Distance Bandwi

dth 
consum
ption 

Advantages 

Wi-Fi  
(IEEE 802.11) 
2.4 GHz 

50 m 
indoor 
100 m 
outdoor 

9.6 Gbps 400+mA 
in use 
20mA 
standby 

High data rate 

Bluetooth  
(IEEE 802.15.1) 
2.45 GHz 

10-100 
m 

1Mbps 40mA in 
use 
0.2mA 
standby 

Interoperability, 
cable 
replacement 

LR-WPAN/ 
Zigbee (IEEE 
802.15.4) 
2.4 GHz 

Up to 
200 m 

250kbps 30mA in 
use 
<100nA 
standby 

Long battery 
life, low cost, 
scalable 

LoRaWAN 
Europe 868 
MHz 
North America 
915 MHz 
Asia 433 MHz 

2-3 km 
(urban) 
5-7 km 
(rural) 

27-
50kbs 

30mA in 
use 
<100nA 
standby 

Long distance, 
long battery life, 
low cost, 
scalable 
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The commonly used 2.4 GHz radios can achieve ranges up to 
100 m outdoors with appropriate antennas, but longer ranges 
typically require higher transmit power (and thus higher current 
draw, e.g., ~30–100 mA). Many standards-based WSN 
technologies provide a nominal upper data rate of 250 kbps, 
which is substantially lower than typical wired alternatives. 
Moreover, packet sizes are small (127 bytes), with only ~80–
102 bytes available for payload after protocol overhead. The 
strong link budgets are achieved in part through narrow receiver 
bandwidths that reject much of the ambient noise. These limits 
are acceptable for low-duty-cycle monitoring, where only a few 
bytes of data must be delivered to a gateway hourly or daily. 

There is increasing interest in low-power wide-area 
networks (LPWANs) for very long-distance links, although 
these are generally limited to small, infrequent data 
transmissions. To extend communication range and reduce 
power consumption, sub-1 GHz transceivers have increasingly 
been adopted, operating at 915 MHz (North America), 868 
MHz (Europe), 433 MHz (Asia) and 426 MHz (Japan), among 
other allocations. As illustrated in Figure 7, these lower-
frequency radios can substantially increase range (often ~5–10 
km by multi-hoping) at similar current consumption (e.g., ~10–
20 mA), but at the cost of reduced data rate and payload 
capacity. For example, in the IEEE 802.15.4 standard at 2.4 
GHz (250 kbps), typical payloads are on the order of ~80–110 
bytes, whereas lower-frequency options may support smaller 
payloads (e.g., ~30–50 bytes) and lower bitrates (e.g., ~20 
kbps).  

 

 
Figure 7. Use of mesh network LPWANs for large coverage sensing 

By contrast, high-rate applications, such as vibration 
monitoring, can generate millions of samples per day and 
remain challenging, particularly under tight constraints on 
battery life and communication duty cycle. Addressing this 
bottleneck typically requires a combination of embedded edge 
processing and data-reduction strategies, including 
compression, feature extraction, event triggering, and 
transmission of summarized indicators rather than raw 
waveforms.  

On-site data processing is used to reduce communication 
load and enable real-time decisions. Zhang et al. (2026) 
proposed an edge-computing-based safety assessment system 
for shield tunnels that fuses data from MEMS-based WSN tilt 
sensors and inspection vehicles. At the edge gateway, data are 
preprocessed using lightweight algorithms (adaptive Kalman 
filtering, STL-ARIMA forecasting, LUT-based fuzzy 
assessment) to generate safety grades within minutes. This 
represents a move from raw data transmission to actionable 
information delivery. 

Battery life depends strongly on sampling, computation, 
and communication demands. Inefficient communication (e.g., 
frequent topology maintenance) and computationally intensive 
applications can shorten lifetime. For high-rate monitoring, 
such as structural dynamics and control, where sampling and 
transmission demands are high, battery life can range from days 
to months. In these regimes, conventional duty-cycling 

strategies may offer limited benefit because sensing, 
processing, and transmission must remain active. In contrast, 
for quasi-static applications with low sampling and low 
transmission duty, battery lifetimes can extend to 10 to 20 
years. 

Open wireless environments expose monitoring systems to 
cyber and physical threats. Most deployed WSNs use 
symmetric encryption because of limited processing and power 
budgets; LPWAN technologies commonly use AES-128 or 
comparable schemes. Encryption can protect confidentiality 
and integrity, but it does not prevent all attacks. Practical risks 
include physical theft or tampering (leading to key 
compromise), jamming that disrupts communication, and 
denial-of-sleep attacks that drain batteries by forcing repeated 
wake-ups. Accordingly, device selection should consider not 
only encryption but also key management, tamper resistance, 
and resilience to interference. 

Over the past two decades, a strong research and 
development community has advanced WSNs for civil 
engineering applications (Stajano et al., 2010; Rodenas-Herráiz 
et al., 2016), and the technology is now commercially well 
established. Figure 8 summarizes the evolution of WSN 
systems developed over the past 15 years. Hardware platforms 
have become robust and reliable, supported by mature 
communication protocols and power-management 
mechanisms. Current research is focused on embedded data 
processing, integration of new sensor modalities, energy 
harvesting, and continued miniaturization. Recent platforms 
emphasize ultra-low power consumption, compact form factors, 
and increasing use of embedded intelligence. Hardware and 
software capabilities have advanced substantially, not only in 
data acquisition and anomaly detection, but also in on-node data 
compression, signal processing, analytics, and network 
management. Communication protocols are increasingly 
optimized to reduce transmission loads and power draw. With 
today’s low-power, high-performance processors, significant 
computation can be performed at the sensing node (i.e., edge 
processing and computing), conserving energy by transmitting 
only information that is necessary or event-relevant. 

Looking toward the next generation, WSN technology is 
evolving beyond infrastructure monitoring toward community-
scale resilience. By integrating low-power wide-area networks 
(LPWAN) with mesh networking, future systems can enable 
direct device-to-device messaging among smartphones without 
cellular coverage, effectively transforming fixed sensor 
infrastructure into a distributed emergency communication grid. 
This ‘Trigger Mesh’ capability, where nodes are activated by 
threshold events or physical knocks, gives a paradigm shift 
where people themselves become sensors and actors within the 
network, enhancing coordination during wildfires, earthquakes, 
or other disasters when conventional networks fail. 

 
Figure 8. Evolution of WSN in the past 15 years 
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(1st to 2nd gen)

Phase 2
(2nd gen)

Phase 3 
(3rd gen)

-2010

Make a hardware 
system of some WSN 
protocol to demonstrate 
the concept

Facilitate 
interfacing to 
sensors to suit 
more applications 
with static Mesh

2010-2015 2015-2020

Phase 4

2020 -

Smarter and 
systematic designs 
to serve the needs 
of customers 

3rd gen = Smarter mesh protocol, better level of sensor design, better power 
technology, higher % of decision making from the platform, long-distance

University-level Spin-out-level Monitoring company-level

1st gen - Star topology = Where power hungry elements are separated from nodes, so 
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3.3 WSNs for geotechnical engineering 

For WSNs to be adopted pervasively in geotechnical 
monitoring, deployment must be feasible for site engineers and 
contractors, i.e., the systems must be simple to install, 
commission, and maintain. In practice, reliable radio 
connectivity is not automatically guaranteed, and security 
cannot be treated as an afterthought. Data interpretation and 
visualization also remain nontrivial. Consequently, WSN 
design requires careful trade-offs between rapid network setup, 
long-term stability, and resilience to routing attacks, while 
maintaining adequate system availability. 

Uchimura et al. (2015) developed a WSN-based approach 
for early warning of rainfall-induced landslides (Figure 9). 
Their system primarily monitored tilt within the near-surface 
slope layer using MEMS tilt sensors. When combined with 
volumetric water content measurements, they evaluated 
alternative sensor configurations and identified characteristic 
pre-failure tilt responses. They proposed operational thresholds 
in which a precaution is triggered at a tilt rate of 0.011°/h and a 
warning is triggered at 0.11°/h. Figure 10 shows the WSN 
installation for railway embankment monitoring in the UK, 
which comprises slope tilt measurement and computer vision 
monitoring. Trigger-based operation is evolving from simple 
thresholds to multi-sensor inference, enabling early warnings 
with fewer false alarms. 

 

 
Figure 9. WSN system to monitor slope movements (a) System 
overview and (b) tilt sensors (Uchimura et al., 2015) 

      

     
Figure 10. WSN system to monitor embankment movements for 
railway safety 

Underground wireless underground sensor networks (UWSNs) 
are an emerging direction for geotechnical monitoring where 
nodes must be embedded in soil or backfill. Subsurface 
communication is challenging because water content increases 
attenuation; practical ranges can be on the order of meters or 
less, varying strongly with soil type and moisture state. Lin et 
al. (2019) and Huang et al. (2020) conducted theoretical and 
experimental studies on the signal propagation in soil 
(Figure 11). System-level approaches include ‘hopping’ 
architectures where buried nodes relay to shallower nodes and 
ultimately to a surface gateway, thereby trading node count for 
communication reliability. Figure 12 shows field deployment 
of UWSN systems for monitoring pipeline leakage. Wireless 
underground networks and embedded sensing in backfill or 
mine waste expand monitoring to previously inaccessible 
volumes, but require advances in soil-channel modeling, 
adaptive routing, and moisture-aware protocols. 
 

 

 
Figure 11. Testing of radio propagation in soils (Huang et al., 2020) 

 

 
 
Figure 12. Field deployment of UWSN for pipeline leakage monitoring 
in California. 

152



4 DISTRIBUTED FIBER OPTIC SENSORS 

4.1 Background 

Broadly, fiber-optic sensors fall into two categories: point 
sensors and distributed sensors. 

Fiber Bragg grating (FBG) sensing is a mature and widely 
adopted point-sensing technology. An FBG measures strain or 
temperature through a periodic refractive-index modulation 
(grating) inscribed in the fiber core. FBGs are typically 
fabricated by UV exposure through a phase mask, as 
schematically shown in Figure 13(a). The grating period is 
selected so that a specific (Bragg) wavelength is reflected. 
Changes in strain or temperature alter the grating spacing and 
effective refractive index, shifting the reflected wavelength. By 
tracking this wavelength shift, strain or temperature at the 
grating location can be inferred, with typical strain resolution 
better than 1 με. Multiple sensing locations can be multiplexed 
along a single fiber by assigning distinct wavelength bands to 
different gratings. Owing to its accuracy, robustness, and 
multiplexing capability, the FBG sensor remains one of the 
most common point sensors across many disciplines (Glisic and 
Inaudi, 2007). 

 
(a) 

 
(b) 

 
(c)  

Figure 13. (a) Fiber Bragg grating, (b) Backscattered lights from 
different locations of fiber and (c) three scattering modes  

Distributed fiber optic sensing (DFOS) is also becoming a 
mature technology and increasingly used in geotechnical 
engineering because it can provide continuous, high‑density 
measurements of temperature, strain and vibration along tens of 
kilometers of optical fiber (e.g., Bao and Chen, 2012; Soga et 
al., 2015; Kechavarzi et al., 2016; Hartog, 2017; Soga and Luo, 
2018). As a light wave propagates through an optical fiber, 
microscopic material non-uniformities cause a small fraction of 
the optical power to be scattered backward toward the source, 
as shown in Figure 13(b). Strain and temperature changes 
modify local density and refractive-index fluctuations, which in 
turn alter the properties of the backscattered signal. By 
interrogating these naturally occurring backscatter (Raman, 
Brillouin and Rayleigh scattering) in standard 
telecommunication fibers, DFOS systems exploit these changes 
to quantify strain, temperature, and/or vibration continuously 
along standard fiber-optic cables. When the fiber is bonded to a 
structure or embedded within soil or construction materials, the 
measured response provides a spatially continuous record of the 

host medium’s state and evolution. DFOS therefore can act as 
a ‘nervous system’ for ground–structure systems, filling the gap 
between sparse point instrumentation and the spatially 
distributed mechanisms that govern serviceability and failure.  

4.2 Technology of DFOS 

4.2.1 Basics 

An optical fiber comprises a silica core, cladding and protective 
coatings, as shown in Figure 14. Light launched into the core 
experiences attenuation and backscattering. DFOS measures 
backscatter versus distance to infer local physical states along 
the fiber. In civil and geotechnical practice, the fiber is typically 
packaged in a rugged cable to ensure survivability and 
controllable strain transfer. 

 

  
(a) An example of fiber optic strain sensing cable 

 

  
(b) An example of fiber optic temperature sensing cable 

 
Figure 14. Examples of fiber optic sensing cables 

When light is launched from one end of the fiber, backscattered 
signals are generated continuously along the fiber length. The 
return time of each backscattered component is proportional to 
its distance from the launch point; thus, location can be 
determined from the measured flight time and the speed of light 
in the fiber. For each location, the analyzer evaluates an optical 
“signature” (often represented as a frequency- or wavelength-
dependent profile; see Figure 13(c)) and converts changes in 
that signature into the desired measurand. Because optical 
fibers exhibit low attenuation, DFOS can provide dense 
measurements (e.g., sampling interval of 5-10 cm) over long 
distances (from a few to tens of kilometers). Representative 
performance levels are on the order of 1–30 με for strain and 
0.1–1 °C for temperature, depending on the technique and 
instrument configuration (Soga and Luo, 2018). Optical fibers 
are passive (no electronics in the ground), immune to 
electromagnetic interference, can be installed over long 
distances with minimal cross‑section, and can be interrogated 
remotely from protected locations. 

Different DFOS modalities are distinguished primarily by 
the scattering mechanism they interrogate: Rayleigh, Raman, 
and Brillouin scattering (see Figure 13 (c)). Distributed 
Acoustic Sensing (DAS) is based on Rayleigh-based scattering, 
which is highly sensitive to dynamic strain and is widely used 
for vibration monitoring and seismic applications. Raman 
scattering is predominantly temperature-sensitive and forms the 
basis of Distributed Temperature Sensing (DTS), used in 
applications such as power-cable and transmission-line 
monitoring, fire detection, and leakage detection in dikes, dams, 
and sewers, as well as downhole temperature profiling in oil and 
gas wells. Brillouin scattering is sensitive to both strain and 
temperature and enables distributed strain/temperature 
profiling using time-domain approaches such as Brillouin 
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Optical Time-Domain Reflectometry (BOTDR) and Brillouin 
Optical Time-Domain Analysis (BOTDA). Table 3 lists typical 
DFOS modalities, whereas Table 4 shows their indicative 
performance ranges. 

DFOS outputs are reconstructed from time‑of‑flight 
(OTDR‑type) or frequency‑domain processing 
(OFDR/BOFDA). The reported ‘sampling interval’ is the 
distance between data points (e.g., 0.25–1 m), but the true 
‘spatial resolution’ is governed by pulse width (in OTDR) or 
modulation bandwidth (in OFDR/BOFDA). A practical 
implication is ‘smearing’: sharp strain/temperature events 
smaller than the resolution are averaged, reducing peak 
amplitude and broadening the apparent anomaly. Design should 
therefore begin with a deformation mechanism length scale 
(crack, shear band, joint, settlement trough) and work backward 
to select gauge length and resolution. 

Table 3. Typical DFOS modalities (interrogator- and installation-
dependent). 

Modality 
 

Method Measurand(s) Typical use 
cases 

DTS Raman 
OTDR/OFDR 

Temperature Seepage, 
leakage, 
thermal 
processes 

DSS (Brillouin) BOTDA/BOTD
R/BOFDA 

Strain + Temp. Tunnels, 
pipelines, 
embankments 

DSS (Rayleigh) OFDR Strain + Temp. Cracks, joints, 
lab/model tests 

DAS ϕ‑OTDR Dynamic strain Vibration, 
geohazards, 
intrusion 

Table 4. Indicative performance ranges of DFOS modalities 
Modality 
 

Range Spatial 
resolution 

Sampling 
interval 

DTS 1–10+ km 0.5–2 m 0.25–2 m 
DSS (Brillouin) 1–50+ km 0.2–2 m (to ~10 

m) 
0.1–1 m 

DSS (Rayleigh) 10–1000 m mm–cm mm–cm 
DAS 1–50+ km 1–10 m 1–10 m 

The principal advantage of DFOS is the combination of high 
sensitivity, long distance, and truly distributed measurement. In 
effect, a single cable can act as thousands of strain gauges, 
thermocouples, or accelerometers, offering a cost-effective 
monitoring solution when evaluated on a “sensor-density” 
basis. This distributed capability is particularly attractive for 
geotechnical systems where loading and deformation occur 
over extended lengths rather than at isolated points. In addition, 
the long-term stability of silica glass fibers and the ability to 
embed cables within structures make DFOS well suited for 
durable, long-duration monitoring deployments.  

4.2.2 Distributed Strain Sensing (DSS) 

The fiber core senses axial strain, but the measured strain 
depends on deformation transfer from the host medium through 
coatings, buffers and cable jackets. Strain‑sensing cables 
(‘tight‑buffered’, reinforced) are designed for efficient transfer 
(Figure 14(a)); temperature cables (‘loose‑tube’) isolate the 
fiber to minimize mechanical coupling (Figure 14(b)). In 
practice, strain transfer can be frequency dependent and may 
degrade over time due to debonding or creep, requiring baseline 
checks and redundancy. 

DSS using Brillouin scattering provides kilometer‑scale 
sensing. The Brillouin frequency shift νB is approximately 
linear in strain and temperature change: ΔνB = CεꞏΔε + CTꞏΔT, 
where coefficients depend on fiber type and wavelength. 
Because of cross‑sensitivity, temperature compensation is 
essential when interpreting absolute strains.  

As shown in Table 3 and Table 4, different DSS systems are 
available. BOTDA (stimulated, double‑ended) generally offers 
higher precision; BOTDR (spontaneous, single‑ended) can be 
more practical when only one end is accessible (see Figure 15). 
BOFDA provides frequency‑domain interrogation with 
alternative tradeoffs in resolution and measurement time. 
OFDR tracks Rayleigh backscatter ‘fingerprints’ to provide 
very high spatial resolution (e.g., 0.5 mm intervals) over shorter 
ranges (e.g. 100 m). This is advantageous for crack localization 
in linings, joint monitoring and laboratory element testing, but 
requires careful thermal control and calibration. Also, a typical 
measurement distance is around 100 m, which is substantially 
smaller than the measurement distances that 
BOTDR/BOTDA/BOFDA provide.  

 
Figure 15. BOTDR versus BOTDA 

DSS cables shown in Figure 14(a) may be glued or 
shotcreted to tunnel linings, tied to reinforcement cages in 
piles/diaphragm walls, embedded in grout of anchors, or 
installed in trenches for pipelines and embankments. Strain 
transfer (Figure 16) is improved by continuous bonding and 
mechanical protection, but excessive stiffness can reduce 
survivability during construction. A practical design approach 
is to match cable ruggedness, bonding method and expected 
strain range (including extreme events). 
 

 
Figure 16. Strain transfer from structure to fiber optic cable 

In urban tunneling, circumferential DSS layouts capture 
ovalization and bending modes of linings and can identify 
localized cracking when gauge length is sufficiently short 
(Figure 17) (Mohamad et al., 2010). Fault‑crossing pipelines 
have been instrumented with strain and temperature fibers to 
quantify differential ground movement and support risk-based 
inspection (Figure 18Figure 17) (Araica et al., 2024). Fiber 
optic cables can be installed in a borehole to identify the 
location of landslide shear zones (Figure 19). In deep 
foundations, distributed axial strain profiles enable derivation 
of axial force and mobilized shaft friction distributions, 
providing TZ curves and insight into layer-dependent load 
transfer (Figure 20) (Pelecanos et al., 2018). In embankments 
and reclaimed land (e.g., settlement monitoring), DSS can 
capture spatially varying settlement troughs and identify zones 
of differential movement (Figure 21) (Yeskoo and Soga, 2022). 
Fiber optic cables can be embedded in ground anchors to 
measure the strain development within the anchors (Figure 22) 
(Jasiak et al., 2025). If fiber optic cables are attached with 
certain geometry, it is possible to derive the shape of the 
movement (Yang et al., 2025). 
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(a) DFOS schematic 

  
(b) Fiber optic cable installation 

 
(c) Strain development around an old tunnel when a new tunnel is 

constructed underneath (Mohamad et al., 2010) 
 

Figure 17. Tunnel monitoring  

 
(a) DFOS instrumentation schematic 

 
(b) Three fiber optic cables attached to a water pipeline 

 
(c) Development of strain around the fault crossing zone 
 

Figure 18. Pipeline monitoring 

To Analyser
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Pipe Connected with 
Optical FibreSliding Surface

Optical Fibre

 
(a) DFOS Schematic 

  
(b) Fiber cables attached to a tube and its borehole installation  

 
(c) Bending strain profile showing landslide shearing planes 

Figure 19. Slope monitoring 

 

(a) Schematic diagram of DSS and DTS installation 

 
(b) Fiber optic sensing cable installation 

 
(c) Distributed strain profiles from O-Cell testing and the derived 

soil-pile interaction relationships  

Figure 20. Pile monitoring  

FO cables
Strain Sensing (tight-buffered)
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(a) DSS installation in an embankment 

 
(b) DSS installation into CPT hole after CPT 

 
(c) Distributed strain measurement during embankment construction 

(left) against CPT data sets (right) 
Figure 21. Embankment monitoring 

 

 
(a) Fiber optic cables installation in the anchor strand and grout 

 
(b) Distributed strain development in the strand 

 
(c) Distributed strain development in the grout 

Figure 22. Ground anchor monitoring 

4.2.3 Distributed Temperature Sensing (DTS) 

DTS most commonly uses Raman backscatter, which is 
associated with the molecular vibration of the fiber optic 
material. The intensity is therefore temperature dependent. 
Calibration typically relies on reference fiber sections at known 
temperatures and periodic checks for drift. BOTDA/BOTDR 
systems are also used for DTS as Brillouin scatter is also 
temperature dependent.  

DTS cables are often ‘loose‑tube’ designs (Figure 14(b)) 
that reduce strain transfer, because mechanical strain can create 
apparent temperature artifacts. Installation may use shallow 
trenches (for levees/pipelines), boreholes (for seepage 
screening across depth), or embedment in grout/cementitious 
materials.  

Passive DTS relies on natural temperature contrasts and is 
effective when seepage or leakage induces measurable thermal 
anomalies. Active DTS introduces controlled heating (e.g.,  
heating of an adjacent conducting wire) and interprets the 
transient thermal response (e.g. Coleman et al. 2015). Active 
methods can increase sensitivity in low-gradient environments 
and enable estimation of seepage velocity or soil water content 
through heat‑transfer models. 

DTS can be used for integrity testing of piles or diaphragm 
(slurry) walls by measuring the temperature continuously along 
its full length during curing to identify anomalies (e.g. Rui et 
al., 2017). Because cement hydration generates heat, defects 
such as necking, voids/honeycombing, soil intrusions, poor 
concrete quality, or cross-section changes may appear as 
localized temperature drops, delayed heating, or irregular 
cooling at specific depths (Figure 23). The fiber is typically 
attached to the reinforcement cage (or installed in access tubes), 
and temperature–time curves are interpreted by comparison 
with expected profiles to pinpoint suspect zones for follow-up 
tests. Its main advantage is true continuous coverage, while key 
limitations are sensitivity to boundary conditions (e.g., 
groundwater flow/ambient temperature) and the need for good 
installation and careful interpretation. 

DTS has been applied to seepage detection in embankment 
dams and levees, where internal erosion and piping are key 
failure modes. Field and laboratory programs show that 
distributed temperature anomalies correlate with seepage paths, 
and coupled heat–seepage models can be used to invert DTS 
measurements for seepage field characterization (Cola et al., 
2021). DTS has also been used for leak detection in pipelines, 
monitoring ground freezing/thawing during construction and 
characterizing groundwater–surface water exchange. 

 

 

Figure 23. DFOS monitoring of a cast-in-place pile during hydration 
(a) fiber optic cable installation on reinforcement cage in four 
longitudinal directions, (b) distributed temperature profile rising during 
hydration, and (c) estimated pile shape  
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4.2.4 Distributed Acoustic Sensing (DAS) 

DAS is commonly implemented using phase‑sensitive OTDR 
(ϕ‑OTDR), which measures coherent Rayleigh backscatter at 
high repetition rates (e.g. Bao et al., 2017; He and Liu, 2021). 
Dynamic strain along each gauge length modulates the phase of 
backscatter, enabling reconstruction of vibration time series at 
thousands of virtual channels. Measurement performance 
depends on gauge length, channel spacing, pulse repetition rate 
and laser coherence.  

DAS waveforms are translated into interpretable 
indicators, such as strains, event, energy, modal frequency 
shifts, or damage indices. Many engineering deployments focus 
on qualitative detection/localization (event identification, 
intrusion detection, traffic detection), while quantitative DAS 
aims to recover strain/strain‑rate wavefields. Quantitative 
calibration requires accounting for fiber coupling to the ground, 
directional sensitivity, and instrument response. 

DAS has expanded rapidly in near-surface geophysics and 
geotechnical monitoring because it can repurpose existing 
telecom fibers as dense seismic arrays (Zhu et al. 2022; Li et 
al., 2022). Applications include monitoring construction 
activities, detecting third‑party interference along pipelines, 
traffic and railway monitoring, subsurface profiling and 
microseismic monitoring (Hubbard et al., 2022; Vantassel et al., 
2022). Recent field studies demonstrate DAS capability to 
resolve spatially evolving landslide deformation and rupture 
development, capturing strain rates that may be below the 
detection threshold of conventional sensors (e.g., Ouellet et al., 
2024; Li et al., 2023). It may open a new research direction for 
acoustic sensing (Saw et al., 2025). 

Combining DAS with DTS/DSS can provide multi‑physics 
context: quasi‑static deformation and temperature changes 
constrain boundary conditions, while DAS provides dynamic 
response and event timing. 

4.3 DFOS for Geotechnical Engineering 

Table 5 summarizes common installation approaches and 
typical strengths/limitations in geotechnical assets. These 
practical considerations are essential for moving DFOS from 
research demonstrations to routine monitoring. 
 

Table 5. DFOS installation approaches in geotechnical assets 
Asset / context Typical 

installation 
Primary risks Notes / 

mitigation 
Tunnel lining Bonded to 

lining 
(epoxy/mortar), 
embedded in 
shotcrete 

Debonding, 
construction 
damage 

Use protective 
channels; 
baseline after 
installation 

Piles 
diaphragm 
walls 

Tied to rebar 
cage; U‑loops; 
protected 
routing to 
surface 

Cable break 
during lift or 
concreting 

Use armored 
cable; strain 
relief and robust 
exit 

Levees 
embankments 

Trenched near 
crest/toe; 
borehole arrays 
for depth 

Thermal drift, 
poor coupling 

Add reference 
sections; 
consider active 
heating 

Pipelines Co-installed in 
trench; attached 
to pipe or in 
adjacent 
conduit 

Local slip, 
excavation 
damage 

Use hybrid 
strain+temp 
cables; 
integrate with 
asset GIS 

Slopes Surface 
trenches or 
shallow 
boreholes 
across 
suspected shear 
zone 

Variable 
coupling, 
environmental 
exposure 

Combine with 
rainfall/pore 
pressure and 
DAS 

 

DFOS produces high-dimensional spatio‑temporal datasets. 
Processing workflow typically includes attenuation correction, 
drift removal, spike and outlier filtering, temperature 
compensation, and alignment of distributed channels to 
physical coordinates. Splices and junctions should be masked 
or treated separately. Anomaly detection can be approached via 
thresholding (e.g., strain exceeding design limits), change‑point 
detection (sudden jumps), spatial pattern recognition (localized 
peaks versus broad gradients), and physics‑informed inversion. 
For seepage monitoring, inverse heat‑transport models can 
convert DTS into seepage estimates. For pile tests, DSS profiles 
can be integrated to compute axial force distributions and 
mobilized friction. 

Key challenges for DFOS adoption include: (i) 
temperature–strain cross‑sensitivity and drift, especially for 
long‑term absolute strain interpretation; (ii) installation 
variability and lack of standardized strain transfer 
characterization; (iii) survivability under large strains, chemical 
exposure and construction damage; (iv) data volumes 
(particularly for DAS) and the need for scalable analytics; and 
(v) translation of distributed fields into decision‑relevant 
indicators with quantified uncertainty. 

Future directions include hybrid sensing (DTS+DSS+DAS 
on the same cable), improved cable designs tailored to 
geotechnical environments, standardized guidance for design 
and QA/QC, and physics‑informed machine learning for 
anomaly detection. Integration with digital twins and asset 
management systems offers a pathway to move from 
‘monitoring for curiosity’ to monitoring that directly informs 
intervention thresholds, inspection planning and resilience 
investment. 

5 VISION-BASED SENSING 

5.1 Background 

Optical sensing has been growing in geotechnical engineering 
practice. This is because optical sensing provides rich datasets 
that can be used for a wide array of applications and can be 
analyzed with a variety of data analysis techniques including 
pixel tracking algorithms, digital image correlation, clustering 
algorithms, anomaly detection algorithms and edge detection 
algorithms. Monitoring using optical cameras may provide an 
opportunity for quick change detection that warrants some 
action. In addition, 3D reconstructions using digital imaging is 
reshaping conventional surveying and deformation-
measurement techniques. Structure-from-Motion has become a 
mature technology that has been used in a wide range of 
geotechnical applications, but also newer techniques for 3D 
reconstruction, such as Gaussian splatting are increasingly 
used. Examples of some of the vision-based techniques are 
presented in this section.   

5.2 Digital Image Correlation and Pixel Tracking 
Algorithms 

Digital image correlation (DIC) and related approaches such as 
particle image velocimetry (PIV) are no longer confined to 
laboratory settings. They have been successfully deployed in 
the field for structural health monitoring of infrastructure assets. 
Compared with controlled laboratory conditions, field 
applications face more demanding challenges, particularly due 
to variable illumination. Lighting is often non-uniform because 
of changing artificial light sources (e.g., flashlights), and 
localized shadows or low-light regions are common. 

To date, the most widespread field use of DIC has been in 
bridge monitoring, typically for short-duration deployments 
and for applications requiring high image-acquisition rates, 
such as vibration measurements (e.g., McCormick and Lord, 
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