Al-powered Digital Twin for Geotechnical Engineering

Data capture, 3D modeling and visualization for sub-surface predictive analysis.

Geotechnical engineering plays a vital role in the project lifecycle of pre-planning,
planning, design, construction and maintenance of infrastructure. The use of Artificial
Intelligence (Al) and machine learning (ML) techniques to power a Digital Twin is a recent
development that improves the accuracy, efficiency, and safety of geotechnical
engineering projects. From soil stabilization, to slope stability, to foundation design, there
are numerous areas in which Al can be applied. With the rise of Artificial Intelligence (Al)
geotechnical engineers are now applying these technologies to improve the on-time
completion, accuracy, quality, and safety of their work.

Figure 1: 3D Terrain Model of a River Basin
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Al Capability in Geotechnical Engineering

Al and ML techniques involve the use of algorithms and statistical models to analyze large
amounts of data, quickly and accurately make predictions based on that data.
Traditionally, geotechnical engineers have relied on manual data analysis and
interpretation, which can be time-consuming and prone to errors. In geotechnical
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engineering, these techniques can be used to analyze data from various sources, including
geological surveys, soil samples, and structural sensors, to better understand the behavior
of soil and rock and make more accurate predictions about how foundations and
structures will perform in different conditions.

Figure 2: Geotechnical Engineering at a Hydroelectric power generation site.

Subsurface Ground Investigations

Subsurface ground investigations help determine the suitability of a site for a specific use,
identify potential hazards, and design foundations and other underground structures. The
methods of conducting subsurface ground investigations can be broadly classified into
direct and indirect methods each with its own set of techniques.
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e Test Pits and Trenches:

e Boring and Drilling:

e Cone Penetration Testing (CPT):

e Standard Penetration Test (SPT):

e Seismic Refraction and Reflection.

e Electrical Resistivity Tomography (ERT).
e Ground Penetrating Radar (GPR).

e Hydrological Investigations

The choice of method depends on the nature of the ground, the topography, and the cost
of exploration. There are five types of field subsurface investigation methods: disturbed
sampling, undisturbed sampling, in situ investigation, geophysical investigation, and
remote sensing.

In Situ Test Methods

Geotechnical tests or investigations conducted at the job site are referred to as in situ soil
testing. Important geotechnical information can be obtained in a timely fashion from
conducting an in-situ soil test, including soil properties, moisture content, mechanical
properties, and more. These methods include:

e Standard penetration test (SPT)
e Cone penetration testing (CPT)
e Field vane test (FVT

e Pressure meter test

¢ Flat dilatometer test (DMT)

e Direct shear test (DST

e Triaxial shear test (TST)

e R-value

Reality Capture and Remote Sensing via loT:

Sensors are crucial in understanding the subsurface conditions, which can significantly
affect infrastructure projects during all phases of the lifecycle, especially planning, design,
construction and long-term operations and maintenance. Continuous data logging allows
the tracking of changing sub-surface conditions including rock and soil formations, water
movement, settlement of structures. These changes can be dynamically visualized in the
field using mobile device or at central location using Virtual Reality (VR) and hologram
technology. The most common sensors used are:

Borehole Loggers: These devices are lowered into boreholes to measure various
properties of the soil and rock formations, such as electrical resistivity, natural gamma
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radiation, and fluid conductivity, providing detailed information about the subsurface
geology.

Figure 3: 3D visualization of continuous borehole and gamma radiation log data,
represented as “tubes” with user-selected surface data.
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Examples of various devices used in borehole analysis include:

e Accelerometers: A sensor that measures the acceleration with our without the
influence of gravity, measuring seismic activity, inclination, machine vibration, and
dynamic distance and speed. Examples include:

o Piezometers

o Inclinometers
o Extensometers
o Strain Gauges

e Soil Moisture sensors

e Tensiometers

e Seismographs

e Ground Penetrating Radar (GPR)

e TDR (Time Domain Reflectometry) Sensors

e Resistivity Meters

4|Page Wednesday, January 29, 2025



Infrastructure Lifecycle Management - pre-planning/planning:
Soil and Rock Mechanics

Soil and rock mechanics deals with understanding the behaviors and properties of the
earth's materials. How does soil react to load? How do rocks respond to stress or changes
in moisture? These are foundational questions that dictate the feasibility and design of any
construction project.

Historically, answers to these questions were derived from empirical observations, often
leading to broad generalizations. With Al, this dynamic is changing. Advanced algorithms,
fed with vast amounts of geological data, can now make nuanced predictions about soil
and rock behaviors. For instance, Al can predict how a particular soil type might behave
under different seasonal conditions or how a rock layer might respond to excavation
techniques.

Figure 4: 3D Rock Formation Modeling

Hydro-geology

Hydrogeology focuses on the movement of groundwater, ensuring that projects like dams
or constructions in high groundwater areas are viable. Traditional methods often grappled
with unpredictable groundwater flows, which could jeopardize construction integrity.

Al-driven models offer predictive insights into groundwater movements, allowing engineers
to design structures that account for these flows. Embedded sensors can monitor water
table levels, salinity, or potential contaminants, offering real-time data that can guide
construction processes or groundwater management strategies.

Ground Improvement and Geosynthetics
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Every construction project begins with an intimate understanding of the ground it will stand
upon. Not all terrains, however, are naturally suited for construction. Some may lack the
necessary strength, while others might be too permeable or compressible. Ground
improvement techniques come into play here, transforming unsuitable terrains into robust
foundations.

Figure 5: 3D Slope Stability Visualization

Historically, methods like compaction, grouting, or soil stabilization have been employed.
But determining the most effective technique has often been a mix of experience and trial-
and-error, sometimes leading to suboptimal results. Al can analyze the vast array of data
from site tests, offering insights into the most effective ground improvement technique
tailored to specific site conditions.

Embedded sensors, on the other hand, play a crucial role post-improvement. Strategically
placed within the improved ground or alongside geosynthetic materials, these sensors can

monitor conditions in real-time. Whether it's detecting undue stresses, excessive
moisture, or even potential failures, the continuous feedback ensures timely interventions.

Infrastructure Lifecycle Management - Desigh & Construction:
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Seismic and Slope Stability

For seismic challenges, Al algorithms, when fed with vast seismic data, can offer
predictive insights into potential ground movements, helping design structures resilient to
earthquakes. Embedded sensors can provide real-time monitoring, detecting even minor
tremors or shifts that might indicate an impending larger seismic event.

Machine learning algorithms can be trained on historical data of earthquake events and
their corresponding soil liquefaction outcomes. By analyzing various factors such as soil
type, depth, and seismic activity, the algorithm can predict the likelihood of soil
liguefaction during an earthquake.

Al can model and predict potential landslide zones, analyzing factors like soil composition,
moisture content, and external loads. Embedded sensors, strategically placed on slopes,
can monitor ground movements or increased moisture levels, often the precursors to
landslides. With continuous data streaming from these sensors, Al can alert engineers to
potential instabilities well in advance.

Figure 6: 3D Seismic Survey
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Foundation and Structural Support
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Traditionally, foundation designs depended on a blend of site-specific tests, empirical
methods, and engineering judgment. While these methods have served us well, they come
with limitations. Unforeseen sub-surface conditions, such as varying soil strata or hidden

rock formations, can introduce complexities, potentially escalating costs or causing
project delays.

Embedded sensors, strategically placed, can provide real-time feedback on structural
health, soil pressures, or potential water ingress. This continuous stream of data, when
processed by Al-driven tools, allows engineers to simulate how different foundation types.
These tools can also factor in data from nearby constructions, historical records, and even
meteorological forecasts.

Furthermore, for underground structures like tunnels or underground structures, Al can
predict challenges such as water ingress or soil pressure variations. This predictive
capability, coupled with sensor feedback, allows for proactive measures, ensuring the
safety and longevity of the structure.

Figure 7: Al-powered Digital —Tunnel Engineering

Infrastructure Lifecycle Management - Operations and Maintenance:

Predictive Maintenance:

8|Page Wednesday, January 29, 2025



Critical infrastructure assets such as bridges, tunnels, dams and energy generation are
subject to wear and tear over time, and it's important to catch any issues before they
become serious safety hazards and become costly repairs. Traditional methods of
inspection can be time-consuming and costly.

Algorithms can be trained to analyze data from sensors placed on geotechnical assets,
such as strain gauges and accelerometers. By analyzing this data over time, the algorithm
can detect patterns that may indicate early signs of damage or wear and tear. This can
allow maintenance teams to intervene before a serious problem occurs, saving time and
money while also ensuring the safety of the infrastructure.

Figure 8: Al-powered Digital Twin and visualization for project Operations & Maintenance
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Al-powered Digital Twin technologies are revolutionizing the way we design, build, and
maintain infrastructure, and improve the safety and reliability of these structures. By
allowing for more efficient and accurate analysis of geotechnical data, decision makers
can make more informed decisions and design more resilient infrastructure.
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However, itis important to recognize that these techniques are not a replacement for
traditional geotechnical engineering methods, but rather a complementary tool that can
help in making more informed decisions based on large volumes of data.

Neural Networks - a tool for Al-powered Digital Twin geotechnical
analysis

Neural networks are a type of machine learning algorithm that can be trained on large
datasets to make predictions about new data. In geotechnical engineering, neural
networks can be used to predict the behavior of soil and rock under different conditions,
such as changes in moisture content, stress, and strain. This information can be used to
design more effective foundations and retaining structures, as well as to monitor the
performance of existing structures over time.

One example of the use of neural networks in geotechnical engineering is the prediction of
soil settlement under foundations. Settlement can be a major issue in the design of
foundations, as it can lead to differential settlement and structural damage. By analyzing
data from laboratory tests and field measurements, neural networks can be trained to
predict the settlement of soil under different conditions.

Applications of Neural Networks in Geotechnical Modeling

e Soil Property Prediction:
o Regression analysis: (e.g., shear strength, permeability)
o Image-based analysis: CNNs can extract features from soil images to
predict properties.
¢ Slope Stability Analysis:
o Probabilistic modeling: assess the probability of slope failure,
incorporating uncertainties in input parameters.
o Time-dependent analysis: RNNs can model the temporal evolution of slope
stability, considering factors like rainfall and temperature.
e Ground Improvement:
o Performance prediction: Predict the long-term performance of ground
improvement techniques, such as soil stabilization and deep mixing.
o Optimization: Genetic algorithms combined with neural networks can
optimize the design of ground improvement schemes.
o Site Characterization:
o Geophysical data interpretation: Interpret geophysical data (e.g., seismic,
electrical resistivity) to create detailed site characterization models.
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o Remote sensing: CNNs can extract features from reality capture imagery to
identify geological hazards and assess site conditions.

Figure 9: 2D map of ANN (artificial neural network) powered Geotech Al.
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Advantages of Neural Networks in Geotechnical Modeling

o Handling complex relationships: Capture nonlinear and high-dimensional
relationships between input and output variables.

e Large dataset handling

e Feature extraction

e Continuous improvement: Continuously improved through training with new data,
leading to enhanced performance over time.

Neural networks are powerful tools for developing predictive models in geotechnical
engineering used to enhance accuracy, efficiency, and understanding of complex
geotechnical systems.
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Figure 11: Components of Geotechnical Engineering

Structure Engineering:
.~ e Foundation Engineering
* Soil and Structure Interaction

/

Transportation Engineering:
o Tunnelling
* Road Engineering

Hydraulic Engineering: Geotechnical

© Earth Dams

® Scouring Engineering
* Ground Water Drainage . I

* Marine Geotechnics Cut Slope Instability

1

PVD Ground
Geology: Treatment with Preloading

* Geological Engineering
* Geomaterials

Construction Engineering:
 Ground Structures

* Excavation

* Soil Improvement

o Earth Work
? \

Embankment

Environmental Engineering:
* Geo-Environmental Engineering

Maritime structures

Earthquake Engineering:

® Geohazards
o Seismic Geotechnic
\ UnderfFaitd Space o Ground Motions
Fon:::ﬂon 4
N Mechanical Engineering:

- e Rock Mechanics
* Soil Mechanics
* Ice Mechanics

12| Page

Wednesday, January 29, 2025



