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Switzerland's battle to replace the old and
cracked Spittellamm dam, located in the
Bernese Oberland, by a new dam

Theo van Adrichem
Introduction

On June 20th of this year, | visited the old and new Spital-

lamm dam, located in the Bernese Oberland in Switzerland.
Prior to my visit, and as a civil and structural engineer inter -
ested in large (hydropower) construction projects, | con -
ducted prior research.

Due to the great interest in my previous post about the
Tseuzier dam (located in canton Wallis in Switzerland), | am
now sharing my research results here.

When you hike through the breathtaking Grimsel region in

the Bernese Oberland, you see more than just a scenic land -
scape. You are looking at a powerful piece of Swiss engineer -
ing: the ne w Spitallamm dam.

The Backbone of Swiss Energy

Hydropower is to Switzerland what cheese is to raclette: es -
sential. More than 57% of electricity comes from hydropower

plants. Hydropower Oberhasli ( KWO) plays a leading role in
this, operating thirteen pla nts and eight reservoirs.

Water is stored during wet periods and released when energy
demand peaks. In this way, KWO functions as a battery for
the country ¥
2050.

perfectly aligned with the Energy Strategy

From Pioneering Work to Future - Building

The ori ginal Spitallamm dam was built between 1925 and

1932. At the time, it was groundbreaking: a 114 -meter -high
arch -gravity dam i one of the first in Europe. But after a
century, time began to take its toll.

In 2015, the decision was made: to replace it entire ly. In
June 2019, construction began on a double -curved arch dam
directly in front of the old structure.

Why a New Dam Was Needed

The old dam no longer met current earthquake standards,
showed signs of aging, and had developed cracks. Strength-
ening it woul d have been technically and economically com-
plex. The new dam now offers:

1 High seismic resistance
1 Future expandability
1 Alifespan of over one hundred years

Old vs. New: The Difference Cast in Concrete

Although the old and new dams are the same height
114Ifm), the differences are
(Old: gravity dam, New: Double -curved arch dam), concrete
used (Old: Traditional gravel mix, New: Concrete with fly ash

& recycled aggregate), and foundation (Old: Unreinforced,
New: Seismic ally optimized)

(113§

Smart Concrete: Heat Under Control

Massive concrete construction produces a lot of heat during
hardening which can result in thermal cracking, hence,

amongst others, the following measures were taken: Fly ash
partially replaced cement Y less heat production.  Large ag -
gregate (up to 125Fmm) to reduce

Sustainable from Base to Crest

A small environmental footprint was left by the construction
because of:

Aggregates sourced from local quarries/former landfills.
On-site concrete  production: minimal transport required.
Concrete with 13,000 tons of
Ecological monitoring ensured protection of biodiversity
and water during construction.

= =4 —a A

Visit my website  http:/ /tvaprojectservices.com

(LinkedIn )
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Bridging the Gap: How DIGGS DATA PRO-
CESSING is Democratizing Geotechnical Data
Exchange

Breaking down silos between Excel spreadsheets, SQL
databases, and industry -standard DIGGS XML files

Nicholas Miller, P.E.

In the world of geotechnical engineering, data is everything.

From soil boring logs to laboratory test results, the infor -
mation gathered from subsurface investigations forms the
foundation 0 quite literally & of every infrastructure project.

Yet for decades, this cr  itical data has been trapped in various
formats, scattered across incompatible systems, and locked

away in organizational silos. Data allows you to reduce costs,

reduce risk, reduce uncertainty, increase profitability, and

create better, safer, more cost -effective infrastructure, but
only when it can be accessed, shared, and utilized effectively.

Enter DIGGS DATA PROCESSING, an open -source solution
that targets data management, so practitioners have every -
thing they need to make impactful decisions at their finger -
tips.

The Problem: Islands of Information

Anyone who's worked in geotechnical engineering knows the
frustration. Project data lives in Excel spreadsheets on indi -
vidual laptops. Laboratory results arrive in various formats

that can't be easilyimpo  rted. Historical boring logs are stored

as pdfs in unknown locations or Gint files no one knows how

to open. When it's time to share data with consultants, reg -
ulators, or other stakeholders, teams often resort to PDF ex -
ports or manual re -entry d a process that's both time -con-
suming and error  -prone.

Data Interchange for Geotechnical and Geoenvironmental
Specialists (DIGGS) is a data exchange standard developed
through the cooperation of organizations, academics, and in -
dustry, designed specifically to solve this problem. Itis an -
ticipated that DIGGS will save state and federal agencies, and

other public and private organizations millions of dollars.
Savings will be realized through a combination of avoided

drilling and laboratory testing costs, and efficien cies afforded
by the availability of geotechnical data for multiple projects

in a standard format.

But there's been a gap: while DIGGS provides the standard,

many practitioners still struggle with the technical imple -
ment tation. That's where DIGGS DATA PRO CESSING comes
in.

The Solution: A Bridge Between Worlds

DIGGS DATA PROCESSING _is an open -source project devel -
oped in collaboration with the Geo -Institute of ASCE that
serves as acomprehensive  bridge between the tools geotech -
nical engineers already use and the industry -standard data
formats they need to adopt. At its core, it's a dataflow system

that seamlessly connects three critical components:

I Excelinterfaces for familiar data entry and vis ualization
I sQLite databases for robust data storage and querying

 DIGGS 2.6 compliant XML
change

for standardized data ex-

What makes this project remarkable isn't just its technical
capabilities, it's how thoughtfully it's designed around real -
world workflow s.

Built for Real Workflows

The developers of DIGGS DATA PROCESSING understand

that adoption of new technologies in engineering requires

more than just technical capability 8 it requires integration
with existing processes. The system follows a practical three -
step workflow:

Step 1: Start Where You Are Generate standardized Excel
templates that include all the necessary sheets for compre -
hensive geotechnical projects: Project details, borehole infor -
mation, test methods, samples, field and final stratigrap hy,
rock coring data, and laboratory results including gradation,
consolidation, strength testing, permeability, and more.

Step 2: Centralize and Organize Convert populated Excel
files into normalized SQLite databases that eliminate data re-
dundancy, ensure  referential integrity, and provide powerful
guerying capabilities 8 all while maintaining the flexibility that
geotechnical data demands.

Step 3: Share and Archive Export data as DIGGS 2.6 com -
pliant XML files that can be shared with any organization or

imp orted into any DIGGS -compatible system. The exported
files include proper XML namespaces, schema validation,

units of measure for all measurements, and complete obser -
vation wrappers for test data.

But the system is equally powerful in reverse: import exis ting
DIGGS XML files, work with them in familiar databases and
spreadsheet environments, then re -export with enhanced
compliance and validation.

Open Source and Community - Driven

One of the most compelling aspects of DIGGS DATA PRO -
CESSING is its commitment  to open -source development. In
an industry where proprietary software often creates vendor

lock -in and limits innovation, this project takes a different
approach. The entire codebase is freely available on GitHub,
encouraging community contributions and e nsuring that im
provements benefit everyone.

The timing couldn't be better. The 2025 DIGGS Code Jam
brought together vendors and developers across the geo -
technical data management space to put the DIGGS schema

to the test, highlighting both the potential and the challenges
of widespread DIGGS adoption. All vendors successfully im -
ported DIGGS files and generated mostly accurate reports.
However, only one vendor out of seven was able to complete

a full round -trip of the dataset, demonstrating the critical

need for tools like DIGGS DATA PROCESSING that prioritize
compliance and validation.

The project is under active development, with regular up -
dates addressing both user feedback and evolving industry
standards. Its modular architecture, built on the Abstrac t
Factory design pattern, makes it easy for developers to con -
tribute new processors, extend functionality, and adapt the

system to emerging needs.

Technical Excellence Meets Practical Design

While DIGGS DATA PROCESSING is built for practical use, it
doesn 't compromise on technical quality. The system in-
cludes :

I Comprehensive data validation that removes invalid
entries, ensures proper units of measure, and validates
foreign key relationships

I Industry standard compliance with ASTM standards
(D1586 for SPT, D4318 for Atterberg Limits), USCS and
AASHTO classification systems

I Robust error handling
troubleshooting

and user -friendly feedback for
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i Cross -platform compatibility with both command  -line

and GUI interfaces

The project also includes a standalone desktop application
with a professional interface, drag -and -drop support, real -
time progress tracking, and the ability to create enterprise -
ready executables that require no Python installation.

Integration Into Current Workflows

One of DIGGSDATA P ROCE S S| dgidates strengths is how
easily it integrates into existing organizational work -flows.
For companies already using Excel for data collection, the
transition is almost seamless 8 they can continue using famil-

iar interfaces while gaining the benefits of standard ized data
management and exchange.

For organizations with existing databases, the system can
import DIGGS XML files from other sources, allowing teams
to work with external data in their preferred environment be-
fore re -exporting with enhanced compliance.

The backend of the software can be run independently from

the executable interface through the command line interface
making it easy to integrate DIGGS DATA PROCESSING into
automated workflows, while the GUI application provides an
accessible option for occ  asional users or those who prefer
visual interfaces.

The Future: Al and Advanced Analytics

Perhaps most exciting thing is what DIGGS DATA PROCES -
SING enables for the future. Al, machine learning, and data
mining are driving this revolution, but data is the fuel that is
powering it. Geotechnical engineers have a unique oppor -
tunity to leverage these same capabilities, but they must first

begin managing data effectively and using data interchange

to communicate the data to other organizations.

The development roadmap for DIGGS DATA PROCESSING in -
cludes integration with machine learning platforms and de -
sign software, positioning it as a foundation for the next gen-

eration of geotechnical analysis tools. When data is properly
structured and standardized, it beco mes possible to:

 Train Al models on historical geotechnical data to im-
prove site characterization and reduce uncertainty

I Automate routine analyses like soil classification and

design calculations

I Integrate with design software for seamless transfer

from investigation to analysis to design

I Enable predictive analytics that can identify potential
construction issues before they occur

Getting Started

For organizations ready to modernize their geotechnical data
management, DIGGS DATA PROCESSING offers multiple en-
try points:

I Researchers and developers can clone the repository
and contribute to ongoing development

I Organizations can implement the system gradually,
starting with Excel template generation and progressing
to full database integration

1 Individual practitioners can use the desktop applica -
tion for project -specific data management and sharing

The project includes comprehensive documentation, sample
data, and templates that make it easy to get started regard -
less of technical background.

A Community E  ffort

DIGGS DATA PROCESSING represents more than just a soft -
ware tool 9 it's part of a broader movement toward open,
standardized data management in geotechnical engineering.

By providing free, accessible tools that implement industry
standards alongwitht  he easily accessible SQLite format, pro -
jects like this help level the playing field and ensure that best
practices in data management aren't limited to organizations

with large IT budgets.

The project welcomes contributions from the community,
whether tha t's code contributions, bug reports, feature re -
quests, or simply sharing experiences with implementation.

This collaborative approach ensures that the tool continues

to evolve to meetreal  -world needs.

Conclusion: Building the Foundation for Tomorrow

In a n industry built on understanding what lies beneath the
surface, DIGGS DATA PROCESSING is helping to uncover the
hidden value in geotechnical data. By bridging the gap be -
tween familiar tools and industry standards, it's making it

easier for organizations  of all sizes to adopt best practices in
data management and exchange.

As the geotechnical engineering community continues to em -
brace digital transformation, tools like DIGGS DATA PRO -
CESSING will play a crucial role in ensuring that transfor -
mation is inclusive, standardized, and built on solid founda -
tions. The future of geotechnical engineering isn't just about

better drilling techniques or more sophisticated laboratory

tests 9 it's about unlocking the collective knowledge embed -
ded in decades of subsur  face investigations.

DIGGS will revolutionize the way data is shared and trans -
ferred for geotechnical engineering. With DIGGS DATA PRO -
CESSING, that revolution is already underway, one Excel
spreadsheet and one SQLite database at a time.

For any questions  on implementation or comments on how to
improve, feel free to reach out to me on Linkedin at
https://www.linkedin.com/in/geotech -nick

Ready to get started? Visit the DIGGS DATA PROCESSING

GitHub repository _ to download the latest version, explore the
documentation, and join the growing community of contrib -
utors. Whether you're looking to standardize your organiza -
tion's data manag ement or contribute to the future of geo -
technical data exchange, there's never been a better time to

get involved.

(ASCE / Geo -Institute , 22 Jul 2025 , https://www.geoinsti-

tute.org/news/DIGGS  -data -processing )
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How big is the largest possible earthquake?

The amount of energy released in an earthquake is
controlled by how much of the crust breaks. The good
news is, we're not likely to see a magnitude 10.

Khokana village in Kathmandu, Nepal, after a damaging
earthquake. While the largest earthquakes release massive

amounts of energy, even small temblors can do a lot of
damage when they hit populated areas with buildings prone

to collapse. (Image credit: A lison Wright, Getty Images)

On May 22, 1960, a devastating earthquake hit southern

Chile. For 10 minutes, the ground shook so violently that peo-

ple were unable to stay on their feet. Cracks opened in roads,

and buildings collapsed. One man, quoted in a U.S . Geologi-
cal Survey (USGS) report about surviving the quake and its
subsequent tsunami, initially thought the Cold War had esca-

lated into nuclear Armageddon.

The Valdivia earthquake, named after the town closest to its
epicenter, was roughly a magnitude 9 .5, the largest ever rec-
orded before or since. But could quakes get bigger?

The answer, geoscientists say, is yes. However, the chances

of a much larger quake are low. While a quake larger in mag -
nitude than 9.5 could occur, it would require an enormous

chunk of crust to break all at once 0 the movement of a fault
both enormously deep and extraordinarily long. There aren't

many places on Earth where that could happen, said Wendy

Bohon, an earthquake geologist and science communicator.

A 9.5 magnitude quake is probably right around the upper

limit for what the planet can generate, Bohon told Live Sci -
ence, and a magnitude 10 is extremely unlikely.

"It's great for Hollywood, but it's not realistic for the Earth,
thank goodness," Bohon said.

Magnitude is a m easurement of the amount of energy re -
leased in an earthquake. It's slightly different from how in -
tense an earthquake feels, which can be influenced by
someone's distance from the epicenter and the conditions of

the ground. The same quake will feel strong er to someone
standing on loose soil and sand than to someone standing on

firm bedrock, Bohon said.

A quake's magnitude is dependent on the total area of a fault

that breaks. This, in turn, depends on how deep the fault
goes down into the crust and how lo ng, horizontally, the seg-
ment is that breaks. There are physical limits to how big an
area can break. The deepest faults are at subduction zones,
where one tectonic plate pushes under another. Go deep
enough, though, and the rocks are so warm that they're hot
and gooey; instead of breaking, they bend. While quakes can
sometimes occur as deep as 500 miles (800 kilometers) be-

low Earth's surface, according to the USGS, most deep
gquakes don't generate much shaking at the surface; it's the
ones in the upper few  tens of kilometers of crust that are
most dangerous to people.

The faults most capable of setting off large, damaging earth -
guakes are dipping faults in subduction zones, said Heidi
Houston, an earthquake geologist at the University of South -
ern Californi a. These dipping faults, so named because
they're at an oblique angle rather than vertical, have the larg-

est areas of rocks that can get stuck against one another,
building up stress and then finally breaking.

"It's really the size of the dipping fault pl ane that is the big-
gest control on the maximum earthquake size, and those
fault planes can get bigger in the subduction zone setting,"
Houston told Live Science.

fault plane

epicenter

hypocenter

A normal dip -slip fault showing the fault plane, or the area
of a fault that breaks to cau se an earthquake. (Image
credit: USGS)

But there are also limits the length of a fault segment that

can break. Even subduction zone faults don't break all at

once, Bohon said. Typically, something gets in the way 4 a
seamount (an undersea mountain), perhap s, or a change in
the type of rock or the geometry of rock that makes one seg-

ment of a fault more resistant to stress than its neighbor.

Another factor feeding into earthquake magnitude is how

much the fault moves, or slips, Houston said. As a rule,

small er areas of breaking fault slip less than larger ones. So,

while a magnitude 5 quake can slip a few centimeters 6 a
distance not likely to break the ground above & amagnitude
9 might slip 66 feet (about 20 meters) or more. The 1960

Chile quake actually in creased the area of the country be-
cause of the way the ground stretched, Sergio Barrientos, a
seismologist at the University of Chile who lived through the
quake, told NPR in 2016.

Understanding magnitude

The earthquake magnitude scale can inadvertently obscure
the difference between very large earthquakes. The scale is-

n't linear, but logarithmic: For every unit it goes up, the

ground motion increases 10 times and the energy released

goes up 32 times. Bohon likes to use the metaphor of break -
ing a bundle of spaghetti. If breaking one strand of spaghetti

is the equivalent of a magnitude 5 earthquake, you'd have to

break 32 strands to release the energy of a magnitude 6
guake. On this spaghetti scale, a magnitude 7 is like 1,024
strands breaking, a magnitude 8 is like 32,768 strands, and

a magnitude 9 is like 1,048,576 strands.

As this example shows, the difference between a magnitude
8 and a magnitude 9 quake, in terms of energy released, is
a lot more than the difference between a magnitude 5 and a
magnitud e 6. Thus, nudging up an earthquake's magnitude
from 9.5 to 9.6 takes a lot bigger of an area fault breaking
than going between a magnitude 5.5 and 5.6.

Due to uncertainty in the measurements, there is still scien -
tific debate about whether the 1960 Chile an quake was ex -
actly magnitude 9.5, Houston said. But to drive home the
point about the massive differences in the size of seemingly
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small numbers on this end of the magnitude scale, a magni -
tude 9.5 quake is more than twice as strong as the next -
largest quake ever recorded, a magnitude 9.2 that hit Alas -
ka's Prince William Sound in 1964, Houston said.

There are, of course, planetary catastrophes that could the -
oretically lead to much more massive earthquakes: a collision
with an asteroid, for example. (S ome scientists think the end -
Cretaceous asteroid impact that killed off the nonavian dino -
saurs 66 million years ago triggered earthquakes with dou -
ble - digit magnitudes, though pinpointing the size is tricky.)

On timescales of billions of years, Earth coul d certainly see
such a disaster, Houston said. But the chances of something

larger thanthe mid  -9s in magnitude within a human life span

are very low, she said. The largest ancient quake that has

been estimated based on geological evidence was also in
Chile, approximately 3,800 years ago, and likely also meas -
ured about 9.5 in magnitude, according to 2022 research.

And size isn't always the most important factor in how deadly

an earthquake is, at least not for humans, Bohon said.
Smaller quakes have caused many, many deaths, just by vir-

tue of hitting populated regions and areas with buildings

prone to collapse. Whereas the 9.5 magnitude earthquake in

Chile killed around 2,000, a quake with an estimated magni-

tude of 8 is thought to have killed some 830,000 p eople in
Shaanxi, China, in 1556. In 2005, a magnitude 7.6 earth -
quake killed an estimated 79,000 people in Kashmir, and in

2010, a magnitude 7.0 quake killed approximately 220,000

people in Haiti. Even the 1994 Northridge earthquake, a mere
magnitude 6.7 that occurred on a fault no one had even no -
ticed before, killed 57 people, injured thousands, and caused

billions of dollars' worth of damage because it impacted Los
Angeles.

"So many potential faults could have damaging earth -
quakes," Bohon said. "But p  eople only think about the big
one."

(Stephanie Pappas / LIVESCIENCE, January 30, 2023,
https://www.livescience.com/largest -earthquake -possible )
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Why do earthquakes happen far away from
plate boundaries?

It's well known that earthquakes can rock fault -filled
places like the U.S. West Coast. But why do earth-
quakes happen in the middle of tectonic plates?

Volunteers restock the shelves at Millers Market, which was
damaged by the mag  nitude 5.8 earthquake that struck the
Northeast U.S. on Aug. 24, 2011. This earthquake, with an
epicenter in Mineral, Virginia, happened far away from tec -
tonic plate boundaries. (Image credit: Scott Olson / Staff
via Getty Images)

It's commonly assumed that earthquakes occur only near the
boundaries of tectonic plates, and roughly 90% of earth -
quakes do happen in these areas. These boundaries include,

for example, the San Andreas Fault, which runs roughly along

the west coast of Cal ifornia, where the North American and
Pacific plates meet.

But not all earthquakes occur along plate boundaries. For ex -
ample, an earthquake near New Madrid, Missouri in the win -
ter of 1811 was thousands of miles from the nearest fault,

yet the magnitude 7.2 to 8.2 quake violently shook the re-

gion, triggering a series of powerful aftershocks collectively

called the 1811 -1812 New Madrid earthquakes.

So how was this possible? How do earthquakes happen far
away from plate boundaries?

First, as a point of com  parison, it's important to understand
the way conventional earthquakes form along boundary lines.
These areas experience more earthquakes because Earth's
interior 8 namely, the mantle & move the planet's tectonic
plates, causing them to split apart and col lide. The cracks in
between these plates, called faults, are fragile. So, when
stress starts accumulating at these weak points, plates can
break, sending a shudder through the planet. This is what we

feel as earthquakes, explained Attreyee Ghosh, a geophys i-
cist at the Centre for Earth Sciences at the Indian Institute of
Science in Bangalore.

But every once in awhile, a shudder can happen in the middle

of a tectonic plate. Scientists call this an intraplate earth -
quake. Exactly why it happens remains much of a mystery,
said Christine Powell, a geophysicist at the Univer sity of
Memphis. She and other scientists have studied places with

a high concentration of intraplate earthquakes, called in -
traplate seismic zones. These zones exist, for example, in

parts o f the central and eastern United States. After re -
searching these areas, experts have some theories as to why
temblors may occur in unexpected places.

One possible explanation is that intraplate earthquakes may
be caused by old glaciers, a 2001 study propo sed. Around

20,000 years ago, much of North America was covered under
a giant ice sheet, and the ground was weighed down consid-
erably. As the ice sheet melted, the ground slowly rose, so
the earthquakes may be the result of this adjustment. Evi -

dence for t his theory, however, is sparse. "The orientation of
the earthquake axis and the glacial isostatic adjustment
doesn't match," Ghosh said.

Another idea is that intraplate earthquakes are occurring

around old faults on the insides of tectonic plates. For bill ions
of years, Earth's crust has split apart and come back to -
gether, and old wounds leave scars. When forces propagate
through to the plates' interior and put too much stress on

these old faults, they may get reactivated, Ghosh said.

The complicated comp osition of Earth's crust and interior
could also be afactor. Sometimes, remains of an ancient slab

of rock gets stuck in the middle of a plate, causing instability,

as posited by a 2007 study in Geophysical Research Letters
Pipes of hot fluids could add pressure, resulting in movement

on the planet's surface, Powell said, who co -authored a study
on this upwelling in 2016.

Hydraulic factoring, or fracking o8 the act of injecting water,
sand and chemicals into underground rocks to extract oil or
gas 0 can trigger earthquakes, too. Wastewater fluid from
these operations are injected into deep wells, which can seep
into cracks, lubricate old faults and cause seismic activity,
according to a 2013 review in Science. For instance, fracking
was tied to a number o f earthquakes in Ohio in 201 5.

Scientists are trying to get a better understanding of these
complexities with data from projects such as EarthScope,

which use sensors to capture the dynamics underneath
Earth's crust. Powell recalls that, when the project f irst
started, some scientists didn't think the sensors would find
anything that could lead to the generation of earthquakes

except for within the West Coast, where the plate boundary

was. But the project "really opened our eyes to what is going

on inside o ur Earth here," said Powell, who is based in Ten -
nessee. "It was a remarkable experiment.”

It's important to understand intraplate earthquakes because

they pose a considerable risk for people who live in these
seismic zones. The three earthquakes in New M adrid, Mis -
souriin 1811 -1812 caused considerable destruction, even al-
tering the course of the Mississippi River and causing it to
temporarily run backward. A magnitude 5.8 quake in Virginia

shook Washington, D.C. in 2011, damaging monuments and
cathedrals .

"Nobody thinks about earthquakes in the central and eastern
U.S.," Powell said. "We must be prepared. You have to be
aware that earthquakes can happen in these places."

(Alice Sun / LIVESCIENCE, May 13, 2024,
https://www.livescience.com/planet -earth/earth-

guakes/why -do-earthquakes -happen -far -away -from -plate -
boundaries )
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Scientists find hidden mechanism that could ex-
plain how eart hquakes 'ignite’

How does creeping stress ignite a cataclysmic earth-
quake? A new study has answers.

Earthquake damage to a road in Turkey. A new model sug-
gests a period of "aseismic" movement occurs before an

earthquake fault ruptures. (Image credit:
Images)

yasharu/Getty

A period of slow, creeping movement without any shaking
may be a necessary prelude to earthquakes, a new study
suggests.

The research, which was on the fundamentals of how mate -
rials rupture, focused on cracks snaking through sheets of
plastic in a laboratory. But the experiments revealed some

basic physics of how fractures work d particularly how a
buildup of friction at the interface of two bodies transforms

into a sudden rupture. And those findings do apply to real -
world earthquake s, said study author Jay Fineberg, a physi -
cist at The Hebrew University of Jerusalem.

"The material composing the contacting plates will not mat -
ter," Fineberg told Live Science. "The same physical process

will take place in both cases & the explosive spring of the
bent plates will release in the same way."

Earthquakes form when two tectonic plates moving against

one another get stuck, allowing the fault to build up stress.

"The plates are increasingly stressed by the forces trying to

move them, but are stuck at the brittle part of the interface

that separates them," Fineberg said. This brittle section,

which doesn't deform in response to stress, has a finite thick -
ness and is what breaks during a quake.

"The fracture process doesﬁifsﬁahapp%orihﬁ%

crack needs to be created," Fineberg said. When that crack
reaches the borders of the brittle interface, that crack accel-
erates rapidly to speeds close to the speed of sound. That's
what makes the earth shake.

"The question is how does nature crea te the crack which then
becomes an earthquake?" Fineberg.

Fineberg and his colleagues investigated the question with a

mix of theoretical math and laboratory experiments. They re-

produce earthquake -like fractures in the lab with blocks
made of athermoplast ic called polymethyl methacrylate, bet-

ter known as plexiglass. The researchers clamp sheets of
plexiglass together and apply a shear, or sidelong, force, sim -
ilar to those found at a strike -slip fault like Califonia's San
Andreas Fault. Though the material s are different, the me -
chanics of the fracture are the same.

Once a crack starts, it acts like a one -dimensional line ripping

through the material. Fineberg and his team had previously
shown that before the crack forms, though, the material de -
velops a ki nd of precursor phase called a nucleation front.

These nucleation fronts 0 the seeds of cracks 8 move
through the material, but much more slowly than standard

cracks. It wasn't clear how this seed could rapidly transition

into a fast -moving fracture.

Fineb erg and his colleagues were perplexed about how this

could be. With a combination of lab experiments and theo -
retical calculations, they realized that they needed a math

update: The nucleation fronts need to be modeled in 2D, not

1D.

Instead of thinking of acrack as a line separating broken from
unbroken material, Fineberg said, imagine the crack as a
patch that starts within the plane where two plexi
"plates" meet. The energy it takes to break new material at
the border of the patch is linked with t he patch's perimeter:
As the perimeter grows, so does the energy it takes for new
material to crack.

-glass

That means the patch moves slowly and doesn't yet cause a

rapid fracture that would create the seismic waves and sub -
sequent shaking motion associated with an earthquake.
While the rapid acceleration of a standard, rapid crack, re -
leases kinetic energy into the surrounding material, the slow
movement of the initial patch doesn't release any kinetic en -
ergy into its surroundings. Therefore, its movement is kn own
as "aseismic."

Eventually, though, the patch expands outside of the brittle

zone where the two plates meet. Outside this zone, the en -
ergy it takes to break new material no longer grows with the
size of the broken region, and instead of a balance of en
there is now excess energy that needs somewhere to go.

ergy,

"This extra energy now causes the explosive motion of the
crack," Fineberg said.

The findings, published Jan. 8 in the journal Nature, show
how a slow creep before a crack can transition rapidly
earthquake, he said. Theoretically, if one could measure
aseismic movement before a rupture 0 on a fault line, for
example, or even in a mechanical object like an airplane wing

0 it might be possible to predict a break before it happens.

This may be complicated in real -world faults, many of which
undergo aseismic creep over long periods of time without re -
leasing any earthquakes.

to an

Nevertheless, Fineberg and his team are now trying to detect
signs of the transition from aseismic to seismic in their labo r-
atory materials.

"In the lab, we can watch this thing unfold and we can listen
oisqs thag it maléeﬁ,'é Féneberg said. "So maybe we
ver

unco what you candot real
you have no detailed information on what an earthquake i S
doing until it explodes."
(Stephanie Pappas / LIVESCIENCE, January 19, 2025,
https://www.livescience.com/planet - earth/earthquakes/sci-

entists -find -hidden -mechanism -that -could -explain -how -
earthquakes -ignite )

y
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-tectonic interaction at Santorini.
The crisis of February 2025.
Constraints  from geodesy

Volcano

Pierre Briole, Athanassios Ganas, Anna Serpetsidaki,

Fran-ois Beauducel, Vassilis
Panagiotis Elias

SUMMARY

In February 2025, a strong seismic crisis occurred 35 km

northeast of Santorini, an active volcano located in South
Cyclades, Greece, a region of distributed extensional active
faulting. The Global Navigation Satellite System (GNSS) data

shows an inflation of the volcano since August 2024. We
model it with a magma ®m’dacated&l din
under the no rth -central floor of the caldera, near the inflation
centre of 2011 T 2012. After 2025 January 24, the seismic ac-

tivity, until then localized within the caldera, shifted off -shore
Santorini and increased with eight Mw O 5 events and ground
motion exceeding5 mmat Syrosat110  km from the epicen-
tres. The GNSS data is consistent with a model of dis -location
involving a south i east dipping normal fault located between

the Kolumbo submarine volcano and the Anydros islet, 18 km
long, 12 km wide, with a tip at 7.5 km depth and ~3 m of
slip. The ~% Km &rrebpontiflg seismic moment,
much greater t ha n'® Nnhoéthetetardedebrthl O
quakes, reveals the probable occurrence of a slow -slipearth -
quake of equivalent magnitude 6.8. This event might have

been triggered by a small dyke injected from the inferred

source beneath Santorini. However, the subsidence recorded

at Santorini and Anydros is incompatible with the hypothesis

of a large dyke injected beneath Kolumbo i Anydros.

1. INTRODUCTION

Santoriniis  an active stratovolcano located in the South Cyc -
lades, Greece. It developed inside a NE T SW oriented graben
~80 km long located between the islands of Santorini, Anafi,
Amorgos and Astypalaia (Fig. 1), opening at a rate of ~4.5

mm yr ' ! through a combination of normal and dextral move -
ment along faults (Briole et al. 2021 ). The latest major earth -
quake to occur on those faults is the M > 7 Amorgos earth -
quake of 1956 (Okal et al. 2009 ).

Magnitude (ML)

M1
M2
M3
o M
M S

Date
2025.03.04

2025.03.01
2025.02.26
2025.02.23
2025.02.20
2025.02.17
2025.02.14
2025.02.41
2025.02.08
2025.02.05
2025.02.02
2025.01.30
2025.01.27
A 2 RS 2024.07.01
362 4 o - —
25° 252 254 256 258" 26 262 2647

Figure 1 . Relocated seismicity from 2024 July 1 to 2025
March 4 and focal mechanisms (from the National Observa -
tory of Athens catalogue https://bbnet.gein.noa.gr/HL/ ) of
the eight events of ~ Mw O 5. The colours indicate the dates of
the events. Black and grey triangles indicate GNSS and
seismological stations, respectively. Dashed lines indicate
active faults from the NOA faults database ( 10.5281/ze-
n0do.13168947 ).

On 2024 September 20, a small seismic crisis began beneath
Santorini, continuing at low rate within the caldera until 2025
January 24, then shifting north -eastwards between the Ko

lumbo submarine acti  ve volcano (Chrapkiewicz
and the Anydros islet, near the southeastern termination of

the 1956 earthquake (Leclerc et al. 2024 ), where most of the
earthquakes occurred (Fig. 1; Figs S1 and S2, Supporting In-

et al. 2022)

formation ). The crisis culminated between 2 and 18 February

Sak k a sWith ejght, W@ Bevepts.i o n i ,

Here, we analyse the data from twelve Global Navigation Sat
ellite Sy stem (GNSS) stations (Fig. 1; Table S1, Supporting

Information ): four located on Santorini, including two oper
ating in 2011
work (e.g. Lagios et al. 2013), seven on neighbouring is
lands, and one installed on Anydros on 2025 February 12. We
present below the data, methodology and conclusions, and
more information is available as suppl ementary material,

7 . 7 Whichqligj is provided at the end of this letter.

2. INFLATION OF SANTORINI SINCE SUMMER 2024

Fig. 2 and Fig. S3 (Supporting Information ) show the coordi
nates time -series calculated using the Canadian Spatial Ref
erence System Precise Point Positioning (CSRS
ware. The stations onshore Santorini show a slow inflation
beginning during summer 2024, then a phase of rapid defor
mation from around 27 January to 24 February, and a third
phase under way at the time of writing this letter.
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Figure 2 . Time -series (East, North,  Up) of daily coordinates
of the GNSS stations 048A, SANT and SNTR from 2024 Jan
uary 1 to 2025 May 26 corrected for the tectonic trend (cal
culated with data before the unrest). Grey areas indicate
phase 1 (dark grey), phase 2 (light grey) and phase 3 (dar
grey), respectively. See Fig. S3 (Supporting Information

)

for the other stations.

The first phase ( Fig. S4 and Table S2, Supporting Infor

-PPP) soft -

cm

mation ) is reminiscent of the 2011 12012 unrest of Santorini
(Newman et al. 2012 ). We model it with an isotropic point

source in a homogeneous elasti ¢ half -space, using the Mogi
(1958 ) formalism and Williams & Wadge ( 1998 ) for the topo

LDAH) oD 2025
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graphic corrections. Eqs (1) and ( 2) define the forward prob -
lem for a source at depth f with volume change &, allowing
us to compute the radial ( Ur) and vertical ( U) displacements
at a given point located at a horizontal radial distance r from
the source, and an altitude h above sea level. The Poisson's
ratio, 1, is setto 0.25 for an isotropic medium. For the se -
lected observation time window, we determine the linea r dis -
placement trend for each component and station, along with

the associated standard deviation.

U (1-v)AV r
L T ((f+h)2+,r2)3}‘2
M)
U, = (1-rv)AV f+h
3/2
(RS
@

The inverse problem is formulated within a Bayesian frame -
work, where the likelihood function, given by eq. ( 3), incur -
porates an L1 -norm misfit based on the data and their un -
certainties.

-y By i)
P (d|m) = Pyexp ol @)

The model space is explored using a grid search method. The

optimal mo del corresponds to the maximum likelihood esti -
mate. The time -series are analysed and plotted in the
WebObs environment (Beauducel et al. 2020 ). Fig. 3 and Fig.
S5 (Supporting Information ) present the observed and mod -
elled displacements and Table S3 (Supporting Information )
the parameters of the point source model for phase 1 and the

other phases. The modelled source is located 1 km east of
Thirasia island at 3.1 N 0.3 km depth with a volume change

of77 NO. 6 1°m2.0

348 000 352 000 356 000 360 000 364 000
— T — T — " — " m—
g 5 km

data =3 20 mm S P

best model =—> Elevation a.s.l. (m)

Figure 3 . Map of Santorini showing GNSS displacements
and model for phase 1. Horizontal view (left, in UTM35) and
North 1 South vertical profile (right, in m). Displacements
and uncertainties (black vectors with large tips and uncer -
tainty ellipses), and modelled displacements (red vectors
with small tips). Probability of an isotropic point source lo -
cation expressed as maximum normalized likelihoo d func -
tion (red shaded contours).

3. DEFORMATION ASSOCIATED WITH THE SEISMIC
CRISIS OF FEBRUARY 2025

The coordinate time series show strong variations between
around 2025 January 27 and February 24 especially at San -
torini ( Fig. S6, Supporting Information ), with maximum in -
tensity between 2 and 18 February, and progressive increase

and decrease towards both ends of the period. The Anydros

station only captures the second half of the cri sis with dis -
placements reaching7  mmd " * vertically and westwards. The
shape of the deformation at all stations fits well with a hy -
perbolic tangent of the form of eq. ( 4), with A amplitude, to
central time and T decay time.

o-aen(-(15)

Table S4 (Supporting Information ) indicates the best fitting
values of those parameters for each station. The average val -
uesof toand T are 10/2/2025 and 3.5 d with small differences
between stations.  Fig. S7 (Supporting Information ) shows
the existence of a strong temporal correlation between the

energy released seismically and the motion at SANT.

4

A planar dislocation model provides a good fit for both the
amplitude and ori entation of the motions. The fit is robust
due to the good azimuthal coverage. Table S5 (Supporting
Information ) lists the parameters of our best models for the

two candidate antithetic planes and Table S6 (Supporting In-
formation ) the modelled displacements. Both planes give
fairly similar fits, with, in both cases, a 18 km long fault lo-
cated between the Kolumbo volcano and the north i westedge
of Anydros with a tip at 7.5 km depth. The angular parame-
ters of the model are consistent with the focal mechanisms

of the main earthquakes (Fig. 1) calculated by various agen-
cies and distributed by the Euro -Mediterranean Seismological
Centre ( https://www.emsc __-csem.org/ ). The modelled seis-
mi ¢ moment i s ! Nmwhch Eorrespdnds approxi-
matelytoa Mw = 6.8 earthquake.

Fig. 4 shows the location of the south 1 east dipping fault
model and the observed and calculated horizontal displace -
ments.

C—
o
8 NAXO
<
047A 3
-
2 & 0504 *{M JJas West fault
o / ANYD
g -
097A /’
@ AST1 &
SANT /'
o snTR & -
St — SANU 20 km
s -
T 280 320 360 400 440
Figure 4 . Observations (black vectors with uncertainty el -
lipses) and model (red vectors) for phase 2 (map scale in
km; UTM35). The numerical values are given in Tables S4

and S6 (Supporting Information ). The grey rectangle shows
the projection of the modelled fault (para meters in Table
S5, Supporting Information ) at the surface, and the dashed
line the intersection of the modelled fault plane with the
surface. The thick black line indicates the los West fault

trace.
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Anatomy of the Right -Lateral Strike - Slip Cepha-
lonia Fault to the Western Hellenic Arc Frontal
Thrust

M. F. Loreto, V. Ferrante, M. Ligi, F.Muccini, C.
Palmiotto, L. Petracchini, S. Romano, A. Ganas, A.
Argnani, A. Conti, M. Cuffaro, S. Kothri, D.

Lampridou, I. Merino, R. C.Ranero, P.Nomikou

Abstract

The region offshore the lonian Islands (Kefalonia or Cepha -
lonia, Lefkada, Zakynthos, and Ithaca), western Greece, is
characterized by very high seismogenic and tsunamigenicpo -
tential. Despite numerous studies, many questions remain
regarding the structures and kinematics in this area. Here,

the right -lateral Cephalonia Transform Fault divides the Hel -
lenic Arc from the Albanian compressional system. Histori -
cally, this area has been hit by several destructive earth -
quakes, such as the 1953 sequence (Mw >6) that destroyed
Cephalonia. To improve the understanding of shallow sedi -
ment deformation, fault geometry and potential hazard, we

carried out two oceanographic cruises (May 2022 and June
2023) during which a significant multiscale and multidiscipli -
nary geophysical and geological data set has been collected.

These data allowed us to define the deformation style of sed -
iments at the intersection between the Cepha lonia Fault and
the thrust fronts of the Hellenic System, and the geometry of

the Cephalonia Fault. The Fault, south of Cephalonia, opens

ina 25 km -wide fan composed of elongated, sigmoidal, pos -
itive flower structures - features indicative of transpressi ve
tectonics regime. In the area to east of Cephalonia we
mapped for the first time a series of seaward -verging anti -
clines with strike -slip component and uplifted blocks. While

to southeast of Cephalonia the deformation regime changes,
becoming dominated by extensional and large landslides, af -
fecting mainly superficial sediments. These new data allow us

to map the transition between the transcurrent and compres -
sional domains, unveiling the geometry of the faults laying

the foundation for future studies o n slip rates and seismic
hazard.

Plain Language Summary

In this work we present the first results of the morphotectonic

study carried out in the areas surrounding the lonian Islands,

North -Western Greece. Thanks to the geophysical data we
collected on boar d of two research vessels, the R/V G.
Dallaporta and the R/V L. Bassi, we were able to analyze and
define the geometry of the main active faults responsible for

the numerous earthquakes and tsunamis that hit the islands.

For the first time the real trend o f the Cephalonia Transform
Fault (CTF) is shown together with its role played in the kin-
ematics of the area, the deformations of the superficial sedi-
ments in the shelf between the islands of Zakynthos and
Cephalonia, and the presence of a system of extensi onal
faults south of Zakynthos probably controlled by gravitational
processes. The results of this work are of extreme importance

and useful for the assessment of natural risks of the emerged
areas, which up to now have been carried out only on faults

infe rred from seismicity.

Key Points

I The intricate horsetail morphology of the southern Ceph-
alonia Transform fault is more complex than previously
interpreted

I Highly deformed shallow sediments and numerous slides
and slumps are interpreted at the northwestern end of the
Hellenic System

I The revised geometry of the Cephalonia Fault enables a
more accurate risk assessment to which the lonian Is-
lands are exposed

1 Introduction

Strike -slip faults are abundant in both compressional and ex-
tensional systems, and a sign ificant component of strike -slip
movement is inferred to be present in all orogenic belts
(Woodcock, 1986 ). In a compressional system, such as the
Hellenic Arc, characterized mainly by reverse and thrust

faults (Polonia et al.,, 2002 ; Reston et al.,, 2002 ), strike -slip
faults play a crucial role in accommodating differential veloc-

ity migration of crustal blocks belonging to the deformation
complex. Similar mechanisms have been observed in other

accret ionary complex such as the Calabrian Arc (Van Dijk

et al., 2000 ), the Himalayan belt (Duvall et al., 2020 ), or the
Kazerun Fault System in the Zagros region (Iran; Tavakoli

et al., 2008).

Based on the description of Apotria et al. (1992), strike -slip
faults are defined as lateral ramps (Figure 1a) when the fault
plane is parallel to the main transport direction. In addition

to the role of strike  -slip faults as lateral ramps, a distinct cat-
egory of faults can be found within subduction system, k nown
as Subduction -Transform Edge Propagator (STEP) faults.
STEP fault form during the fragmentation and sinking of part

of subducting slab, capable of generating a long scissor fault

in the subducting plate (Figure 1b; Govers & Wortel, 2005 ).
In the section where the slab is disconnected from the litho-
sphere plate, the fault section is defined as tear fault (Fig-

ure 1b), in this case a tectonic window is created capable of
allowing molten magmat o rise from the mantle beneath the
lithosphere. STEP faults have been previously identified at

the edges of arc systems (Govers & Wortel, 2005 )inthe Med-
iterranean region (Berk Biryol et al.,, 2011 ; de Lis Mancilla
et al., 2018 ; Loreto et al, 2021) . Addi tional
et al. (2020 ) hypothesized that the Hellenic Arc could also be
affected by the presence of a STEP fault, suggesting their
potential role in the complex tectonic interactions observed

in this region.
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Figure 1 (a) Lateralramp  model from Apotriaet  al. (1992 ).
(b) Tear and Subduction -Transform Edge Propagator fault
model modified after Govers and Wortel (2005). (c) Simpli -
fied tectonic map of Greece and the lonian Sea area, feature -
ing the location of the study area (white box). Bathymetric

data were downloaded from the EM ODnet portal
(https://emodnet.ec.europa.eu/en/bathymetry ) and gridded
using GMT software (Wessel et al., 2019). The main struc -
tural elements have been adapted from an online Tectonic

Map (Woudloper - Own work, 2009, CC BY-SA 1.0) and by
Loret o et al. (2021 ). GPS velocity vectors are sourced from

the Unavco website ( https://www.unavco.org/ ). (d) Morpho -
bathymetric map of the study area obtained by merging data

from the EMODnet portal and new data acquired during the
POSEIDON project (Ranero, Nomikou, & Loreto, 2023 ;
Raner o, Nomi kou,
land, the outcropping units have been digitized using the Ge -
ological Map of Greece (Bornovas, & Rontogianni - Tsiabaou,

1983 ). Refer to the original map for an extensive description
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of the units. Major faults and tectonic feature s (gray lines)
have been included, modified from the Geological Map of
Greece, by Bourli et al. (2019) and Haddad et al. (2020)
along with references therein. Black lines refer to the tectonic
structures derived from the interpretation of our seismic pro -
files. The lateral extension of faults has been supported by
high -resolution swath bathymetry. AB1 and AB2 refer to deep

basins (4,220 and 4,280 m depth, respectively), which likely
function as collectors for landslide bodies and sediments
coming from the margin and the surrounding emerged areas.

T- (red thin arrows) and P -Axes (blue thin arrows) of focal
mechanisms are adapted from Kassaras et al. (2016).
Dashed lines with (?) indicate tectonic elem ents inferred from
bathymetry. Map projection: geographic. Datum: WGS84.

The area between Cephalonia Transform Fault (CTF) and Za -
kynthos exhibits (Figure 1) a complex tectonic setting that
might encompass all the fault types above described: strike -
slip, reverse and thrust faults. The right -lateral strike -slip
CTF behaves as a critical tectonic boundary and connects the
Hellenic Arc to the south, which moves southwestward at33 1
35 mmlyr (Reilinger et al., 2006 ; Figure 1c), with the exter -
nal Albanides migrating to the north at about 3 mm/yr (Fig-
ure 1c). The CTF system, whether interpreted as a la teral
ramp or a STEP
than 100 km -long, NNE -SSW-trending right -lateral fault that
defines the western bounda  ry of Cephalonia and Lefkada Is-
lands (Figures 1la and 1b). It is likely composed of multiple

fault segments rather than a single continuous  structure, as
suggested by the distribution of shallow earthquake ruptures

(Ganas et al., 2016 ). The CTF system is dominated by strike -
slip motion with a compressive component and is represented

by a D10 km deep discontinuity (Tsironi et al.,, 2024 ) with a
SE dip of about 65A.
nisms, Kiratzi and Louvari (2003 ) suggested that the strike -
slip movements are distributed across a broad shear zone,

about 100 km -wide, extending from Cephalonia to the Pelo -
ponnese. Around Zakynthos Island the stress field is dom i-
nated by compression with a minor transcurrent component,

as inferred by seismic (Wardell et al.,, 2014 ), seismological
and morphological data (Ganas et al., 2020 ; Haddad
et al., 2020).

Pockmark morphologies have also been detected within this
tectonized domain. Pockmarks are crater -like seafloor de-
pressions of various sizes and depths, typically found in soft,

fine -grained sediments along continental margins, often at -
tributed to episodic, perhap s catastrophic, fluid expulsion
(i.e., shallow gas from overpressured gas pockets or contin -
uous fluid discharge; Hovland & Judd, 1988 ). These fluid -es-
cape features are common on the seafloor of the Mediterra-

nean Sea (Loretoet  al.,, 2019 ; Mascleet al., 2014 ; Miramon -
tes et al.,, 2023 and reference therein) and they have also
been described also  in the lonian and Aegean Seas (Hasiotis

et al., 1996 ; Papatheodorou et al.,, 1993 ; Soters, 1999). In
the region close to our study area, five depressions ranging

from 180 to 580 m-wide and up to 60 m-deep, organized in

a linear trend, have been reported offshore between Kyllini
Peninsula and Zakynthos Island (Hasiotis et al.,, 2002).

The geometry o f CTF has been inferred primarily from seis -
mological data and seafloor morphology (see map in Ganas

et al., 2020 ). Although the CTF represents the greatest po -
tential earthquake hazard in the central Mediterranean, is still

poorly studied with regard to the geometry of active tectonic
structures and the kinematics associated with them. Despite
previous geophysical surveys in the area, the deformation of
sediments and the overall subsurface geometry of the CTF
remained poorly understood (Karakitsios, 2013 ; Poulos et al.,
1999 ). The analysis of new geophysical data sets (Loreto

et al,, 2022 ;Raner o, Nomi kou,

2023) helps bridge this knowledge gap, facilitating future
seismotectonic studies.
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Based on -the analysis of
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This work aims to unders  tand how shallow structures accom
modate the stress field variations (from transcurrent to com
pressive) in the area between Cephalonia and Zakynthos, ex
amining particularly the interactions between the different

types of faults observed in this area and the corresponding
sediment deformation. Furthermore, fluid escape structures
detected in the continental shelf (Pre -Apulian Domain) be
tween Cephalonia and Zakynthos might provide information

on the interaction between fluid circulation and tectonics.

2 Ge ological and Seismotectonic Setting

The lonian Islands (Figure 1c) are part of the western Greece
orogenic complex, formed by the convergence between A

frican and Eurasian plates, which led to the subduction of
Tethyan lithosphere, beneath the Aegean continental do

main. The orogenic complex is composed by the Pre -Apulian
and lonian zones. It is bounded to the northwest by the CTF
system and to the west by the frontal thrusts and the inner
lonian Thrust (Figures  1c and 1d). The CTF system is a dex
tral strike -slip fault system (Louvari et al., 1999 ; Scordilis
et al.,, 1985), as also evidenced by focal mechanisms anal

yses (Kassaraset al.,, 201 6), which links the Hellenic subduc

tion system to the south and the Albanian continental colli

gian to the north (McKenzie, 1978 ; Sachpaziet al., 2000 ).
é .
(https://doi.org/10.1029/2024TC008765 )

focal me c h a

no P®rez, et


https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0005
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0022
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0038
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0061
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0055
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0015
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0077
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0039
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0080
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0013
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0022
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0026
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0043
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0048
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0054
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0025
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0057
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0071
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0023
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0013
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0034
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0059
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0044
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0060
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0046
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0069
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0038
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0053
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024TC008765#tect22222-bib-0067
https://doi.org/10.1029/2024TC008765

Algorithms Ahead, Understanding Behind d Time Some argue that the solution lies in making software less

to Cl ose Geotechds Skill s Gasgr-friendly toforce engineers to engage more deeply with
the underlying theory. In our opinion, this approach funda -
Dr. Reginald Hammah, Chief Scientific Officer mentally misaligns  with the nature of technological progress.

Throughout human history, technological advancement has
beenin one direction & forward. Societies have never willingly
reversed their technological capabilities.

Bridging the
Knowledge Gapina
Software-Driven World

Technological change has accelerated dramatically i n recent
decades. It took our ancestors 2.4 million years to control

fire, but only 66 years to go from the first flight to landing on

the moon [3]. And this acceleration shows no signs of slowing

down. Artificial intelligence and advanced computing are co n-
tinuing to revolutionize every aspect of our lives [4]. Asking

the engineering profession to step backward technologically

is not just unrealistic; it is impossible.

The University Challenge

The logical response that most readily comes to mind is to

Advanced algorithms now drive geotechnical analysis, but if stre ngthen geotechnical engineering education at the univer -
practitioners lack the theoretical foundation needed to inter - sity level. However, research shows that universities are
pret and challenge software outputs, analysis quality may struggling to keep pace with industry trends. Current under -
decline just as tools get smarter. graduate curricula often provide inadequate geotechnical
training and leave gradua  tes unprepared for the complexities
The geotechnical engineering profession is at a critical junc - of the real world [1]. Specialized postgraduate programs are
ture. While software is becoming sophisticated at a rapid not too common, which further limits the development of ge -
rate, geotechnical education is not changing as fast. Software otechnical expertise [1].
tools increasingly incorporate advance d algorithms and the -
oretical frameworks, while geotechnical curricula at higher Moreover, universities face another fundamental challenge:
educational institutions advance at a much slower pace. As a they need to b alance foundational knowledge with rapidly
result, a troubling gap has emerged between software so - evolving technology. As a software engineering thesis notes,
phistication and users' theoretical foundations. This disc on- “The field of software engineering is constantly changing and
nect threatens the quality of geotechnical engineering prac - evolving. New skills are constantly needed... Education can-
tice. not keep up with the constantly changing workplace" [5]. Ge-
otechnical engineering is no different, and the gap be -tween
The User -Friendly Paradox academic theory and practical application continues to widen
Rocscience has witnessed firsthand how the pursuit of user - el
friendly software has created an unexpected challenge. Our Enhancing learning with technologies such as LLMs offers
commitment to developing intuitive, access ible tools has some promise. Educators are implementing co mputer -based
been tremendously successful T engineers can now perform simulations, virtual laboratories, and advanced computa -
complex analyses with a few clicks that would not have been tional tools [7]. However, these initiatives often suffer from
possible, or would have taken weeks of manual calculation, resource constraints, a lack of faculty experience with new
just decades ago. However, this accessibility has inadvert - technologies, and difficulties in aligning new knowledge with
ently contributed to what might be called the "user -friendly existing curricula [7].
paradox": the easier software becomes to use, the greater
the risk of users treating it as a black box. Learning from History: The Master -Apprentice Tradi -
ion
Critical state mechanics is one instance. This robust frame - o
work, initially developed at Cambrid ge University about 70 The solution to our current predicament possibly lies not in
years ago, provides beneficial insight into understanding the the future, but in the past. History's most outstanding teach -
contractive and dilative behaviours of tailings and weak, ers and innovators understood that true mastery comes
granular soils. The state parameter, for example, helps geo - through mentorship and hands  -on experience. Leonardo da
technical engineers predict how these materials respo nd to Vinci, perhaps the ultimate Renaissance engineer, learned his
loading. Yet, despite its fundamental importance, many prac - craft in a traditional apprenticeship system under Andrea del
titioners use software implementing critical state principles Verrocchio [8][9].

without understanding the underlying theory.
From age 14, Leonardo spent seven years in Verrocchio's

This discussion is not merely academic. Research shows that workshop, progressing from basic tasks like grinding pig -
the rapid advancement  of geotechnical programs has wid - ments and maintaining tools to eventually creating master -
ened the gap between software sophistication and practition - pieces that surpassed his master's work [8][10]. For centu -
ers' capabilities [1]. As an educator once observed, "It is of - ries, this model of progression from apprentice to journey -
ten deplorable to see an engineer building a sophisticated man to master formed t he basis of knowledge transfer
numerical model straight away, forgetting to think things [11][12].

through beforehand" [2]. The consequences are threefold:
The medieval guild system provides another relevant exam -

T Inefficient use of (both basic and advanced) software ple. Guilds maintained strict quality standards through a hi -
tools. erarchical training system in which apprentices learned not
1 Potential errors in analysis and design just technigues, but t_he reasoning b ehind_ them [11]. Masters
' had to train apprentices properly, and the guild system en -
I Missed opportunities for developing innovative solutions. sured that knowledge was passed down efficiently from one

generation to the next [13].

The Historical Perspective: Technology Never Goes
Backward Similarly, great teachers throughout history i from Aristotle
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training Alexander  the Great to Newton's role as a professor

at Cambridge 1 understood that true education requires per -
sonal mentorship and hands  -on guidance [14]. In ancient
Egypt, artisan skills were transmitted through familial work -
shops where apprentices shadowed maste rs during real pro-
jects, learning through observation and repetition [15].

The Modern Solution: Dual Pathways

In today's world, the answer may lie in recognizing that we

need both technological advancement and enriched human
development. Modern professio nal engineering registration
systems already acknowledge this principle. Countries world -
wide require engineers to demonstrate not just academic
knowledge, but also practical experience under supervision
(typically four years of mentored practice) [16].

This arrangement recognizes that becoming a competent en-

gineer requires both formal education and on -the -job training
under experienced professionals. The UK's Engineering Coun -
cil describes this process as assessing both knowledge and
competence, ensuring  that engineers can apply their learning

in the real world [16].

Corporate Training: The Missing Link

Rocscience believes that one of the most promising solutions

lies in corporate training programs that bridge the gap be -
tween university education and practical application. We, and
companies like GeoTraining in Canada, have successfully de -
veloped comprehensive training programs specifically for ge -
otechnical professionals, offering both online and in -person
instruction [17]. These programs have provide d immediate
payback through the enhanced quality of work and improved
professional capabilities [17]. A Rocscience expert has even

floated the idea of establishing a formal geotechnical acad -
emy to train practitioners in the use of software.

Modern techno logy offers opportunities for effective corpo -
rate training. Blended learning approaches that combine in -
struction with hands -on practice have proven particularly
useful for technical training [18][19].

Engineering Education Australia has pioneered the in tegra -
tion of online and face -to-face training. It recognizes that
"many people seek continuous learning and the ability to

learn new skills when they need them, preferably in short

hits" [20]. Their approach complements face -to -face training
by enriching it through online components [20].

The Call to Action

Despite the significant roles of universities and software de -
velopers, the responsibility for addressing the skills gap can -
not rest solely with them. A concerted effort from the entire
geotechnical engineering community is required. We are call -
ing for the following actions:

For Companies and Consultants:
' Implement training programs that go beyond software tu -
torials to include the underlying theory.

i Establish mentorship programs that pair experien ced en -
gineers with junior staff.

9 Invest in continuing education for all staff levels, not just
new graduates.

i Create formal pathways for knowledge transfer and skills
development.

For Experienced Professionals:

I Embrace your role as mentors and teachers.

I Share practical knowledge through formal and informal

training.

i Contribute to industry training programs and professional
development initiatives.

I Take active responsibility for developing the next gener -
ation of geotechnical engineers.

For Junior Engineers:

i Cultivate intellectual curiosity beyond just learning soft -
ware usage (simple clicks of buttons).

I Seek mentorship opportunities and actively engage with
experienced professionals.

9 Pursue formal and informal learning opportunities to un-
derstand the theory behind the tools.

9 Ask questions and challenge assumptions rather than ac -
cepting software outputs uncritically.

For Industry Organizations:

9 Support the development of comprehensive training pro -
grams.

 Recognize and reward companies that invest in employee
development.

i Create industry -wide standards for professional compe -
tency that go beyond software proficiency.

I Foster collaboration between software developers, educa -
tors, and practitioners.

The Future of Geotechnical Engineering

The geotechnical engineering profession has always relied
heavily on empiricism and experience _[21]. This fundamental
character means that no amount of sophisticated software

can replace the need for experienced judgment and deep un -
derstanding of soil and rock behaviour. The geotechnical leg -
end Dr. Ralph Peck once stated, "No theory can be considered
satisfactory until it has been adequately checked by actual
observations" [21].

The path forward requires that we embrace both technologi -
cal advancement and human development. We must con -
tinue to develop user -friendly software with relevant, sophis -
ticated advances. Simultaneously, we must ensure that users
understand the principles underlying these tools. This path is

not about moving backward technologically i itisaboutmov -
ing forward resp onsibly.

The stakes are high. Geotechnical failures can result in cata -
strophic consequences. The profession cannot afford to have
sophisticated tools in the hands of practitioners who do not
understand their limitations and assumptions.

As we face incre asingly complex challenges in mining and
civil engineering, our greatest asset will be a well -trained,
highly skilled workforce proficient in both the principles of
geotechnical engineering and the effective use of software

tools. The time for action is no w. The future of our profession
depends on how we respond to this challenge.

I The author acknowledges that this article may be contro -
versial. However, the current trajectory of increasing soft -
ware sophistication without corresponding increases in
user co mpetency fundamentally threatens the quality of
geotechnical engineering practice. Only through honest
acknowledgment of this challenge can we begin to ad -
dress the issue effectively.
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10 Amazing Geological Folds You Should See

Folds are some of the most common geological phenomena

you see in the world T a geological fold occurs when planar

(usually sedimentary) layers are curved and/or bent, perma-
nently deformed due to outside pre
vary from microscopic to mountain sized.

The folds of the rocks at position Apoplystra

Photo credit: Schnabel Engineering, Inc.

Folded Carbonates flysch, France

Photo credit: E by. G. Shuttleworth

The folds of the rocks at position Apoplystra, between the
village of St. Paul and the sandhills (Greece) are remarkably
colorful.

Slump Folds at Antipaxos Island in Greece

Photo credit: Thibault Cavailhes

Chevron folds are a type of fold that forms when layers of

rock are subjected to intense compressional forces. They are
characterized by their V  -shaped cross -section and their
straight limbs. Chevron folds are typically found in areas of

active tectonics, such as mountain belts and convergent plate
boundaries.

Folded Carbonates flysch in Basque Country, France.

The Chevron folds, North Cornwall, United Kingdom

Photo credit: E Maki Doukouros

Slump Folds, slump -overturned folds, are a type of fold that
forms in unconsolidated sediments when they are subjected
to gravity -driven mass movements. Slump folds are typically
found in submarine slopes and other areas where unconsoli-

dated sediments are deposited in steeply dipping layers.

Oligocene carbonate sediments exposed on the lonian Island
of Antipaxos, Greece.

The Sideling Hill, Maryland, USA

A syncline is a fold in which the layers of rock are curved
downward, with the youngest rocks at the center.
Photo credit: Nik on Flickr
The Sideling Hill rock cut is famous for its impressive geologic
display, exposing layers of sedimentary rock folded in a broad Chevron folds are a structural feature characterized by re -
syncline. peated well behaved folded beds with straight limbs and
sharp hinges. Well developed, these folds develop repeated



https://www.geologyin.com/2015/02/types-of-folds-with-photos.html

