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Introduction

This report documents the content and results of the seminars under Initiative No. EHP-BFNU-OVNKM-4-
149-2024 funded under the Fund for Bilateral Relations within the framework of EEA and Norway Grants
2014-2021.

The initiative included two two-day seminars held in May 2024 in Brno, Czech Republic, at Brno University
of Technology and in June 2024 in Porsgrunn, Norway, at the University of South-Eastern Norway. The
seminars aimed to share knowledge and experience in the field of reliability and sustainability of buildings,
understand the specific aspects of this issue in each country, establish cooperation between researchers,
and create a basis for future joint research, publications, and student exchange.

The seminars comprised lectures by experts from both universities. The list of lecturers and lecture titles is
given below. The lecture content can be found in Annexes A-F. Following the lectures, an expert panel was
held to discuss theoretical, practical, economic and environmental aspects of reliability and sustainability
design and analyses of transport infrastructure and offshore wind turbines.

The second day of seminars was dedicated to technical tours. Visitors visited the experimental laboratories
of both universities and the construction sites of the newly built Eifage-Nye Veier E18 motorway.

Summary of the seminars:

Lectures

Hadi Amlashi Some aspects on the use of reliability techniques in offshore wind Annex A
turbine design

Drahomir Novak Stochastic assessment of concrete structures: advanced FEM Annex B
modelling and case studies

Lars Erik @i Cost, size, and structure optimization of CO2 absorber columns Annex C
onshore and offshore

David Lehky Determination of mechanical fracture parameters using machine Annex D

learning-based inverse analysis

Mequanent M. Alamnie  Mechanistic asphalt pavement damage prediction and modelling for ~ Annex E
Sustainable roads

Lukas Novak Uncertainty quantification in structural mechanics: point estimates ~ Annex F
and surrogate models

Panel discussion

Theoretical, practical, economic and environmental aspects of reliability and sustainability design and
analyses of transport infrastructure and offshore wind turbines.

Technical tours

Brno Laboratory of Institute of Physics of Materials, Czech Academy of Science — Fatigue testing
of materials.
Brno Laboratory of Institute of Building Testing — Fracture tests of quasi-brittle materials.

Porsgrunn Laboratories of Dept. of Process, Energy and Environmental Technology, USN — Civil,
Mechanical, and Process Engineering laboratories.
Porsgrunn  Site excursions of Eifage-Nye Veier E18 motorway — cable-stayed bridge and tunnel.
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Lectures

The content of the individual lectures are briefly presented in this section. The lecture slides can be found
in Annexes A-F.

Hadi Amlashi

Some aspects of the use of reliability techniques in offshore wind turbine design

The development of offshore wind turbines is considerably more complex than onshore projects due to
the challenges posed by remote locations and harsher environmental conditions, particularly in offshore
areas with stronger winds. This requires careful consideration of environmental factors and their impacts.
In designing support structures for offshore wind turbines, the conventional approach relies on direct
calculations of load effects and resistance, supplemented by safety factors and margins. However, it is
crucial for the safety format to transparently account for the inherent uncertainties and variability in loads
and resistance. Structural reliability methods can be employed to calibrate the safety factors to achieve
this goal. This approach is essential to establish a robust support structure for offshore wind turbines. In
this first lecture, Hadi Amlashi presented some aspects of using reliability techniques in offshore wind
turbine design. The implication of risk and reliability-based design approach and structural design criteria
are introduced. When addressing varying load combinations, it is recommended to employ slightly
smaller safety factors for wave-induced loads and more prominent safety factors for wind-induced loads
within typical moment ratios. The lecture addresses identifying uncertainty measures in load effects and
strength specific to offshore wind turbines. It also showcases the proposed methodology for mooring line
systems for floating offshore wind turbines.

L5
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Drahomir Novak

Stochastic assessment of concrete structures: advanced FEM modelling and case studies

In the second lecture, Drahomir Novak presented an integrated methodology for reliability and durability
analysis of structures consisting of several subtopics such as nonlinear finite element method (NLFEM)
analysis, uncertainties propagation of Monte Carlo (MC) type, reliability analysis, sensitivity analysis,
parameters identification, model updating, surrogate modelling, material degradation aspects and safety
formats. Consideration of uncertainties in structural engineering is a growing topic because it provides
valuable information on the reliability of structures in time while addressing life-cycle aspects. Utilisation
of nonlinear NLFEM and MC type simulation is essential for modelling of the concrete structures like
bridges and performing its reliability assessments. The aim of the stochastic analysis is to propagate
uncertainties through a computational NLFEM model to gain statistical information from the output as
well as information about the sensitivity of the mathematical model to uncertainties in input variables.
However, in structural engineering, the mathematical model can be quite complex and uncertainty
propagation solved by classical MC approach is very difficult to perform as MC type simulation involves
large number of numerical evaluations of structural response. Therefore, advanced statistical and
reliability techniques must be applied. Author and his co-workers were active in this field combining
nonlinear analysis and reliability approaches for concrete structures, during development an urgent need
for efficient combination of several approaches and methods appeared. The lecture focused on several
keystones of such integrated approach for a routine complex assessment utilizing developed software
tools and practical application of the approach for selected case studies.
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Lars Erik @i

Cost, size, and structure optimization of CO2 absorber columns onshore and offshore

The conventional design of CO2 absorber columns predominantly involves the use of circular steel
columns fitted with structured packing. Historically, concrete has been favored for the construction of
large-scale structures due to its cost efficiency and robust nature. In recent times, there has been a shift
towards the adoption of rectangular concrete shapes as the standard for new land-based CO2 capture
projects. Conversely, compact circular steel columns are being recommended for offshore applications,
aligning with the specific requirements of such settings. A significant challenge in achieving cost
optimization lies in the higher relative costs of process equipment size and weight for offshore
applications when compared to land-based projects.
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David Lehky

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Due to the increasing worldwide emphasis on the environmental and economic sustainability of material
production, much current research is focused on the development of innovative building materials. When
studying material behavior, its mechanical fracture properties are determined by conducting laboratory
tests. In many cases, attention is focused on analyzing the properties associated with resistance to crack
formation and propagation, rather than on the maximum strength of the material. Mechanical fracture
parameters help us to understand the relation between the macroscopic response of the specimen and
its microstructural evolution during cracking. This is crucial in the design and modeling of newly
developed composites. In his lecture, David Lehky introduces artificial neural network (ANN)-based
inverse analysis method to identify mechanical fracture parameters from fracture tests. In case of
composite materials with the wide range of experimental responses, an ensemble of ANN is
recommended to be employed. Lecture also touches the problem of identification of statistical
characteristics of parameters. The capabilities of the proposed identification system and software were
demonstrated using example of material parameter identification of reinforced concrete wall subjected
to shear failure.
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Mequanent M. Alamnie

Mechanistic asphalt pavement damage prediction and modelling for Sustainable roads

Asphalt concrete is one of the most important road-building materials that exhibit extraordinary chemical,
physical and mechanical properties. It is exposed to variable vehicular and environmental loading. The
crucial mechanical properties of asphalt concrete are viscoelastic, viscoplastic, viscodamage
(deformability), cracking and fracture properties. Thus, asphalt mixture characterizations are focused on
stiffness and stiffness change, fatigue and damage law evolution, permanent deformation (viscoplasticity),
and cracks and crack propagation at low temperatures. The mechanistic-empirical (ME) pavement design
approach attempts to model these four properties for accurate pavement life prediction. In thislecture, the
linear viscoelastic and damage responses (fatigue and rutting) of asphalt concrete were presented. A new
damage test procedure (Sequential test procedure) was applied to analyze the damage interaction between
the permanent deformation and fatigue. The linear viscoelastic (LVE) properties of asphalt concrete are
crucial for mechanistic pavement design. A damage model (fatigue, rutting, or both) takes LVE stiffness as
a key parameter. The reliability of pavement structural life prediction relies on the accurate modelling of the
associated damage modes as a system, on the robustness of the test methods, and advancement of
theories. Based on observations and design experiments, the permanent deformation-fatigue damage
interaction sequence dominates the asphalt concrete damage mechanism. Moreover, the Mechanistic
pavement design approach is a state-of-the-art design philosophy. This method is founded on the reliability
of test methods and holistic (coupling) techniques. The continuum damage mechanics (CDM) theory is the
foundation for quantifying the damage. The variables considered in pavement design are many and
complicated. Thus, the integration of the reliability approach with the fundamental continuum method can
be the way forward to predict pavement life more accurately. Furthermore, a unified damage model can be
formulated using the reliability concepts with fundamental constitutive models of asphalt concrete.
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Lukas Novak
Uncertainty quantification in structural mechanics: point estimates and surrogate models

In his lecture, Lukas Novak addresses topic of uncertainty quantification using surrogate models.
Surrogate modeling of costly mathematical models representing physical systems is challenging since it
is necessary to fulfill physical constraints in the whole design domain together with specific boundary
condition of investigated systems. Moreover, it is typically not possible to create a large experimental
design covering whole input space due to computational burden of original models. Therefore, there has
been recently a considerable interest in developing surrogate models capable of satisfying physical
constraints —spawning an entirely new field of physics-informed machine learning. In this lecture, a
recently introduced methodology for the construction of physics-informed polynomial chaos expansion
(PC2) that combines the conventional experimental design with additional constraints from the physics
of the model was presented. Physical constraints in PC2 can be represented by a set of differential
equations and specified boundary condition allowing surrogate model to be constructed more accurately
with fewer physics-based model evaluations. Although the main purpose of the PC2 lies in combining
data and physical constraints, it is also possible to construct surrogate model only from differential
equations and boundary conditions alone without requiring evaluations of the original model. It is well
known that a significant advantage of surrogate models in form of polynomial chaos expansions are their
possibilities in uncertainty quantification including statistical and sensitivity analysis. Efficient uncertainty
quantification by PC2 can be performed through analytical post-processing of a reduced basis filtering
out the influence of all deterministic space-time variables. Once the surrogate model with physical
constraints is constructed, it is possible to perform realistic reliability analysis to ensure that analyzed
physical system will satisfy the given safety requirements.
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Panel discussion

Theoretical, practical, economic and environmental aspects of reliability and sustainability design and
analyses of transport infrastructure and offshore wind turbines were discussed. The presenting experts,
together with university staff and students, discussed the topics presented in the lectures and tried to place
them in the broader context of sustainability of construction, material resources and climate protection. The
topic of CO2 separation and storage in underwater reservoirs proved to be very attractive. Participants were
interested in experimental research in this field, practical applications and challenges for future research.
The specifics of the assessment of existing structures in both countries, the specifics of the standards used
and the extent to which advanced computing techniques and methods are involved in this activity were also
discussed. The need for sharing theoretical and practical knowledge to increase the efficiency of
maintenance of transport infrastructure and offshore structures was demonstrated. Surrogate modelling
using both data-driven and physics-based models was also a widely debated topic, which has very strong
potential in reliability engineering. Also, the application of machine learning-based models and their ability
to generalize and adapt to new data is proving to be a very promising research direction in engineering. The
panel discussion ended with an invitation to technical tours, which presented some parts of the
experimental research necessary to validate the developed methods and software tools or to obtain data of
computational models.
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Technical tours

On the second day of the seminars there were technical tours, the course of which is described in this
section.

Czech Academy of Science, Brno, Czech Republic

Laboratory of Institute of Physics of Materials — Fatigue testing of materials

During the visit to the Institute of Physics of Materials, Czech Academy of Science, the participants were
shown three laboratories — low cycle fatigue and high cycle fatigue laboratories and creep laboratory.

The main interest of the low cycle fatigue group is the study of fatigue damage mechanisms, interaction
of low cycle fatigue with creep at elevated temperatures, structural changes and damage evolution in
high temperature symmetric and asymmetric loading, cracking and fatigue fracture of laminate
composites, effect of the coatings on the cyclic plasticity and fatigue life of advanced materials, and short
crack growth kinetics in advanced steels. Some basic theoretical backgrounds were presented to the
participants together with the example of low fatigue tests performed on selected machines including
MTS 809 axial-torsional test system, MTS 880 servo-hydraulic testing machine for thermo-mechanical
fatigue, etc.

The research activities in the high cycle fatigue group are focused on the study of the nature and
quantitative description of the fatigue processes in all fatigue stages. The main goal of the research is to
contribute to better understanding of cyclic plasticity at low amplitudes, crack initiation and threshold
values of fatigue crack propagation and to the fracture-mechanical description of the fatigue crack
behavior. Theoretical and experimental studies are focused on the relation between microstructure,
microstructure evolution during damage progress, and macroscopic fatigue and fatigue/creep properties.
The numerical estimation of the fracture parameters and simulations of the fracture behavior are an
important part of the research as well. The formulation of crack stability criteria for non-homogenous
materials, notches and layered structures is a live issue studied in the group. Owing to this, the spectrum
of studied materials is rapidly increasing. At present non-metallic materials such as polymers, polymer or
ceramic based composites and advanced building materials are being analyzed.

The last visited laboratory focuses on creep tests and study of processes occurring upon creep
deformation of materials. The research infrastructure of the Institute provides a unique capacity of almost
40 creep devices suitable for identification of creep characteristics, such as the time until rupture, creep
rate or overall creep elongation. Both tension and compression experiments are possible, under
controlled load and stress, within the temperature range from 20°Cto 1,000°C (commonly). The two most
recently installed devices enable carrying out experiments at the temperature up to 1,400°C, either in
vacuum or in protective (modified) atmosphere. There are also devices for the small punch test available.
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Brno University of Technology, Brno, Czech Republic

Laboratory of Institute of Building Testing — Fracture tests of quasi-brittle materials

Theoretical and practical aspects of testing fracture parameters of quasi-brittle materials were presented
to the participants in the laboratory of the Institute of Building Testing. This institute is focused on the
research and development of diagnostic and test methods in the field of civil engineering, assessment
and evaluation of existing structures, laboratory and field testing of structural units, elements,
components, details, and models, including specific properties of building materials. One of the groups
focuses on testing of mechanical fracture parameters of specimens with edge notch loaded in a suitable
test configuration such as three-point bending test or wedge splitting test. Theoretical details of
evaluation of test records and identification of material parameters using inverse analysis were presented
in one of the seminar lectures. In lab, testing machine and related measuring equipment was introduced
followed by video demonstration of loading a notched specimen in three-point bending configuration.
Participants were able to see development of strains at the vicinity of the notch and a development of
magistral crack and surrounding fracture process zone. Aspects of accurate measuring of displacements
and recording of post-peak behavior were discussed.

11



Iceland [Pdl‘ EP[J—

Liechtenstein Norway
Norway grants grants

University of South-Eastern Norway, Porsgrunn, Norway

Laboratories of Dept. of Process, Energy and Environmental Technology

Participants visited three different laboratories at USN, Porsgrunn. At first, participants visited the USN's
process laboratories, where research projects focused on capturing and analysing carbon dioxide (CO2)
and its environmental impacts were conducted in collaboration with industrial partners. The primary
areas of interest include studying mechanisms of amine degradation, assessing various types of amines
for their CO2 absorption capabilities, and developing advanced techniques for accurately analysing CO2
absorption processes. The equipped laboratory has multiple instruments and apparatus to support the
research efforts. These include a gas chromatograph with mass spectrometer (GC-MS) for precise
molecular analysis, a rheometer for highly accurate viscosity measurements, a density meter for density
determinations, an equilibrium cell for in-depth studies of reaction equilibriums, a Raman spectrometer
for molecular and structural analysis, various reactors and autoclaves for experimental setups, as well as
multiple gas chromatographs equipped with flame ionisation (FID) and thermal conductivity (TCD)
detectors for comprehensive gas analysis. The visit is then followed by a tour of the chemical processing
hall that serves as a central space for a wide range of experimental setups dedicated to research in fields
such as CO2 capture, catalysis, and multiphase flow. In the multiphase flow section, researchers have
access to state-of-the-art equipment, including ECT/ERT and Gamma meters, enabling precise and
detailed analysis of fluid behaviour. The research areas span various topics, including biological
purification processes and powder technology. A fully equipped Venturi rig with a Coriolis meter, Gamma
meter, and ultrasonic level sensors allows for comprehensive and accurate measurement of various
parameters. The facility has a compressed air compressor, providing researchers with the necessary
utilities to support their research.

During the visit, the participant had the opportunity to explore the civil engineering lab, which is equipped
with tools such as a press and bending rig used for testing the strength of wood and concrete. The lab also
contains specialised equipment like bucket drills, wing drills, cone apparatuses for geotechnical
investigations, levelling binoculars, plane lasers, total stations, and GNSS equipment for surveying and
GIS.

At last, participants visited the mechanical lab of the mechanical department at USN. The lab is equipped
to conduct material testing, including tensile testing, deflection, impact toughness, hardness
measurement, and microscopy. Additionally, the lab is furnished with equipment for fluid mechanics
tasks, such as a pipe resistance calculation rig, a pump curve calculation rig, and a 3D printer capable of
producing photopolymer models using UV light. A cooling system with an output of up to 20 kW has been
installed in connection with thermodynamics. The central workshop has a lathe, milling machine, sheet
metal shears, plate crackers, column drills, Tig, Mig, gas and stick welding, plasma cutting equipment,
and other mechanical tools. This workshop fabricates experimental equipment for bachelor's, master's,
and PhD levels.

12
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Eifage-Nye Veier E18 motorway, Norway

Site excursions — cable-stayed bridge and tunnel

In the second part, participants visited the new Eifage-Nye Veier E18 motorway. A project manager in
Nye-Veier first welcomed them at the site. The "Nye Veier e18 Rugtvedt — Langangen" project is a 17-
kilometre expansion of the E18 motorway strategically positioned within the Greenland region.
Anticipated to open in 2026, the project will boast a four-lane configuration designed to accommodate a
maximum speed limit of 110 km/h. The project involves building six bridges, with the Grenland Bridge as
the main focus, and adding two more bridges in the Language area. The planned infrastructure includes
six tunnels, covering a total distance of g kilometres and an additional 4.2 kilometres of purpose-built
daytime roadway. The zoning plan for this motorway has been formally approved, and Eiffage is the
contractor constructing it for Nye-veier, the project owner. Two new twin bridges are being built over
Langangsfjord, each 400 meters long and with 5o-meter-high pillars. The bridges are being designed
using the highest BIM standards available.

14
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Conclusions

The seminars aimed to share knowledge and experience in the field of reliability and sustainability of
buildings, to understand the specific aspects of this issue in each country, to establish cooperation between
researchers and to create a basis for future joint research, publications and student exchange. All parts of
the seminar were very beneficial for both sides. The topics of the lectures raised great interest among the
audience, which was confirmed by the subsequent panel discussion, where not only the details of the
subtopics were discussed, but their setting in a broader engineering-social context. The follow-up technical
tours then appropriately complemented the theoretical aspects with a practical component. The
participants thus had the opportunity to see the issues in their entirety.

In addition to research and engineering topics, experts from both countries also discussed the possibilities
of cooperation in education, student exchange, support for employee mobility, etc. It can be concluded that
the joint activity fulfilled its purpose and started cooperation, which both partner institutions are interested
in further developing.

15
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Annexes
Annex A

Hadi Amlashi — Some aspects on the use of reliability techniques in offshore wind turbine design

Annex B

Drahomir Novak — Stochastic assessment of concrete structures: advanced FEM modelling and case
studies

Annex C
Lars Erik @i — Cost, size, and structure optimization of CO2 absorber columns onshore and offshore

Annex D
David Lehky — Determination of mechanical fracture parameters using machine learning-based inverse
analysis

Annex E
Mequanent M. Alamnie — Mechanistic asphalt pavement damage prediction and modelling for Sustainable
roads

Annex F
Lukas Novak — Uncertainty quantification in structural mechanics: point estimates and surrogate models
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Annex A

Hadi Amlashi

Some aspects on the use of reliability techniques in offshore wind turbine design



Some aspects on the use
of reliability techniques
in offshore wind turbine
design

” ‘] by Hadi Amlashi

Associate professor in structural mechanics, USN
Brno, 23.05.2024

University of
South-Eastern Norway

Contents

o Introduction
o Structural Reliability Analysis

* Safety of structural systems
* Structural design criteria
* Risk and reliability-based design

o Offshore wind turbines

* Challenges
* Design criteria

o Some examples
o Discussion and results

University of
South-Eastern Norway
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Relationships between structural failure and safety

Structural failure scenario Mitigation

Appropriate design criteria, such as
Sufficient safety factors or increased
characteristic loads

Inadequate safety margin to cover normal
inherent uncertainties

Gross error or lack of proper checks or
inefficiency during design, fabrication,
installation or operation

QA/QC in engineering and project
management processes

Unknown phenomena Firsthand Experience and knowledge gain

Risk and reliability methods

» What is it?

* How to account for the uncertainties in the predicted behaviour under
extreme and cyclic load conditions and inspection.

» Generally classified in to two:
* Structural Reliability Analysis (SRA)

* Determine the failure probability considering fundamental variability,

and natural and man-made uncertainties due to lack of knowledge.
* Quantitative Risk Analysis (QRA)

* Estimation of likelihood of fatalities, environmental damage, or loss

A2

Safety measures

Structural reliability analysis

Risk analysis

Lesson learned (case by case
basis)

° University of
South-Eastern Norway

University of
South-Eastern Norway



Structural design criteria

» Structural design criteria refer to serviceability and safety:
* Serviceability: Service experiences and operational issues, i.e.,
accidental actions and abnormal (SLS and ALS)
* Safety: normal design conditions considering loads and
strength,. i.e., ultimate and fatigue limit states (ULS, FLS)

»How to ensure adequate structural safety?
* Proper design, load and response monitoring and condition
monitoring during its design lifetime.

T = Transverse
L = Longitudinal
V = Vertical

P = Perimeter

University of
South-Eastern Norway

Ssals7)
1 1 H : (s AG)
Structural reliability analysis 7 »,
» Design equation: R, > L, 0%
or in partial safety factors format:  y, L. = % il Mﬂ
R =l h
a M!JM L
<0: Failure & G>0:Safe
> Pf = P[g(X) < 0] = fg(X)SO fX(X)dx &\ Gdo(;]';n]l) "= domain
Reliability Index  p = ®~*(Py) sse Equtn
Probability Chamsreris;l’:)mad efIECZ‘harasteristic Resistance Ra—La>0
» Methods for calculating the probability of failure: Design Load effect . :,/, (R o
- esign Resistance
o First-order Reliability Method (FORM) (=yito (Rf=1/y R
ledian Load effec R
o Second-order Reliability Method (SORM) " (LLm,d rect edion Resiotance

o Monte Carlo Simulations (Rm)

o Etc.

LR

University of
South-Eastern Norway
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Offshore wind turbines

>

>

Nearly 80% of offshore wind turbines are of the type monopile
supported offshore wind turbines.

Reducing the uncertainty in the design of the support structure
can significantly contribute to reducing the LCOE, as it can
reduce the safety factors.

What is the implied safety level for support structures defined

in design codes, such as IEC 61400-1 (IEC, 2019) and DNV-
ST-0126 (DNV, 2021)?

Major sources of uncertainty in offshore wind turbine

>

Wind turbine: Structural, mechanical and electrical systems,

production, installation, operation and maintenance, etc. 3

Wind: Turbulence intensity, Wind shear, Coherence, Wind load & o t
model, etc. ¢ . \C.eﬂ-a‘“ Y

Wave and current: Long-term environmental description (load ~ “, ..,

model, wave kinematics, spectrum, spreading) , wave-wind-

. . s —_— “yvly}(
current directionalities, etc. —_ {'T -
Pile-soil interaction: Soil model (damping and stiffness), . ﬂ o \t
— 7z
scouring, etc. — e i o
Simplified (mathematical) models - @O

e

Both model and parameter uncertainty are important

Wave Y
o x Sealevel

Mudline

Seabed . .
s University of

South-Eastern Norway
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Wind model uncertainty

» Medium-fidelity models like the Kaimal spectrum or Mann
model Vs. high-fidelity methods based on computational fluid
mechanics, such as large eddy simulations (LES), and
measurements.

» Differences in wind shear profiles and coherent structures has
a significant impact on the predicted tower fore-aft bending
moments, as well as tower torsion and blade root moments

» The effect of turbulence intensity should also be notified.

University of
South-Eastern Norway

Wave model uncertainty

» Linear or second-order or higher-order wave kinematics at different
sca states

» Differences in responses due to use of Pierson-Moskowitz or
JONSWAP wave spectrum

> The directionality of environmental loads in operational conditions
is important, since aerodynamic damping is significant for in-line
wind and negligible in the cross-wind direction.

» Differences in computer codes for OWTs gives different model
uncertainties due to different structural models, implementation of
aerodynamic loads and discretization of the hydrodynamic loads,
etc.

University of
South-Eastern Norway
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Maximum fore-aft bending moment wave-to-wind ratio

Expected value of (Myy,w , Myy,v , Myy,w/Myy,v)

0.70
0.60

» Expected value of Maximum fore-aft bending moment for wind load only

0.50
0.40
0.30

(Mv), wave load only (Myy,w) and relative ration of Myy,w/Myy,v (Env.

Myy,w/Myy,v

Condition Set 1., short-term statistics, Barreto et al. 2020) - Fully-coupled

0.20
0.10
0.00

aero-hydro-servo-elastic nonlinear time-domain response analysis

Mudline Fore-Aft Bending Moment (MN.m)

> The relative bending moment of M, /M, varies between 0.2-0.6

depending on environmental condition DR RisTound | OnlyWind | 20min mmDI RisFound |Only Wave  20min — M vexp/M Wesp

» Representative ULS design load combination cases for the monopile tower

gIObal bendlng (IEC 6 1 400-3 B 1 ): | # | wind | Wave | Wind-Wave Directionality (misalignment]
IS v w1 b=0°
Load combinations ¢,, = 1 = » wa b=0°
v2 w4 $=90°
| Lca  [VE] w2 $=0°
[ Lc5 [T w4 $=0°

1 University of
South-Eastern Norway

Uncertainty due to long-term extreme response extrapolation
Effect of short-term simulation time

Modified Environmental Contour
Method

50/
N,
Fx s € ) = [Fxlh,short— ermbunH Ty (& IuNO,HNO,TNO)] ° Most probable 1-hr extreme

m10min ®20min @30min

6.0%
- 4.0%
E 2.0%
E 0.0%
. . . . . 2.0% - R 1
L 10min simulation length introduces &, R"i;‘i whd Curout
hlgh uncertalnty ln the long-term e 100 114 120 140 1M7.0 18.0 20.0 22. :
Mean wind speed [m/s]

extrapolation (50 years) around rated
and cut-out wind speeds.

2 University of
South-Eastern Norway
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Resistance of support structure

» Resistance formulation for ultimate limit state :

F, Fy D
M, =2(1-08422) (D3 - (D - 26))

» Required characteristic capacity:

M _ Mu,true Mu,given par Mu,actual par M
utrue — M -M . M Mu,charc
u,given par u,actual par u,charc

» True bending strength for the tower:
Mu,true = )?m,given par-)?m,actul par-)?m,charc- Yr- (VWMWC + Vvac) .
A

1% mode pushover 2% mode pushover Mean wind load pushover

3 University of
South-Eastern Norway

Reliability formulation for monopile-supported offshore wind
turbine

A B
Wind field

g(X) = MFA,u,req. - ((pWMFA,Wt + MFA,vt) — W
A A A - u!._@» hFE 7\
= )(m,given.par)(m,actual.par)(m,charcMFA,uc ; ﬂ :IX;;V:'( ;
A A A A - [Node i fyi_.»
- (‘pw)(w,nlBflexBsim)(w,stat.)(w,lin.)(w,env.MFA,Wc - et
A A A A N - Wind 7 O E
+ Xv,nl.Xv,stat.Xv,aero.Xv,env.)(v,geo.MFA,vc) P '
. . Wave yx Sea level E
Design equation: My e = Vr(C.Viw + Vo) My e — L
where: c=M, ../ M, b s
Reference case: ¢ = 0.5 & (¥, Yw, ¥») = (1.35,1.35,1.35)

Sensitivities:
o Bias due to the Simulation time
g eys, o . 4 University of
o Flexibility in the foundation m South-Eastern Norway
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Reliability formulation for monopile-supported offshore wind

N e e L )
variable
0.1

o e o Given resistance parameters Normal 1.0
Xm.actul par Actual resistance parameters Normal 1.0 0.1
Xm chare. Characteristics resistance Lognormal 1. 0.15
Kol Wind nonlinearities Normal 0.9 0.15
Ko stat. Wind statistics Gumbel 1.05 0.10
Ko.aero. Wind linear prediction Normal 1L 0.1
i Wind environmental prediction Normal 0.9 0.1
Secondary (geometry-related) loads Normal 0.9 0.1
Wave nonlinearities Normal 0.9 0.15
Wave statistics Gumbel 1.05 0.10
Wave linear prediction Normal 1.0 0.1
Wave environmental prediction Normal 1.0 0.15
Load combination factor G 1.0 —
Normalized bending moment - 0.2(0.5) ---
(MYYlwc/ MYY,Vc)
Resistance safety factor - 135 -
Wave load factor - 1.35 - o
Wind load factor o= 1.35 == 5§2{,th,’§§§;§,“ Norway

Implied Safety level in Offshore Wind Turbines

1.00E-02 1 1.00E-02
I
I
> | &
! )
e ! £
: l z
= | &
& 1.00E-03 < 1.00E-03
-
=) >
z = I
= = :
c i 2 I
2 | g !
= | - |
o | |
1.00E-04 ! 1.00E-04 :
1.1 1.2 13 1.4 L5 1.1 12 13 1.4 1.5

Safety factors Safety factors

gamma_r (pw=0.85 & ¢=0.5) —-gamma w (¢pw=0.85 & ¢ =10.5)
--gamma_v (pw=0.85 & ¢=0.5) -+ gamma r (¢pw=1.0 & ¢ =0.5)
-= gamma w (ew=1.0 & ¢ =0.5) gamma v (pw=1.0 & ¢ =0.5)

gamma_r (pw=0.85 & ¢=0.2) —*gamma_w (¢w=0.85 & ¢=10.2)
--gamma_v (pw=0.85 & ¢ =0.2) -+ gamma r (¢pw=1.0 & ¢ =0.2)
-= gamma w (ow=1.0& ¢=0.2) -+ gamma v (pw=1.0 & ¢ =10.2)

My we/Myy v = 0.5
Solid lines: ¢,, = 0.85; Dashed lines: ¢,, = 1.0

My we/Myy pe = 0.2
Solid lines: ¢,, = 0.85; Dashed lines: ¢,, = 1.0

6University of
South-Eastern Norway
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Annual failure probabilities - Sensitivity to the model
uncertainty in wave nonlinearity prediction

1.00E-02

Probability of failure (P)

1.00E-03

‘ Reference “

Wind Case (c 0.5)] Wave
predominated | predominated
1.00E-04 -
0 02 04 06 08 1 1.2 14 1.6
c= Myy WL‘/ Myy vc

---Base Case( o{ w,nl = 0.9) =y w,nl=1.0

Fw,nl=1.1
# Reference Case (¢ =0.5)

~y'w,nl =0.9 (Cov=0.1)

7University of
South-Eastern Norway

Annual failure probabilities - Sensitivity to the model
uncertainty in wave statistics prediction

1.00E-02

1.00E-03

Reference
Case (¢ =0.5) )

Wind
predominated

Probability of failure (P)

Wave
predominated

1.00E-04

0 02 04

06 0.8 1 1.2 14 1.6
€= Myywc/ Myyvc

- -Base Case(y 'w,stat. = 1.05)
-y 'w,stat. = 1.05 (Cov =0.15)

-y 'w,stat. = 0.95
¢ Reference Case (c = 0.5)

8University of
South-Eastern Norway
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Annual failure probabilities - Sensitivity to the correlation
between the nonlinearity in wind and wave environmental load
prediction | 00E-02

Probability of failure (Pf)

1.00E-03 |
e/ rs  — TJReference Case T~ — — — — 7
5x10 =05 -:-
Wind Wave
predominated I predominated
1.00E-04 I
0 02 04 06 08 1 1.2 14 1.6
c=M,, /M,
---Base Case —r(xv,nl, x'v,env) = 0.9
=r(x'v,nl, xy'v,env) = 0.5 -*-r(x'w,nl, xy'w,env) = 0.9
“=r(x'v,nl, x'w,nl) =0.9 # Reference Case (¢ = 0.5)

9University of
South-Eastern Norway

Annual failure probabilities - Sensitivity to the model
uncertainty in wind nonlinearity prediction

1.00E-02 I

1.00E-03 B P =
w\
e A e —

S5x107 Reference
Case (c=0.5)

Wind I Wave
predominated I predominated

Probability of failure (P)

1.00E-04

0 0.2 04 06 0.8 1 1.2 14 1.6
c=My /My

wwe wyve

---Base Case(y v,nl = 0.9) —xv,nl=1.1
-=xv,nl=0.9 (Cov=0.1) @ Reference Case (¢ =0.5)

OUniversity of
South-Eastern Norway
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Annual failure probabilities - Sensitivity to the model

uncertainty in wind statistics prediction

1.00E-02

1.00E-03 e

Probability of failure (P)

Wind
predominated

Case (c =

Reference
0.5)] |

Wave

I predominated

1.00E-04
0 02 04 06 08 1 12 14 16
c= Myy,wc/ Myy,vc

---Base Case(y v,stat = 1.05)
“=y%v,nl =1.05 (Cov =0.15)

-y v,stat = 0.95

@ Reference Case (¢ = 0.5)

1University of
South-Eastern Norway

Annual failure probabilities - Sensitivity to wind safety factor,
Bias due to the Simulation time

I Base case: Rigid
foundation with 10
min silumation length

1.00E-02
27
_
X,
&
5]
S
£ 1.00E-03
=
S 704
& s
=}
>
Z
£
=
2
2 1.00E-04
S 11
-

1.2 13 1.4 15
'Wind load factor

®gamma_v :gw=0.85 & ¢ = 0.2 & Bsim=1.1 (typically near Vcut-out)
“gamma_v :gw=1.0 & ¢ = 0.2 & Bsim=1.1 (typically near Vcut-out)
gamma v :pw=1.0 & ¢ = 0.2 & Bsim=0.75 (typically near Vrated)

moment ratio of 0.2

1.00E-02 T
=135

5x10° |

ERE SR P S S s
S Base case: Rigid
5 foundation with 10
2 min silumation length
= 1.00E-03
& 5x10
[ e e —— ——— ]
=]
o)
i
b=
—
=
s |
< 1.00E-04
e 1.1 1.2 13 14 15
=% .

Wind load factor

“®-gamma_v :pw=0.85 & ¢ = 0.5 & Bsim=1.1 (typically near Vcut-out)
-*gamma_v :pw=1.0 & ¢ = 0.5 & Bsim=1.1 (typically near Vcut-out)
gamma_v :pw=1.0 & ¢ = 0.5 & Bsim=0.75 (typically near Vrated)

moment ratio of 0.5

The effect of simulation length is less pronounced
compared to the case with c=0.5 due to the wave-to-wind
moment ratio, i.e., wind-dominated design.

A1
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Annual failure probabilities - Sensitivity to wave safety factor,
Bias due to the Simulation time

1.00E-02 I
y=1.35
25 AL R UL A
~, Base case: Rigid
5 foundation with 10 min|
o silumation length
5
= 1.00E-03
&
[
=]
>
=
=
=
= I
g I
£ 1.00E-04
- 1.1 1.2 1.3 1.4 1.5
[~

wave load factor

®-gamma_w :ow=0.85 & ¢ =0.2 & Bsim=1.1

#gamma_w :ow=1.0 & ¢ = 0.2 & Bsim=1.1 (typically near Vcut-out)
<-gamma_w :ow=1.0 & ¢ = 0.2 & Bsim=0.75 (typically near Vrated)

(typically near Vcut-out),

moment ratio of 0.

2

Probability of failure (P))

1.00E-02

1.00E-03

1.00E-04

5x10° |7=1.35
I_ Base case: Rigid
foundation with 10 mi
silumation length
5x10

1.1 1.

wave load factor

®-gamma_w :gw=0.85 & ¢ = 0.5 & Bsim=1.1 (typically near Vcut-out)
gamma_w :pw=1.0 & ¢ = 0.5 & Bsim=1.1 (typically near Vcut-out)
~<-gamma_w :pw=1.0 & ¢ = 0.5 & Bsim=0.75 (typically near Vrated)

moment ratio of 0.5

3University of
South-Eastern Norway

Annual failure probabilities - Sensitivity to resistance safety
factor, moment ratio of 0.5, Bias due to the Simulation time

1.00E-02 v

I =135
— e N — — e
s 5x10° 23 |

Base case: Rigid
I foundation with 10 min
Ay silumation length

°= 1.00E-03 N

1.00E-04

1.1 1.2 1.3

Probability of failure (

1.4 1.5

Resistance load factor

Probability of failure (P)

5.00E-03

5.00E-04

5.00E-05

S5x10*

Base case: Rigid
foundation with 10
min silumation length

1.1

1.2 1.3 1.4 1.5

Resistance load factor

<-gamma_r :pw=1.0 & ¢ =0.2 & Bsim=1

gamma_r :gw=0.85 & ¢ = 0.2 & Bsim=1.1 (typically near Vcut-out)
.1 (typically near Vcut-out)
gamma_r :ow=1.0 & ¢ = 0.2 & Bsim=0.75 (typically near Vrated)

gamma_r :ow=0.85 & ¢ = 0.5 & Bsim=1.1 (typically near Vcut-out)
<-gamma 1 :pw=1.0 & ¢ =0.5 & Bsim=1.1 (typically near Vcut-out)
gamma 1 :pw=1.0 & ¢ =0.5 & Bsim=0.75 (typically near Vrated)

moment ratio of 0.2

A12

moment ratio of 0.5
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Annual failure probabilities as a function of wave

to wind moment ratio

When wave bending moment predominates, the bias
on response extrapolation near cut-out wind speed
(B,;,,=1.1) will increase the failure probability, while
the bias on response extrapolation near rated wind
speed (B,;,=0.75) conservatively reduces the
implied failure probability

sim

Probability of failure (P,

5.00E-03

5.00E-04

Wind predominated

5.00E-05
0 02 04 06 08 1 1.2 14 1.6
c=MFA,wc/MFA,vL'
Bflex=1.05 —-Bsim=1.1
-=Bsim=0.75 - -Base Case

5 University of
South-Eastern Norway

Implied safety levels in the mooring systems under different

ULS design load conditions

» Structural safety in DNV standard for FWTs is ensured by use of a consequence class methodology:

O

Consequence Class 1 (CC1), in which failure is assumed unlikely to lead to an unacceptable event

such as loss of life, collision with an adjacent structure, or environmental damages

stated above.

Rc = Yr(YmeanTmc + ydyanync)

Ymean
uLs Vayn 1.75
ALS Teoan 1.00
ALS Vayn 1.10

A13
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1.00

1.25

Consequence Class 2 (CC2); in which failure may well lead to an unacceptable event such as those
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Reliability formulation for mooring systems for ULS

> Ultimate limit state function for the mooring lines can be expressed by the tension:
9(XZ)=R(X) - (Tm()‘() + Tayn(X, 2))
Py =P[g(X) < 0] =P[Ry — (T + Tayn) < 0]
R = ¥r(KVmean + Yayn)Tayne

k=Tpu/ Taync
The limit-state equation can then be written as:
gXx) = Retrue — (Tm,true + Tdyn,true)
Retrue = )?Rm-)?RsyS-)eRclcomp- Rc,comp
Timtrue = XmeanTme
Tdyn,true = )?stat,LF)Zdyn,LF)?dyn,wFTdync

sub-indices mean, stat., LF and WF refer to uncertainties due to mean tension characteristic, Low frequency statistical, Low
Frequency load modelling, Wave Frequency load modelling, respectively.

7 University of
South-Eastern Norway

Reliability formulation for mooring systems for ULS

Random variable Uncertainty due to Distribution m

T Tension capacity model Normal 10 0.05

XRsys System effect Extreme Value Distribution WEvD OEyD
e Characteristics resistance Lognormal 1.0 0.05
Xmean Mean tension load model Normal 1.0 0.15
Kstat,LF Statistical prediction in LF Normal 1.0 0.4
S Dynamic IanFprediction in Normal 1.0 0.05
7 R— Dynamic Io%prediction in Gumbel 0.9 0.05

Normaliz aries bt

tension oa%fj(ﬁilf'}j;ye,zg) (%{/Blga|1\/3\fvlélgill6%e%

o Resistance safety factor - 1.0 —
Ymean Mean tension load factor 88 1§
Ydyn Dynamic tension load factor - CCCC]212725 .

8 University of
South-Eastern Norway
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Annual probability of failure as a function of mean tension
safety factor (Vmean) With Y4y, = 1.75 for CC1 and y 4, =

2.2 for CC2

Sensitivity to relative mean to
dynamic tension loads of £ = 0.2 and
k = 1.0. The case for ULS with
Consequence Class 1 and k£ = 2 and
ULS offshore NORMOOR single
safety factor are also shown for
comparison.

1.00E-01

1.00E-02

1.00E-03

1.00E-04

1.00E-05

Probability of failure (Pf)

1.00E-06

1.00E-07

1.00E-08
06 08 1 12 14 16 18 2 22 24

Mean tension safety factor

Base Case, ULS with CC1, Relative mean to dynamic tension of 0.2
Base Case, ULS with CC1, Relative mean to dynamic tension of 1.0
®ULS with CC2, Relative mean to dynamic tension of 0.2
=ULS with CC2, Relative mean to dynamic tension of 1.0
ULS with CC1, Relative mean to dynamic tension of 2
== ULS Offshore units, NORMOOR JIP, single safety factor

9University of
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Annual probability of failure as a function of dynamic tension
safety factor (Y g4yn) With ¥peqn = 1.3 for CC1 and yppeqn =

1.5 for CC2

Sensitivity to relative mean to dynamic
tension loads of £ = 0.2 and £ = 1.0. The
cases for ULS with Consequence Class 1
and k = 2 and ULS offshore
NORMOOR safety factors are also
shown for comparison.

Probability of failure (Pf)

1.00E+00

1.00E-01

1.00E-02

1.00E-03

1.00E-04

1.00E-05

1.00E-06

1.00E-07

1.00E-08

0608 1 12141618 2 22242628 3 32

Dynamic tension safety factor
‘Base Case, ULS with CC1, Relative mean to dynamic tension of 0.2
Base Case, ULS with CCl, Relative mean to dynamic tension of 1.0
®ULS with CC2, Relative mean to dynamic tension of 0.2
«=ULS with CC2, Relative mean to dynamic tension of 1.0
ULS with CC1, Relative mean to dynamic tension of 2
@ ULS Offshore units, NORMOOR JIP, single safety factor
e ULS Offshore units, NORMOOR JIP, dynamic safety factor (Pretension SF = 1.2)

0University of
South-Eastern Norway

A15



Safety level as a function of mean to dynamic tension load (k)
with sensitivity study on the number of components in a

t 1.00E-02 - T
E 1.00E-03
the number of components in a segment &
beyond 100 has very limited effect on ZF . - .
the implied reliability level b L o0E0d >

£ ~ |

2 1.00E-05 So

2 / .

2 10ENS bpm—m—m—————— «c————————-

& L ™o

Dynamic tension | Mean tension
predominated | predominated
1.00E-06 ' =
0 02 04 06 08 1 12 14 16 18 2
Relative ratio of Mean tension to Dynamic tension (%)

N_components =1 N_components =100

Base Case (N_components = 300) @I_components =500
ON_components = 1000 =ULS with CC2 (IN_components = 300)

1 University of
South-Eastern Norway

Conclusions

O For monopile-supported offshore wind turbines:
o Safety level generally corresponds to the probability level of the order 5x10- to 510,
o The implied failure probability depends on the wave to wind moment ratio.

o Differentiated safety factors for different wind and wave load combinations will provide a unified safety level across a wide range of

load combination, wind predominate vs. wave predominate

o Slightly smaller safety factors for wave-induced loads and larger for the wind-induced loads for a typical moment ratio range of 0.2-0.5

to obtain a unified safety level

o The implied safety level in current design codes can further be harmonized especially accounting for bias in calculation of wind and

wave statistics, effect of simulation time on long-term response and bias in the Inclusion of monopile bottom flexibility
O  For mooring line systems:

o The implied safety level for CC1 is not satisfactory across a range of mean-to-dynamic tension ratio (k= 0.1-2.0) when comparing to the

nominal target level (104).

o The implied safety for design of mooring systems according to CC2 are, however, generally acceptable as compared to the nominal

target value (10-%).
e ue ( ) 2 University of
South-Eastern Norway
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Advancing Reliability-Based Design

S

Data Collection

More comprehensive
data on the relative
magnitude of wave and
wind loads for larger
wind turbines is needed
to improve the statistical
models and reliability

estimates.

©

Soil-Structure
Interaction

The influence of pile-
soil interaction on the
reliability level should
be further investigated,
as the response of rigid
and flexible foundations

can differ significantly.

Embracing the Complexity

Comprehensive Modeling

Offshore wind turbine design requires advanced numerical modeling to accurately

3

Design Code
Refinement

Ongoing efforts to
refine design codes,
such as IEC 61400-3-1,
should continue to
ensure transparent and
explicit safety
requirements based on

reliability principles.

capture the complex interactions between wind, waves, and the supporting

structure.

Uncertainty Quantification

Careful assessment and transparent representation of uncertainties in loads, load

loads, load effects, and structural resistance are essential for reliable design.

design.

Reliability-Based Approach

Adopting a reliability-based design approach, with explicit safety requirements,

requirements, ensures the desired safety level for offshore wind turbine structures.

structures.

A17
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Collaborative
Research

Interdisciplinary
collaboration between
researchers, engineers,
and industry
stakeholders is crucial to
advance the reliability-
based design of offshore

wind turbines.

University of
South-Eastern Norway

SN

University of
South-Eastern Norway
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Towards a Sustainable Future

Reliability-Based Design

Accounting for
uncertainties in loads

and resistance

Ensuring the desired
safety level for
offshore wind

turbines

Transparent Safety

Requirements

Explicit safety factors
based on target

reliability levels

Optimizing the
balance between
safety and cost-

effectiveness

Advancing Design
Codes

Continuous
refinement of design

standards

Adapting to evolving
industry needs and
technological

advancements

Collaborative

Research

Interdisciplinary
efforts to address

complex challenges

Driving innovation
and sustainable
growth in offshore

wind energy

University of
South-Eastern Norway
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Annex B

Drahomir Novak

Stochastic assessment of concrete structures: advanced FEM modelling and case studies



Stochastic assessment of concrete

structures: advanced
FEM modelling and case studies

Drahomir NOVAK (and many co-workers)

Brno University of Technology
Faculty of Civil Engineering
= ik —

o Institute of Structural Mechanics

CERVENKA
CONSULTING

_-“—-—

Bilateral cooperation between USN and BUT Reliability and sustainability of structures

Complexity: Nonlinearity + uncertainty
+ degradation + metamodeling +....

- N K . e Fy
! Deterministic model of structure: : :  Degradation - Probabilistic assessment
Rl FnvcanlisyREm i p 3 s i ; of structural system
multi-level approach Do modeling : s
g : f,
fAz)

GPECREEE | . U | | e Pr

: LR NN N ]

d : 0 '<—>'l7 Z

a3 B O AN B0z J

\ I R O LT TTTRT PRI

Multi-fidelity surrogate modeling
Material experiments

: ¢ Networks :
and measurements :

HES

Stochastic model
of physical system
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Outline

* The aim

* Deterministic model
— Nonlinear fracture mechanics
— ATENA software
— Material parameters identification
* Stochastic model
— Uncertainties simulation
— FReET software — statistical, sensitivity, reliability analyses
* Degradation modelling
— Carbonation of concrete, corrosion of reinforcement
— FReET-D software
* Meta-modelling
— ANN surrogate modelling
— Polynomial chaos expansion
* Safety formats
* Examples — case studies

* Conclusions

structure finite element materical

loading P __oegg® ... - —

7
o

displacement U
equilibrium

K, AU=R-R,; K=2Zk R=Xr
non-linear solution

@ predictor @ corrector
...... L -“.“Ef’?,’:‘e-iﬂ ¢=Bu Floe)
: e o= F(oe
_”;,) R:“ """ P ‘ ! c=Dc¢ ;
...... } 30— ; T r=[Boav
ol A k=[BDBav 7
i - iteration : ' v
B
n - step A (/: A L;H
Llf
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Nonlinear FEM simulation

Materials Models for Concrete

3D failure surface

Plasticity
Damage mechanics
Microplane models
Uniaxial law Bi-axial criterion
Ty
ot Ocz
fl g /
o1 fe / e
LA _| [ e
, i) A Tt
2 X 7 & e e f z\fsrristatwc
unkaading 4 / \
L / I 4
p g Innlu-g/ _ Oy H EIL: Lo /‘
U\ od/ / ‘
i £ : #* ~
\ J fe / denmonE\\
e S plane
:’vv‘m,mnw:ve ':4 //
gl failure. v
Menetrey Willam, ACI 1995

llah:lal state number . . ,
Kupfer 1969

Nonlinear FEM simulation

Crack band method = correct energy dissipation during the fracturing process
CRACK BAND METHOD

concrete in tension
crack opening law

tensile cracks
post-peak behavior
fracture energy

crack opening-strain transformation

crack band

crack band method
w =g Lt

Lt
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Realistic crack patterns prediction

Tunnel segments — damage of reinforced concrete

L1l

Fa)

Material parameters identification: fracture-
mechanical parameters

LR T =

[ Identification |

e Compressive strength
Tensile strength
Modulus of elasticity
Fracture energy

* Etc.

[ Database |
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Scheme of inverse analysis

Structural response “
/ Input layer  Hidden layers ~ Output
T rar T T \

Load [kN]

PP |

B SN Material
O Q> ® | —> model
e / —-— ﬁOw@ ~v@|  |parameters
12.5.2 04 ‘ ]O,‘ ‘ ‘

. Stochastic calculation (LHS) — training set for

-------------------------------------------

- L |
o Identificatio

:
L T S B e S
1 1 i 1
08 (L = N L 4
' > ] ' '

_________________________

| calibration of synaptic weights and biases

02 03 04
Deflection [mm]

Deterministic and probabilistic approach

Deterministic Probabilistic
— Safety factors format — Parameters as random
— The level of variables/fields,

structural reliability is statistical correlation

not determined ! — Design with respect to
target reliability level —

reliability is determined

— Nonlinearity — safety
factors problematic !

— Nonlinearity — leads to
global safety factor




Uncertainties simulation —
FReET software

Feasible Reliable Engineering Tool —
FReET, version 1.6:

» multipurpose probabilistic software for
statistical, sensitivity and reliability
analysis of engineering problems;

« allows to simulate uncertainties
of the problem at random variables level
(typically in civi/mechanical engineering +
material properties and loading,
geometrical imperfections);

Feasible Reliability Engineering Tool

Motivation

« Uncertainties are involved in every part of the system
Structure — Load — Environment, probabilistic
assessment of civil infrastructure systems

 Random response Z is a function of basic random
variables (or random fields) X: ~  _ g(X)

where function g(X) represents a computational model

Statistical analysis M, = j g(X) fx (X)dX
Reliability analysis
Sensitivity analysis p,=P ( 7 < 0)

« Computationally intensive problems/nonlinear FEM!

e
= [ P — TP
L= — =
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Uncertainty simulation

Small-sample simulation of Monte Carlo type

Latin Hypercube Sampling

1 LHS -mean
b Fy(y)
[y r(y) & )
yz:ab = Sim J-y.f(y)dy ]\l/Stm
f(y) dy ‘
i—1 I
where a = b=
NSim NSi

» takes mean value of each
interval = interval centroid

Uncertainty simulation

Small-sample simulation of the Monte Carlo type

LHS-mean
* sample averages equal exactly the mean values of variables;

* variances of the sample sets are much closer to the target values
compared to other selection schemes;

* for some probability density functions (including e.g. Gaussian,
Exponential, Laplace, Rayleigh, Logistic, Pareto, etc.) the integral
can be solved analytically;

» for others, the extra effort of doing the numerical integration is
definitely worthwhile.

=
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Uncertainty simulation

Small-sample simulation of the Monte Carlo type

Imposing statistical correlation

* Correlation matrices: X, 1y )' .
* prescribed (target) - T

* generated (actual) — A X2 V2 ) 2,

* Difference matrix (error matrix): X3 Vs 53

E=T-A x | oo ] =

b Xs Vs %

2

* asuitable norm of the matrix E
defined as an objective function:
minimum among all possible rank Xy Vs s
combinations.

* There exist (N;,,,!)V»r1 possibilities

Xnsim | Vnsim W‘ SNSim

=

simulated annealing

Nonparametric rank-order based sensitivity analysis

A small-sample simulation of the Monte Carlo type

Sensitivity analysis:
* Nonparametric rank-order correlation between input variables and output

response variable.
Kendall tau: Ti:T(qji’pj)a Jj=12,...,N
Spearman’s coefficient 6> d;
of correlation: A [ L N
n(n—1)n+1)
variable values orders
* Robust — uses only orders. eyt g
. | It of . lati variable result variable result
[ ]
Additional result of LHS simulation, T Bt
no extra effort. g 2l 0 & g 2 pupPn @
i i i S35 0 & S3|puPyn 4
* Bigger correlation coefficient = 5 =2 5
&8 . L S| X Yy & >'§4 Pia P _9a
high sensitivity. [ E5]% ys g =5 B
* Relative measure of sensitivity (-1, 1).| &1% Y & 6| Pic P2 s
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Uncertainty simulation

A small-sample simulation of the Monte Carlo type

Reliability analysis:

* Simplified — rough estimates, as
constrained by extremally small
number of simulations (10-100)!

* Cornell safety index.

* Curve fitting.

* FORM, importance sampling,
response surface...

,Random variables“ window:

e friendly Graphical User Environment;
* 30 probability distribution functions
(PDF), mostly 2-parametric, some

3-parametric, two 4-parametric (Beta
PDF and normal PDF with
a Weibullian left tail);

 unified description of random
variables with the optional use
of statistical moments or parameters
or a combination of moments and
parameters;

* PDF calculator.
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FReET software

LStatistical correlation” window:

visualization in both Cartesian and parallel
coordinates;
also a weighting option.

,Limit state/response functions”

window:

closed form (direct), using the implemented
Equation Editor (simple problems);
numerical (indirect), using a user-defined DLL

S tutoriall - Freet
Fie Edt Vien Hep

DSR4 220

sl

=B Stochastic model
a\ Random vaiables

8 les dea
B0 Mol Anclysis

1 FoRm
= Loy Simulabon R Assessment

Correlation matrix image
positive definite

T Sensiiviy analysis Correlation coeficiert

o Retasity

©Peason © Speamen

function that can be prepared in practically any
programming language (C++, Fortran, Delphi,
etc.);

general interface to third-party software using
user-defined *.BAT or *.EXE programs based on
input and output text communication files;
multiple response functions assessed in the
same simulation run.

0 Sensiiviy aneyi
[a eibity
(in] o
(o) [ [
) e o
BE

) WeEE ;o

i

e sl |
HEEE |5
ED ¥ materials
()]

Concel oK

__

Ready

»Reliability” window:

histograms of output variables;
sensitivity analyses;

reliability estimates by various simulation
and approximation methods;

limit state functions;

parametric studies;

cost/risk assessment.

Probabilistic techniques:

crude Monte Carlo simulation;

Latin Hypercube Sampling (3 alternatives);
Hierarchical Latin Hypercube Sampling;
First Order Reliability Method (FORM);
Curve fitting;

Simulated Annealing employed for
correlation control over inputs;

Bayesian updating;
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Random fields

Extensions in modeling of uncertainties

Random distribution of material properties
along the structure: Spatial variability

material properties horizontal strains

1% {
i
il
5
NV RNy NN

P

\\\\\\\\tll

sssssss

nonlinear fracture mechanics
software ATENA
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Force [kN]
w
S
3

High
CO m p u tati O n a I 0 0’ ii;()l 0,02 0,04 0,05 (),I()(i

burden -
Surrogate
model

ANN surrogate model

Original (FEM) model ig:

. O

2| o . Stratified T ResponseR ' &
=< | | input (LHS) ¢ g
= - -1

: g Initial ANN surrogate model =

F|'s 2=t

>< 8 B
? ] o “g‘@ R'%R é

- D <!
= 2
A l Training B |
] Q! | |
=1 R B
SISl G i+ Trained ANN surrogate model R
S |21 General | | st
= ! 7= Input : 0 | LD
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: ; % -8

Displacement [m]




Polynomial chaos expansion (PCE)

V=M = ) faluX

acNM

* 3, deterministic coefficients to be computed (Least Square
Regression)

* W, (X) basis of multivariate polynomials is orthonormal with respect
to the joint distribution function (Hermite polynomials)

» M represents size of stochastic model (Curse of Dimensionality)

» Efficient algorithm for Sparse PCE was employed (9 terms) — Least
Angle Regression

* Increasing age of structures leads to material
degradation significantly influencing durability,
serviceability and ultimate capacity limit states and

decreasing service life

 Significant role for planning reconstruction or
demolition of structures — prognosis in time needed

* Main stressors: Carbonation of concrete and
corrosion of reinforcement
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Limit states and reliability levels

4 Degradation
level
ULS
B=3.8 - m o
SLS
B = 1.5 |
DLS
=4.5 = i = >
initiation | propagation N
o o(\ o Q o Q g o‘ S Tlme
o (064&‘ Q°\\\‘\ W e
e xe© e® a0
\6 C e ‘\G‘ &
9,@@ Go(\ ) S

ULS = Ultimate Limit SLS = Serviceability LS DLS = Durability LS
State

FReET-D module

Feasible Reliable Engineering Tool for Degradation — FReET-D:

 module of the software FReET;

« combination of analytical models and =
simulation techniques for assessing -
the potential degradation of newly
designed as well as existing concrete
structures;

* models for carbonation, chloride ingress,
reinforcement corrosion, sulphide, acid
and frost attack;

« Around 50 models which can be used in
stochastic way
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* How to determine design value of resistence
using NLFEA? Nonlinear behaviour and
uncertain material parameters!

Rg

f(x)
Design value of resistance Ra

Design value ?

* Ultimate limit state represented by critical value of force applied
during experiment (peak of LD diagram)
* Design value by:
* fully probabilistic approach — design value for Probability =
0.0012 (Eurocode)
* classical calculation using partial safety factors
* ECOV method

0,02
0,0175 §
0,015 -
0,0125 .
0,01 -
0,0075 ]
0,005 -
0,0025 :

— Mean= 199,613 Std= 29,942
@ Experiments

0,0012)

FP 125,478 (pf
ECOV 129,022

PSF 124

S - Mean 199,613

50 100 150

B15



Safety formats for NLFEA

» Partial Safety Factor method : R, = R(fcd; fyd,)

* material characteristics are extremely low
* possibility of unrealistic behaviour
* only one NLFEA is needed

R(fymfem,--
* Global safety format EN 1992-2: Ry = ( Y12°7 )
« NLFEA with mean values fo, = 0.843 - fy

» application of global safety factor on result

* reduced mean value of concrete characteristic because of its higher
variability

* only one NLFEA is needed

ECoV for NLFEA

Another global safety factor approach via estimation of coefficient of variation:

d exp (aR B vf)

R

* ECoV by Cervenka:
2 x NLFEA needed (R, & Ry) vy = L (R'")

* ECoV by Schlune:

1 N [Rm—Rayi 2
° (N+1) x NLFEA needed 'Uf =~ 7 i=1 T O'fi
+ reduced mean values f; fai= fmi - exp(—(arB)/N2 - vy;)
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Semi-probabilistic approach

Ry = pg-exp(—agrPnvg)

* Latin Hypercube Sampling for estimation of moments of response function

* approximation by surrogate model (Polynomial Chaos Expansion, ANN etc. )

* Asimple numerical quadrature method to estimate moments of function R by
Rosenblueth

X
: (1-p)/4 (1+p)/4
v I
: o
: -
1 I
1 1 OXy
1 1
TIPS V7% S R fEpy
L
| |
Hxy X,

SAMPLING POINTS

Latin Hypercube Sampling
Partial Safety Factor
EN 1992 - 2
ECoV by Cervenka
ECoV by Schlune et al.

Nurmerical Quadrature

I
N
- n
o X | x
[
) X 1 |w
S A pye 1]a
12X
! : 2 |®
| 3 (O
i f
:S ______ : _____ ’ 4 | &
1 |
1 H
| 1
R} ! I
by
1 1 [E
' T TR I
fed feenz fek fem
fu(x)
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Design value ? Left tail of PDF

Random fields
0.003} Mean: 715 kN -
Std: 75 kN -
Random variables
0 oz Mean: 920 kN
u 0-002p z % - 3 2 z  Std: 135 kN
a zo 8 ~ Sy X "
o < .. N LM B ™~
n .. n o X .-
TE S 5 5SS £/4 =
0.001} &5 & © =2z % = o
55 © S a8 35 E £
o O S g > c 5 c
TR L [© 2 a %
a9 & T & T o g e
———— 00— 0——— 0N ———0® @ *
450 550 650 750 850

ULTIMATE SHEAR CAPACITY [kN]
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Application:; S33.24 bridge in Austria

« Jointless bridge

» Casting in the end of March 2009
» Testing after 28 days

» Material parameters identification

ol ol R, 1., TR RS s

3 e 40

§ o i e o3

g a ez 8 = g2
*lakieey i Togertador ] el S0 ] 30 4

| reflich lofleaw) arthogmal 1

| b L 25 |

| LT T

0 -0.05 -0.1 -0.15 -0.2

Selected parameters of steel:

Coeff. Of Variable E fy
Symbol Unit Mean  Variation PDF Source E 1.0 0.60
Elastic Modulus E Gpa 210 0.03 LN Literature f, 0.59 1.0
Yield stress fy Mpa 475 0.07 LN Literature

Selected parameters of concrete:

Coeff. of Variable E fie fe Gy &
Symbol Unit Mean _ Variation PDF Source E 1.0 0.69 -0.9 0.5 0.9
[ Elastic Modulus E Mpa 39500 0.1 N Identification ]ft 0.70 1.0 -0.78 0.89 0.61
Poisson’s ratio ] - 0.20 0.05 LN Literature f. -0.86 -0.76 1.0 -0.61 -0.89
Tensile strength f, Mpa 2.90 0.09 Weibull Identification ] Gy 0.52 0.87 -0.60 1.0 0.49
Compressive strength f. Mpa -28.90 0.1 LN Literature € 0.85 0.61 -0.88 0.47 1.0
[ Specific fracture energy Gy N/m 178.00 0.13 Weibull Identification ]
Uniaxial compressive strain €, - 0.0018 0.15 LN Literature
Reduction of strength CRed - 0.80 0.06 Rect. Literature
Critical comp. displacement  wy m -0.0005 0.1 LN Literature
Specific material.weight p MN/m3 0.023 0.1 LN Literature

=
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Application: S33.24 bridge in Austria

ULS: g(X) = R(X) - E(X) SLS: g(X) = Wiim(X) - W(X)

8 10
7 9 ——L/250
-~ 6 \ 8 —L/360
o = 7 e | /500
u —
) > g' 6 Eurocodes
-g . \ : :
Z3 =4
1 1 A
; NN N\
50,00 60,00 70,00 80,00 90,00 30 50 0 90 110
Load [KN/m'] Load [KN/m’]
Eurocode: Eurocode: = 1.8
B = 4.7 for one year period deflection limit of span: L/250 or L/500
Pf=1.5E-6. US Standard Specifications: L/360 or L/500

+ pre-stressed railway sleeper (ZPSV a.s.)

* model in ATENA 3D

* random dominant concrete
parameters

* LHS simulations with imposed
statistical correlation — 30 realizations

* probability of maximal crack width

Maximal crack width [mm]
0 0.1 0.2 0.3 0.4 0.5 0.6

0.1 ‘\ \ \‘\
0.01 \ \\ \ =0—Load_60 kN
\ -0-Load_70 kN
——Load_80 kN
\ —¢Load_90 kN
—#—Load_100 kN
0.001 ‘

0.0001

N I EEESSEERV R

Probability[]

T T
7z :/(A\,K«—_T\\
=I( [ —
R ——————— o
| S ——a
FASN AN
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Case study: Kristineberg bridge

Bridge Nr. 2-2043-15
E4 Kristineberg, Stockholm

The reinforced concrete bridge has a two-span frame structure. Total bridge length is 26 m;
bridge deck has a width of 7 m. The bridge deck has inclination 2.5% in both longitudinal and
transverse directions. There are two lateral abutments and one intermediate support. The

abutments have a significant inclination with respect to road axis and they have a different
shape and size.

FASN

Case study
Deterministic model

3D Model

Geometry

FE mesh | | 11 351 elements CClsoBrick and CCIsh
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Case study

Stochastic model

| Mean | Unit | cOV | PDF
Concrete C 35/45
Elastic 0.1 Lognormal
For each part of i
modulus (2par)
= the structure de- -
Tensile : 0.2 Lognormal
Random parameters i, termined based (2par)
of concrete and steel Com;)res- v el [ Lognormal
. from Tab. 1 using o
sive i (2par)
stieatili material model
N CC3DNonLinC . -
Fracture N o, 0.25 Weibull min (2
mentitious
energy par)
Mass 2300 kg/m3 0.05 Normal
Element Cube strength (28 days) density
a1 53 8 Elastic 200 GPa 0.07 Lognormal
Foundation 2 54.6 L Opan)

Gafi = i : Yield 552 MPa 0.07 Lognormal
Foundation 3 59.6 strength (2par)
Support 1 4.4 Ultimate | 621 MPa 0.07 Lognormal
Support 2 54.0 strength (2par)
Support 3 40.7 Limit 0.05 - 0.07 Normal|
Top desk 41.2 strain

Case study
Stochastic model — chosen results

Example of graphical output

Mean
std _  Std

0.3

0.2

0.1

e _ — — — — — ——— Y

0 O @ 6 8

Displacement in point 88 (LC 2) [mm]

Experiment (empty green symbol), deterministic simulation (full red symbol)
and PDF of perpendicular displacement for selected monitoring point — Nr. 88,
loading case 2.
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Case study

Deterministic model

Cracks in concrete deck (max 0.285 mm)

N\
oW
L \\\\

Load case 2

Case study
Stochastic model — chosen results

Maximal crack width [mm]
0.1 0.2 03 0.4 0.5

L0 gy s
\ ~~~~~~~~~
1E-01 \\ _—

Probability [-]
2 & 2
A (

1.E-05

1.E-06

Probability of exceedance of crack width
(full blue/broken red line — loading case 1/2).
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Toronto shear tests
(June 2015) span 19 m, height 4m

Collins, M.P,, et al.: Challenge of Predicting the Shear Strength of Very Thick Slabs.
Concrete International, V.37,No.11, Nov. 2015,

Succesfull prediction

800

700

+
600 P A
\
/ N \
500 8

\
= 7 N
= 400 4
3 [\
4
6 300 .
w
’I
200 " T
/ / e Simulation = = = Experiment
100 / T
0 I!' !
0 5 10 15

Displacement [mm]
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Toronto shear tests

Influence of uncertainties ?

898+

-

P [kN]
673

ERGEROEEOCNES
5

449-

20

225

NNEROEEDONNOENDEEC

| == g
5 10 15 20
Displacement [mml

0.7

5.0

tensile strength random field fracture energy random field

Degradation

* Increasing age of structures leads to material
degradation significantly influencing durability,
serviceability and ultimate capacity limit states and
decreasing service life

- Significant role for planning reconstruction or
demolition of structures — prognosis in time needed

- Main stressors: Carbonation of concrete and corrosion
of reinforcement
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Limit states and reliability levels

4 Degradation
level
ULS
B=38 (- m e
SLS
B = 1.5 |
DLS
=4.5 = i = >
initiation propagation -
Time
) 0(\0“ R oo & O 25°
oV < P O
\(ya?a «e® ‘\G@'@ (e®
9,@6 o% ) ©

ULS = Ultimate Limit SLS = Serviceability LS DLS = Durability LS
State

Service life

The service life can be assessed based on different levels of
limit state function modeling:

1) durability limit states based on phenomenological
models for concrete carbonation and corrosion of
reinforcement — level 1

2) ultimate limit states at the level of critical structural
element — level 2

3) ultimate limit states at the level of global behavior of
structure —level 3

For the global structural modeling advanced computational
models are needed, where aspects of nonlinear behavior of
concrete and degradation modeling are combined
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FReET-D module

Feasible Reliable Engineering Tool for Degradation — FReET-D:

 module of the software FReET;

« combination of analytical models and
simulation techniques for assessing
the potential degradation of newly
designed as well as existing concrete
structures;

* models for carbonation, chloride ingress,
reinforcement corrosion, sulphide, acid
and frost attack;

» can serve for design or performance-
based specification.

easible Ficliability Engineering Tool
eterioration Module

Case study
Degradated reinforced concrete arch bridge

over the Morava
river in Czech
Republic

Built in 1940




Concrete arch bridge

Detailed in-situ inspection was carried out (cut probes and
radiographic inSpeCtion): cracks in arch corrosion in bar
— Geometry of individual parts
— Type and position of
reinforcement
— Level of degradation

Significant cracks in left arch and significant corrosion of
reinforcement after depassivation of concrete in vertical
pull bars.

Basic random variables

Variable | Symbol | Unit | PDF | Mean cov
Concrete
Modulus of elasticity E. [GPa] Lognormal Ecm 0.15
Tensile strength Jet [MPa] Lognormal Jetm 0.30
Compression strength fe [MPa] Lognormal JSem 0.06
Steel reinforcement
Yield strength | £ | [MPa] | Normal | JSrm 0.07
Geometry
Reinforcement area As [mm?] Normal As 0.02
Deviation of reinf. y [m] Rectangular 0 +0.02m
location
Carbonation of concrete
Unit content of cement c [kg/m?] Normal 300 0.03
Unit content of water w [kg/m?] Normal 190 0.03
Corrosion of reinforcement
Initial bar diameter di [mm] | Deterministic | Variable
Time to corrosion ti [mm] | Deterministic | Variable according to calculated depth
initiation of carbonation

Source: destructive and non-destructive tests + adopted from literature
(JCSS probabilistic model code, FReET-D documentation)

CONSEC13, Nanjing, China
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Level 1: Durability limit state of girder

* Limit state for depassivation of reinforcement due to
carbonation of concrete cover:

Z(t)=c—d(t)

d(t) is carbonation depth of concrete in time t,

C is concrete cover

50 r

- Models for carbonation 5 40 [ ' x\ 2:::?
depth according to 230 ¢}
Morinaga (Carb3)and = ,; |
Kishitani (Carb7) T

- Target reliability index B 0.0 | 3
£,=1.3 1940 1960 1980 2000 2020 2040

Time

Level 2: Ultimate limit state of pull bar

* Ultimate load-bearing of highly deteriorated pull bar has

been analyzed. Time dependent limit state function:
Z(t)=4,0)f, - N(t)
A(t) is area of reinforcement, f, is yield stress of steel,
N is axial force in bar, t is time.

100 [

- Model Corr1 for steel corrosion ? a0 |
o

S 60k

d i<t = !

: = . Z 4.0 &

d(t)=4y|d,-00116i,,R,, (t-t) t<t<t+ i 8 -

0.0116i,, R, T 20 + Fr
d, @
0 YT 16i,.R,, 0.0

1940 1960 1980 2000 2020 2040
Time

- Target reliability £, =3.8
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Level 3: Global level

* Ultimate load-bearing of the whole structure using
stochastic nonlinear FEM analysis has been analyzed.

- Target reliability index , = 3.8
« Model Corrl for steel corrosion

— — virgin structure
5¢ 6 r — - —present level of corrosion

«Q Q 55 F  eeeeeeee predicted level of corrosion at 100 years

s 45 3 5 f~—_

2 2 45—~ T T ——_

> ¢ SR Skt 6,208

% % 35 | [Tl — — | :~\‘

© 3.5 © e e

@ C © 25+ | | T

o 3 C 1 1 1 1 ) o 2 1 1 1 L 1 1 1 1 ]
1940 1960 1980 2000 2020 2040 0 5 10 15 20 25 30 35 40 45 50

Time Normal load-bearing capacity V,, [tons]

Shear resistance of prestressed

girders: Probabilistic design

e Oberndorfer Wien

* Experiments on fracture-mechanical parameters of
concrete, database of fracture-mechanical
parameters

* Experiments of scaled prestressed concrete girders

* Deterministic computational model of pre-stressed
concrete girders.

e Stochastic model
Probabilistic design
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Experiment: fracture-mechanical parameters
of concrete

[ Identification |

More concrete mixes:

+ C40/50
= = - C50/60
Different ages of testing:
* 1lday
* 7 days
== 155 * 28 days
| Database | * 126 days

Structural response

20 / Input layer  Hidden layers  Output
o T rar T T

/,/J/j:QtH |

r@* # =5 Material

v, %ﬁ ﬁ@ 7 AN ‘ - mOdel

5 ob ob b ob o / P, ,,,,fﬁ@tjg >3 G parameters
1252 04 ‘ ]O‘ ‘

-------------------------------------

H — Exlperimer_\t N ‘ | ‘ ‘ ‘

—————————————————————————————————————————————————————

el T o | Stochastic calculation (LHS) - training set for
e — .« [ calibration of synaptic weights and biases

T T T ey
== [ —
g ey
[ S ———— a4
= AN
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Database of fracture-mechanical parameters

of selected concrete in FReET software

—_—
B catatasesve - Frees —

£

= Veew Melp
DD 22487

-
Fracture energy [ 2]
r o =
ams] |
|
|
|
i
Database &
| Characteristics
=)-C50/60 -
/ fi-age oftesting 1 day B Distri = Gurbel Min. EV |
[=-age oftesting: 7 days B
el oo - Modulus of elasticity [GPa] = Mean =5.02
Fevel 2 (1 cesting: 1 day Modulus of elasticity [GPa ] _ identified Sd=0703
tlovel 3 Effective fracture toughness [ MPa.m1/2] L
xf:i:i of elasticity [GPa] - Fracture energy [N/m]
LG - Fracture energy [N/m ] _ identified
26?:;6666666666667 - Bulk density [kg/m3]
B i8715592605838 - Compresive strength [ MPa) Apply
Tensile strength [ MPa] _ identified Y
#level 2 [1]
number of tested specimen: 7 number of tested specimen Fc: 14 ) _ Formore details &
#level 1 see; NOVAK D, KERSNER, Z, LEHKY, D, ROUTIL, L, KUCHARCZYKOVA, B, SCHMID, P, DANEK P., FRANTIK, @
O e 2 1) P. SIMONOVA, H. FRIEDL, M. FRACTURE TESTS OF CONCRETE SPECIMENS SERIES | (C50/60) AND I
seferences = (C40/50). Research Report. Brno University of Technology, Faculty of Civil Engineering, Department of Structural
number of tested specimen: 7 number of tested specimen Fc : 14
For more details see: ) ) )
NOVAK, D., KERSNER, Z., LEHKY, D., ROUTIL, L., KUCHARCZYKOVA, B., ¢
DANEK, P., FRANTIK, P., SIMONOVA, H. FRIEDL, M. FRACTURE TESTS OF (JNCRETE-SPECIMENT

Research Report. Brno University of Technology, Faculty of Civil Engineering, Departmel
Building Testing. September 2014, 248 p.
Routil, L., Lehky, D., 3imonova, H., Kucharczykovd, B., Kerdner, Z., Novék, T., Zimmer:

=

. scaled pre-stressed girders

1 1100 1 1400
130, 970~3.75d
v A
<<
| H =
[ (O
\—DMS 50
%A B «
600 150 A
N IWAILEW IWA: M-W——
= 8T & 9 >
B (1:10) T Dmssow
65-H e » 200 | 200 ,
AE~ _— 150x150x25
65-45 Y
EN-8 = - 1 =1 -
85—\ <
\ ~ DMS50-Ost
| omsso-west
=] =) &  omssoc °
N7 650 - ens | waies IWA: MG
|

Basic geometry:

length 5 m, beam flange 1.5 m, thickness 0.07 m, beam web 0.14 m wide
and 0.23 m high

=
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Experiment: scaled pre-stressed girders
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Scheme of loading
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Deterministic computational model

The beam was continuously pre-stressed with 83.5 kN by a six
cables St 1570/1770

Two different approaches have to be use simultaneously for applying prestressing
losses:

A) Reduction of prestressing itself — due to difference of E module value at time
of prestressing and time of experiment (also due to relaxation of tendons);

B) Application of temperature load — in order to capture effect of creep and
shrinkage (value of corresponding temperature load was calculated according
to FIB Model Code 2010).

e

= K

Deterministic computational model

Numerical model of destructive test described above shows very
good agreement with experiment in all aspects.

Crack pattern of numerical model and experimental test

) I
ey
= <

By
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Stochastic material data

calibration/identification

Material model of concrete:

* 3D Nonlinear Cementitious 2 (implemented in software ATENA Science)
* Four most sensitive material parameters were adjusted (Fc, Ft, Gf, E)

Parameters obtained from

Parameters identified using ANN (using data compression test of specimen with
obtained during fracture experiments): age of 41 days:
Based on testing campaign-3point bending Based on experiment of girder

Val. .
Parameter Mean COV |PDF Parameter Obtained by
Compressive [MPa]
strength 77MPa_ |6.4% (GMBminEV1 | Compressive | o | ment
Tensile strength 3.9 MPa  |10.6%|GMB max EV 1 strerTgth

i Tensile
E - module 34.8 GPa  [10.6% WBL min (3par) strength 04.lV  Calculated
Fracture energy [219.8 Jm~ |12.8% GMB max EV 1
E-module | 35300 |- TomLD
curve

Stochastic material data

calibration/identification

How to estimate material parameters of given realization with utilization of
stochastic model of material?

*  Use stochastic model to generate thousands of random vectors of material
parameters using correct correlation matrix.

*  Pick realization with F, as close as possible to value directly measured before
experiment.

Material parameters of given realization
estimated using stochastic model:

f.[MPa] |[f.[MPa] | G;[MN/m] |E. [MPa]
-69.7 3.3432 1.97E-04 28483
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Load-displacement diagram

deterministic analysis

LD - Experimentvs. Model

200
180
160
140
120
100

Force [kN]

(0] 0,005 0,01 0,015
Displacement [m]

T30 150V1 Experiment
T30 150V1 model of experiment
T30 150V1 model mean

Comparison of load-displacement diagram

A
I
= BAY

Experiments and simulation

of scaled pre-stressed girders

Chosen strain monitors outputs:

T3D5 T3D7
1600 1600
1200 —= 1200
£ 800 §
E 400 2 800
- x
g 0 5 400
400 O 40 80 120 160
0
-800 0 40 80 120 160
Force [kN] Force [kN] —Experiment
T304 T3D11 ——Model
800 200
E 600 = 100
g £
£ 400 €
= S o
¥ 200 =
& % 0 40 80 120 160
0 5 -100
0 40 80 120 160 200
Force [kN] Force [kN]

B36



Random variables

| prameter | Mean | covpg [eor | unit |  source |

Concrete (C50/60)
34.8 20.6 WBL min (3 par) [GPa] (Routil et al. 2014)

20.6 GMB max EV | [MPa] (Routil et al. 2014)
16.4 GMB min EV | [MPa] (Routil et al. 2014)
32.8 GMB max EV | [.m?] (Routil et al. 2014)
4 Normal [kton/m?3] (Routil et al. 2014)
2 Normal [GPa] (Ceresa et al. 2007)
4 Normal [MPa] (Ceresa et al. 2007)

Tendons (Cables - St 1570/1770)
195 2.5 Normal [GPa] (Ceresa et al. 2007)

1387.88 2 Normal [MPa] (Ceresa et al. 2007)

Prestresing force
6 Normal [MN] (Ceresa et al. 2007)

Loss of prestresing (Uncertainties)
30 Lognormal [-] (Ceresa et al. 2007)

30 Lognormal [-] (Ceresa et al. 2007)

Stochastic ,bundle” of load-displacemnet
diagram

31 simulations (11 simulations extended in second run of hierarchical
LHS method by another 20 simulations)

LD - Experiment vs. Model

— — =T30 150V1 Experiment

Force [kN]

0 0,005 0,01 0,015 0,02 0,025

Displacement [m]

B37



Ultimate limit state

* Ultimate limit state represented by critical value of force applied
during experiment (peak of LD diagram)
* Design value by:
* fully probabilistic approach — design value for Probability =
0.0012 (Eurocode)
* classical calculation using partial safety factors
* ECOV method

0,02
0,0175 §
0,015 y
0,0125 -
0,01 -
0,0075 ]
0,005 -
0,0025 :

— Mean= 199,613 Std= 29,942
@ Experiments

0,0012)

FP 125,478 (pf
ECOV 129,022
Mean 199,613

PSF 124

50 100 150 200 250 300

I
= BAY

Conclusions

 Efficient techniques of employing stochastic simulation
methods were combined in FReET software - an advanced
tool for the probabilistic assessment of user-defined problems
at ultimate capacity and serviceability limit states

* Degradation models implemented in FReET-D software can
help users to choose appropriate models and assess the
service life issue as applied to concrete structures - durability
limit states

* SARA = complex integration of probabilistic engine (FReET)
and nonlinear FEM (ATENA). Already hundreds
applications/users worldwide, concrete structures, intensive
development.

* Theoretical development and application/promotion

=

B38



Project ATCZ190 — Advanced analysis of existing reinforced and pre-stressed

concrete bridges: nonlinearity, reliability, safety formats, life-time aspects

awarded by European Regional Development Fund within
the European Union program Interreg Austria—Czech

Republic

Project number:

Project acronym:
Duration:
* URL:

* Lead partner:

Project partner:

Strategic partners:

EUROPEAN UNION

ATCZ190

SAFEBRIDGE
01.09.2018-31.08.2021
https://www.at-cz.eu/safebridge

Universitat fiir Bodenkultur Wien
Brno University of Technology

public subjects
— national (BMVIT, OBB Infrastructure AG,
ASFINAG, Reditelstvi silnic a dalnic CR, Sprava
Zeleznic),
— regional (Amt NO Landesregierung, Sprava a
udrzba silnic Jihomoravského kraje),

—local (MA29 a Brnénské komunikace a.s.)
small and medium-sized companies (VILL ZT,
KOB ZT, Schimetta ZT, Potyka & Partner ZT,
Dopravoprojekt Brno a.s., EXprojekt s.r.o.)
research institutions (Klokner Institute of the

CTU in Prague)

European Regional Dovelopment Fund

SafeBridge

¢ Main goal:

— Design of advanced procedure of numerical assessment
of bridge structures based on reliability theory (on the
basis of EN 1990)

* Main outputs:

— Ensuring the possibility of utilization of advanced
reliability assessment of bridges based on combination of
numerical and statistical methods

— Creation of a Guideline for practical utilization of such
methods (Appendix D of ON B 4008-2)

Conclusions

Thank you for your attention!

www.freet.cz

www.cervenka.cz

Software tools: FReET, ATENA, SARA, FReET-D

http://www.freet.cz

B39
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Cost, size, and structure optimization of CO2 absorber columns onshore and offshore



Cost, size, and structure optimization of CO2
absorber columns onshore and offshore

Brno, 23.5.2024 Lars Erik @i,
Professor in Process Technology, USN

Department of Process, Energy and Environmental Technology

Universitetet
iSorest-Norge

Energy and Carbon Capture research group
(URGENT- USNs Research Group

for Energy and Environmental Technology)
Subgroups:

Carbon Capture

Alternative fuels (gasification)
Environmental Biotechnology
Alternative power supply (wind)

Department of Process, Energy and Environmental Technology

Universitetet
iSorest-Norge
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USN Porsgrunn CO, capture group experience:
http://www.co2-lab.com/

* Design of gas liquid absorption/desorption gas (e.g. CO,) processes
e Process simulations
* Cost estimation

* Lab. determination of process design data (solvent data: physical,
corrosion, degradation)

* Solvent management
* Industrial CO, safety
lS,\ru“l%e@:;)(:hmarking of CO, capture technologies

iSorest-Norge

PTP: Porsgrunn test pilot

* Background

— Lab-scale solvent test pilot

* 50 L solvent, Q=0,5-5 |/min; absorber: 1 bar, T, .
70°C; desorber: 3 bar, T 130°C; synthetic flue gas

* Access to a complete support laboratory
* Possibility for
— Low-threshold accelerated solvent testing
— Validation of process models

— Visual solvent monitoring, on-line speciation
adsorb./desorb., off-line solvent analysis, etc.

— Solvent degradadation, solvent management

Universitetet
iSorest-Norge
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CO2-concentration increases
and the temperature increases

Atmospheric CO, at Mauna Loa Observatory

: Global Average Temperature
L Scri Instituti f O h B —~ [
400" NGRA Earth Systom Research Laboratory o 10 I
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Universitetet
iSorest-Norge 5

CO2-capture in IEA’s 2-degrees scenario

201 CCS is a critical component of a sustainable energy
.] system
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2011 2020 2030 2040 2050

B End-use fuel and electricity efficiency 38% mCCS 14%
® End-use fuel switching 9% ¥ Renewables 30% Source: I[EA Energy Technology
® Power generation efficiency and fuel switching 2% Nuclear 7% Perspectives (2014)

In a 2° scenario, CO, captured in 2030 is in excess of 1,500 Mt and
G\I Universitetet 6,300 Mt in 2050. So how are we tracking?

iSorest-Norge
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Capture cost for COz-capture from

industry in Norway
Tel-Tek/Klimakur, Klif (MD)., 2009

Fangstkostnader pr. tonn CO, 1 NOKO09 og redusert CO,-
utslipp 1 tonn/time
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—@—Redusert CO2-utslipp. industrianlegg og energiverk

Universitetet
iSorest-Norge

Storage of CO,

(Figure from Bellona)

Universitetet
iSorest-Norge
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Universitetet
iSorest-Norge

Typical COz-capture-process based on absorption

Compressor
Cleaned gas

to atmosphere

CO, to pipeline

Absorber Stripper

Flue Gas
Cooler

Flue Gas Reboiler

Rich solution Lean solution

(Figure from SINTEF)

N

CO2-emmisions and capture at Yara in Porsgrunn

* Emissions of 900 000 CO, ton/yr

(from ammonia plant)
* A fraction of this is absorbed

in water under pressure in 4

blue

* Some is sold as CO, (e.g. to
Farris) and is exported by ship

* More of this CO, could be

absorption towers

captured if it coould be stored

Universitetet
iSorest-Norge
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CO,-fangst at the Sleipner field in the North Sea

* Absorption of CO, from natural gas

* To reduce unnecessary transport of
CO, and to reduce CO, tax

* CO, is stored in the Utsira formation
which is a salt water containing layer

between the ocean bottom and the
Sleipner oil and gas field

(Photo from Statoil)

Universitetet
iSorest-Norge

Test Center Mongstad (TCM)
Test site for ca 80000 ton CO,/yr (amine based absorption)

Have tested processes for Aker Solutions (ACC) and Cansolv (Shell)
On TCM also the Alstom chilled Ammonia prosess is tested

o . : A o
G\I FSaroen-Norce (Photo from TCM)
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COA capture on Boundary Dam
in Saskatchewan in Canada

* Absorption of CO, from exhaust from coal based power plant
* CO, is used for enhanced oil recovery (EOR)

Universitetet
m iSerest-Norge (PhOtO from SaskPower)

COz_ emissions from Klemetsrud in Oslo

(Photo from Wikipedia)

Universitetet
iSorest-Norge
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COz_ emissions from cement plant in Brevik

(Photo from Norcem)

(Photo from Varden)

Universitetet
iSorest-Norge

CCS project in Norway (Northern Lights)

FANGST OG LAGRING AV CO 2

1.FANGST 2. TRANSPORT 3. LAGRING TIL HAVS VIA LANDANLEGG

(Figure from
Regjeringen.no)

Universitetet
iSorest-Norge

C8



SIMS EUROSIM 2021

First SIMS EUROSIM Conference on Modelling and Simulation
Virtual Conference on 21 - 23 September 2021

Offshore CO, Capture from gas
turbine with low investment
optimized using Aspen HYSYS

Lars Erik @i, Fatemeh Fazli, Rajan Thapa
University of South-Eastern Norway

iy
. &, FINNISH SOCIETY OF AUTOMATION.
5é§i;_ﬁ;;“d H-L S v SUOMEN AUTOMAATIOSEURA RY
« S ol - |
%y % Sodeties SIMS - Scandinavian Stmmulaton Soclety

’
'{'F UNIVERSITY OF OULU

OUTLINE for paper

CO, capture from gas turbine exhaust gas is a
possibility for CO, emission reduction on oil and gas
production platforms.

A standard process is based on absorption in
monoethanol amine (MEA).

A challenge for cost estimation and cost optimization is
that the cost of size and weight for the process
equipment is higher than on a land-based process.

C9
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UPSTREAM PROCESS AND A STANDARD

CO, CAPTURE PROCESS

Exhaust Flue Gas.

al
RUA00A

To CO2 Capture Plant

Oute rom Botom of Fush Drum

Universitetet

iSorest-Norge

Outlet from Bottom|
50 Dram

SIMULATION FLOWSHEET OF THE BASE CASE CO, CAPTURE

Universitetet
iSorest-Norge

N N~ o~

—
Make-Up
MEA
‘ Amine L Make-Up
RCY-1 Recycled MIX-100 Water

Aming
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-
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1 cooler
Inlet
Flue b= E-102 2
Gas into - Clean
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Gas Gas-2 Gas-3 tan I o
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oy Qutlet T-100 form E101
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| T-101
Amine
Duty Regenerated
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DIMENSIONING FOR COST ESTIMATION

For the absorber and desorber internals, a structured packing was chosen.
Murphree efficiencies of 0.15 and 0.5 were specified for 1 meter of packing in
the absorber and the desorber. The absorption and desorber column
diameter was calculated based on a gas velocity of 2.0 m/s and 1 m/s.

Centrifugal pumps with 75 % adiabatic efficiency were specified.

Overall heat transfer coefficient was specified to 500 W/(m?K)for the
lean/rich exchanger.

COST SPECIFICATIONS FOR COST ESTIMATION

The equipment costs were taken friZlEiE a———— 7T

. 25 years
the Aspen In-plant Cost Estimator 8%y

(Version 10). 305? of installed

0.078 Euro/kWh
In the detailed factor method, 0.032 Euro/kWh
: :
each equlpment cost (1n carbon Annual operational time 8000 hours
steel) was multiplied with its 2021

Currency exchange rate 978
. o e . . Cost index 2020 301
1nd1v1d1.131 1nstz}llat10n factor to Cost index September 2021 00
get equipment installed cost.

Universitetet
iSorest-Norge
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CONCEPTS FOR CO, ABSORPTION COLUMNS

Traditional: Circular steel columns (with structured packing)
Large structures: Concrete (cheap and robust)
New land-based CO, capture: Rectangular concrete shapes

Offshore: Compact circular steel columns. A challenge for
cost optimization is that the cost of size and weight for the
process equipment is higher than on a land-based process.

Large cooling towers

IS\ eesese  Power plant in Dresden, H = 122 m. Modular version of cooling tower (Wikipedia)

C12



N

N

Design of large scale CO, absorber column

Clean air

Typical material: SS304/SS316
Typical wll thickness: 10 mm
Support structure

These factors may be optimized for
offshore applications

- New optimization design criteria

- Specifications for equipment vendors

Universitetet
iSorest-Norge

Mesh pad cleaning

Mist elimination _
water header

meshpad

~ Reagent
inroduction

Packed bed

Packing support
grate

Contaminated gas

Integral reagent

Design of CO, absorber column (from Thesis)

1.1 Absorber

To calculate the absorption column diameter, the gas velocity within the column must be
determined, which is typically assumed to be between 2-2.5 m/s [29]. Equation (3.1) can then
be utilized to calculate the cross-sectional area (A) of the column using the volumetric flow
rate, Vgas, and gas velocity, vy4,. Subsequently, Equation (3.2) can be used to determine the
column diameter (D).

v,
4= oo ER)
Vgas
4xA
D= - 3.2)

The gas flow and the dimensioning parameters for the absorber are shown in Table 3.1.

Table 3.1: Absorber diameter calculation for base-case, doubled feed gas and two-absorber case

Parameter Base Case Doubled Feed Gas Two-ABS
Number of Absorbers 1 1 2
Column Packing Height, m 15 15 15
Column Height, m 30 30 30
Cross section area, m> 266.02 531.9 266.02
Diameter, m 18.4 26.02 18.7

Universitetet
iSorest-Norge
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Cost estimatation of CO, absorber column

1.1.1 Aspen Process Economic Analyzer software for BEC estimation

Clean air

Another approach to estimate BEC employed in this study is Aspen Process Economic Analyzer

(APEA). Aspen Process Economic Analyzer relies on model-based estimation to generate

project cost estimates. The user-defined data for estimation the cost is quite like the Aspen-In- N alirinadion
Plant (AIP) cost estimator, while the APEA can calculate not only the equipment cost but also meshpad
the installed direct cost (piping, civil, structural steel, insulation, etc.) for each process
equipment. The equipment cost comparison for APEA and AIP cost estimator is presented in
Table 4.3.

Mesh pad cleaning
water header

~ Reagent
inroduction

Packed bed
Equipment Aspen Process Economic Aspen In-Plant Cost
Analyzer (Euro) Estimator (Euro) Packing support
grate
Absorber 19957300 20175200

Contaminated gas

Integral reagent

Universitetet
iSorest-Norge

Improvement of design of large scale
CO, absorber column, especially off-shore

Typical material: SS304/SS316
Typical wll thickness: 10 mm
Support structure

These factors may be optimized for

offshore applications

- Simulation (e.g. CFD) and design (e.g. FEM) tools
- New optimization design criteria

- Specifications for equipment vendors

Universitetet
iSorest-Norge
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The End

Mer om CO,-fangst, klimapolitikk og
klimaforhandlinger kan finnes pa nettsidene

* IPCC: http://www.ipcc.ch/

* |[EA: http://www.iea.org/

* Miljgdirektoratet: http://www.miljodirektoratet.no/
* Gassnova: http://www.gassnova.no/

* Bellona: http://bellona.no/

* Cicero:http://cicero.uio.no/no/posts/klima/parisavtalen
-hva-ble-egentlig-vedtatt?

* COP21: http://www.cop21paris.org/

Universitetet
iSorest-Norge
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Determination of mechanical fracture parameters using machine learning-based inverse analysis



Determination of mechanical fracture parameters using machine learning-based inverse analysis

Determination of mechanical fracture parameters
using machine learning-based inverse analysis

David Lehky

Brno University of Technology, Czech Republic

»

’

= BRNO FACULTY OF CIVIL
r UNIVERSITY ENGINEERING
OF TECHNOLOGY

| g
June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Outline

. Introduction and motivation.
. Methods for determining mechanical fracture parameters.
« Direct evaluation of fracture test data
* Inverse analysis
. ldentification of statistical characteristics of parameters
. Methodology of inverse analysis
1. Artificial neural network
2. Stratified sampling
3. Software
. Hybrid NNE-based identification system for fine-grained composites
. Example of identification: shear wall failure
. Summary and conclusions

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

D1



Determination of mechanical fracture parameters using machine learning-based inverse analysis

Introduction and motivation

Why do we determine material parameter values?
The main reasons include:

1. Verification of the material properties of existing
structures to ensure their reliability and durability.

Studying the material properties of newly developed
composites (recycled materials, high strength
materials, etc.)

Numerical modeling of structures — advanced material
models.

: ﬁ
LTI

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Introduction and motivation

Not only mechanical properties (strength, stiffness) but also fracture properties
(resistance to the initiation and propagation of cracks) are of interest.

Important parameters of concrete and other quasi-brittle materials are modulus of
elasticity, tensile and compressive strength, effective crack elongation, effective
fracture toughness, etc.

Key parameter for computational modeling is fracture energy.

crack opening law G

fracture energy Gy

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Computational modeling — a typical procedure

. P/ZJ’
Numerical model of structure I
%

-

appropriate material model

(e.g. 3D Nonlinear Cementitious 2,
Microplane model, etc.)

— many material parameters

Material state number :

Information about parameters:

e Experimental data
e Code recommended formulas
e Engineering estimation

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Computational modeling — a typical procedure

—— Experiment

o Primary calculation

Load [kN]

0.2 0.3 0.4
Deflection [mm]

Primary calculation: —— Experiment

o lIdentification

Correction of parameters:

Load [kN]

e Trial-and—error® method
¢ Model updating via inverse analysis

0.2 0.3
Deflection [mm]

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

How do we determine the parameter values?

Experimental measurements need to be carried out — in situ or in the laboratory.

Laboratory fracture tests of specimens with stress concentrators loaded in a suitable
test configuration, e.g. three-point bending test, wedge splitting test, etc., are used
to determine the mechanical fracture parameters of composites with quasi-brittle

I

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

How do we determine the parameter values?

During the test, the specimen is loaded with an
increment of deformation and the values of applied
load and displacement (deflection or crack mouth
opening displacement) are recorded.

The result of the measurement is a test record in the
form of a force vs. displacement (F—d) or force vs.
crack mouth opening displacement diagram (F—
CMOD,).

The (F—d) diagram carries a lot of information about
the properties of the studied specimen.

Deformation

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

How do we determine the parameter values?

When carrying out the test, it is necessary to
ensure that the test is carried out correctly and
that the correct data is recorded. It is
necessary to eliminate phenomena such as:

» Seating of the specimen + pushing into the
supports — leads to incorrect recording of
deformation. A special steel frame is used to
measure deformation.

* Loss of measurement stability due to
insufficient test machine stiffness in relation
to the specimen stiffness. It can be detected
from a deflection time series. Incorrect part
must be removed and could be replaced by
a suitable approximation.

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

How do we determine the parameter values?

The mechanical fracture parameters can be obtained from the test record data by:

1. Direct evaluation of the F—d diagram using the Work-of-fracture method, Effective
Crack Model, Double-K model.

2. Inverse analysis using the computational model.

Direct evaluation of F—d diagram
Static modulus of elasticity

It can be obtained from the initial branch of the F—d diagram. E.g. for 3PBJ;:

By = i (5)3 1-03872 + 1213 (D)Z'S 42 Fwi (S)ZF( ) i
B = 4Bd; \D POl T e 2Bd;\p) "1\%0 |
%o a [y H@Haﬂ(
Fy(ao) ZJ- xY?2(x)dx  ap = D S=3D B

0 .
Y(ag) = Ag + Agag + Ayal + Azad + AsadAi-..see Karihaloo (1985) -

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Direct evaluation of F—d diagram
Effective fracture toughness

It is based on the effective crack model. It represents a quantitative expression of the
material's resistance to crack propagation. It is the specific energy that a material is
able to absorb locally before unrestricted crack propagation occurs.

6Mmaxs a
BDZ Y( e)\/_ ae =

Ky, = ae, Mmax - .. effective crack length and maximum
ce

e
D moment, both corresponding to F, .«

Fracture energy

It represents the total energy required to create two new surfaces. It is evaluated from
the entire F—d diagram — the fracture work is calculated = area under the curve
divided by the size of the intact ligament. Then the fracture energy:

mg ... mass of the specimen

Gr= 5 Jded + Mgdmax dmax --- Maximum deflection
(D - ao)B , .
B ... specimen width

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Direct evaluation
True fracture energy

+ The fracture energy obtained from the tests is
dependent on the size of the specimens — it is ;
affected by the size of the fracture process zone, ﬂ
which is affected by the free end of the specimen.
Hu & Wittman assume a bilinear distribution of the
local fracture energy gr over the depth.

The value obtained from the tests is the average
fracture energy Gy.

The real fracture energy Gg (material constant) can
be determined from a set of at least two tests on
the same size specimens with different initial
notch depths ay — a system of two equations with
unknowns G a q.

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Inverse analysis

The values of the selected mechanical fracture parameters can be determined by
inverse analysis, where we try to use the measured response R to obtain information
about the input parameters P which lead to the given response.

Inverse analysis can be performed in two ways:

1. Using optimization — an iterative search for input parameters under the condition
of minimizing the difference between the obtained (from the model) and the
desired response (from the experiment). A direct forward relationship (model)
between the input parameters P and the output response R (P—R) is used.

. Using direct inversion — the inverse relationship between P and R (R—P) is used.
This must first be expressed/defined.

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Inverse analysis

Both methods use a nonlinear computational model.
E.g. ATENA software — CC3D Nonlinear Cementitious 2 material model. .

Oc

ef
Re

Parameters to be identified from 3PBT:
* Modulus of elasticity £,
 Tensile strength 7, (R,

* Fracture energy G; -

Tensile softening model according to Hordijk:

crack opening law (6]

[of

o(w,) = {1 + (01 WK>3} exp (—cz WKC) — WK (1 + ) exp(—c,)

c

fracture energy Gy

5.14G;
fe

1= 3, Cy = 6933, W, =

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

|dentification using direct inversion

The inverse relationship between the input material parameters P and the response
of the test sample R is sought.

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

|dentification using direct inversion

The inverse relationship between the input material parameters P and the response
of the test sample R is sought, e.g. in the form of an artificial neural network (ANN).

¥

P = fan(R)

<IN
S

S
X7

X
L
03 04 05 5
Deflection [mm] >

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

|dentification of statistical characteristics of parameters

Two approaches:
* Load-deflection “one-by-one” identification approach

Material parameters are identified individually for each specimen (individual L—d
diagram is used as an input of ANN). Subsequently, statistical assessment of
parameters of all specimens is carried out.

Direct statistical parameters identification

Random response of a structure is available in form of histograms and
statistical moments (set of random L—d diagrams is used as an input of
ANN). Statistical parameters are direct output of inverse analysis (ANN).

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Direct statistical parameters identification

This approach offers the possibility of direct identification of random material
parameters based on the random response.

Load [kN]

0.1 02 03 04 05 06

l Deflection [mm]

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Methodology: artificial neural network
Neuron: Feed-forward multilayer network:

| f ) inputs hidden layer output layer

z
1
2]

Output from a neuron:

y=f@=f (Z@vkpk) + b)
k

k — number of input (1,...,K)

w, — synaptic weight of connecting path from kth neuron of previous layer
Py — input signal from kth neuron of previous layer

b — bias

f — transfer function of neuron

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Methodology: artificial neural network

P Active phase (simulation)

2 phases of ANN activity =—__| Adaptive phase (training)

ANN training — adjustment of synaptic weights and biases:

To train the feed-forward ANN, a training set is required, i.e. a set of ordered
pairs of inputs and corresponding outputs of the network.

g

lpn * P1i ot PInN Y1 " Y1 0 VAN
bjr - Pji ° DPjN Ye1 " Yki "t YN

Minimizing network error — it’s an optimization task:

N — set size (number of input—output vectors);

N K
1 s P2 o
E = E (J’ik - yik) vi & — the real output of kth output neuron for ith input;

=1 i=1 viP — the required output of kth output neuron for ith input.

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Methodology: Latin hypercube sampling simulation

Preparation of a training set by performing random virtual experiment via stratified
statistical simulation.

. L (1)
— One p; is chosen from Fy(3)

each of N, intervals
— High accuracy at low Ngjn,

Alternatives:
— LHS median
— LHS random
— LHS mean

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Software: FraMePID-3PB

» Developed for fully automatic and easy to use ANN based identification using
3PB experimental data (L—d diagrams).
Designed for concretes of various strength and ages (large training set with
relatively high variability of material parameters).
Prepared for testing of specimens with = EE———,———
various notch depth — study of fracture —Te— e
process zone development and —— —
corresponding changes of fracture
energy.

* |Implemented experimental data filtering.

F_0.01 = 2.0455
F_max = 8.1934
W =1.7092

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Software: FraMePID-3PB

» Robust ANN implemented and trained — significant time reduction compared to
general identification tasks.

FEM computational model implemented (ATENA software) — 3D Nonlinear
Cementitious 2 material model.

Subject of identification: = ——

— modulus of elasticity E,
— tensile strength f;
— fracture energy G;

Export of identified parameters to
clipboard, text file, ATENA .ccm file. o

ft = 5.685 MPa

Direct transfer to ATENA for verification via 6 - 298099 Vi
ATENA interface (in preparation).

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Fine-grained composites

Extensive research efforts in developing new types of binders, environmental-friendly
building materials such as alkali-activated materials (AAMs) which are a promising
alternative to traditional Portland cement.

Major disadvantage:
* Increased shrinkage — volume contraction, microcracking and the deterioration of

tensile and bending properties.

Solution:
« The addition of different types of fiber to alkali-activated matrix. E.g., hemp fibers

can be used as a sustainable alternative to the steel and synthetic fibers.

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Coarse- vs. fine-grained composites

T T T
Coarse—grained

Coarse-grained composites | width=100
(concrete)

Force (kN)

S = N W AR LU O O

01 02 03 04 05 06

( m m) Deflection (mm)

width=40

. . . | ‘ Fi i;ze—grai;ted
Fine-grained composites ?E i
160 r

(mortars)

003 006 009 0.2 0.15
Deflection (mm)
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Hybrid NNE-based identification system

Properties of a Hybrid neural network ensemble-based system:

« E.—T.— G; space divided into subspaces with a single ANN in each.
 Limited range of parameters for a single network.

* One or more ANNSs activated based on an initial analysis of response data.
* Robust, accurate and easily expandable system.

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Hybrid NNE-based identification system

Weighted parameters from ANN ensemble in overlapping parts

Pu,min Pu,m

n
pP= Z WiPi
i=1

pl,m pl,max

n = 2k overlapping subspaces for k parameters

Ai
Weighting coefficients: Wi = ST N

i=1

/\i _ pl’max — Pi )\Z _ Pi — Pu,min

Relative distance: Ploax — Pim’ Pum — Pumin

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Example of identification 2: Shear wall failure

|dentification of material model parameters of constitutive law for concrete failure
(shear wall)

Experiment Simulation

$F, = 1653kN

Experiment: -
Maier a
Tharliman,

1985

F

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Example of identification 2: Shear wall failure

Experimental failure FEM model in ATENA software

& Prabi ipoce e Shea Wall Tt 570 Sova ot 2 S S246F €71

toveho ko

= [stes ~ som
=] & (reni)

SDEH ¢ 500K

X: <-3.799€-03, 1.9506-06> [m]
V: <-7.275E-01, 0.0006+00> [MN]

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Example of identification 2: Shear wall failure

20 random realizations (LHS) — training set

displ. 10 mm

displ. 5 mm

Horizontal force [kN] .

4 6 8
Horizontal displacement [mm]

June 3, 2024

University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Example of identification 2: Shear wall failure

6 or 10 neurons
24 points on X ' % in output layer
I-d diagram KN @9&6@1}( — linear transfer
function

12 and 10 neurons in 2 hidden layers —
nonlinear transfer function

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Example of identification 2: Shear wall failure

Spearman X, X, X, X,
F = -0.167 | 0.015 | -0.087 | -0.107
5 -0.516 | 0.311 | -0.051 | 0.045

Fio = -0.344 | 0.490 0.005 0.104
Frrex = -0.807 | 0.887 | -0.009 | 0.171

DLNNET 6 par. 10 par.

N . . E [MPq] 29.9 33.0
Sensitivity of material model parameters: " MPa ur u

I: © parameters identified . MPa] 34.51 35.3

10 parameters identified GMN/m] | 750 e
&, 251E-03 | 2.57E-03

wy [m] 3.00E-03 | 3.10E-03

2.72E-03 | 2.74E-03
566.9 570.7

1.50E-02 | 1.47E-02
764 768.8

Parameters obtained from simulation
of neural network:

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway
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Determination of mechanical fracture parameters using machine learning-based inverse analysis

Example of identification 2: Shear wall failure

L-d diagrams obtained with identified parameters

=O=S2 Experiment

— ATENA 6 parameters identified

Horizontal force [kN] .

- ATENA 10 parameters identified

6 8 10
Horizontal displacement [mm]

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

Determination of mechanical fracture parameters using machine learning-based inverse analysis

Summary and conclusions

* The determination of mechanical fracture parameters is important in many structural
and materials engineering tasks.

The combination of laboratory fracture testing, direct evaluation of the test data and
inverse analysis provides comprehensive information, especially for nonlinear
modelling of structures made of quasi-brittle materials.

Inverse analysis can provide information on additional parameters of constitutive
models that cannot be determined directly from test records or have no physical
meaning.

ANN-based identification method can be used to directly identify the statistical
characteristic of mechanical fracture parameters.

When testing strength and fracture parameters, it is necessary to keep in mind their
dependence on the size of the tested specimens.

To automate the identification of heterogeneous groups of materials such as fine-
grained composites, fiber-reinforced concretes, etc., it is appropriate to use a
hybrid NNE-based identification system.

June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

D17



Determination of mechanical fracture parameters using machine learning-based inverse analysis
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June 3, 2024 University of South-Eastern Norway, Porsgrunn campus, Norway

D18



Iceland [Pdl‘ EP[J—

Liechtenstein Norway
Norway grants grants

Annex E

Mequanent M. Alamnie

Mechanistic asphalt pavement damage prediction and modelling for Sustainable roads



Permanent deformation
and fatigue damage
analysis of asphalt

concrete

Meqguanent Mulugeta Alamnie May 23, 2024
Department of Process, Energy and Environmental Technology Brno University of Technology (BUT)

University of Southeastern Norway Brno, CZ

Outline

* Asphalt concrete damage

* Permanent deformation & Fatigue
* Damage interaction

* Way forward

* Conclusion

E1



Asphalt concrete mixtures

* Asphalt concrete is an engineered heterogenous mixture (Aggregates, sand (and
fillers), binder and/or modifiers).

* Over 90% of paved roads are asphalt concrete

* Mixing temperature: Hot, warm, cold

Rutting !

~95%

0 20 20 60 30 100

Effect of binder on asphalt
mixture performance

Asphalt concrete mixture

* An engineered material

+ subjected to high loading cycle (in 10°) i.e., short
service life

* Main objectives of service life prediction;
» Critical strain due to deformation, &,
* Number of cycles to fatigue failure, Ny

Traditional design criteria

+ Tensile strain at bottom of AC layer, &, Evp _ Asphalt Concrete
. -
* \Vertical stress on top of subgrade ! Base Course
Tire pavement interaction ?
) Subbase
Top-down cracking? *"v
shear surface deformation? Subgrade
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Stress distribution Under Tire

Radial truck tire

A Vertical Stress (C) * |
Shear L_m_\»

Stress i
Horizontal Near-surface stresses

Stress (C)
Tension (+) A AAA /\ Truck tire

Time
Compression (-) tread effect

Stress

. _ +
AT C - compressive s + bending effect
Horizontal T — Tensile )% %o, we ®*’ ¢ g
Stress (T)
(+) v
B e o S
) S et - Overall effect

Observations 2
4 Shal’p shear stresses cause surface cracks L. Ann Myers, et al., Measurement of Contact Stresses for Different Truck Tire
Types To Evaluate Their Influence on Near-Surface Cracking and Rutting, Journal

‘/ Ruttlng accompa nied CraCking of the Transportation Research Board 1999 Vol. 1655 Issue 1

Asphalt Mixture Performance

Factors affecting performance Required performances
® constituent materials, . .

* Ability to distribute stresses
® load,

i iti ® Resistance to:
* environmental conditions esistance to

. . = permanent deformation
construction

= cracking (fatigue, thermal, etc.)

= freeze-thaw and moisture damage.

Di Benedetto, et al., 2013. Mechanical Testing of Bituminous Mixtures, in: Progress of Recycling in the Built Environment. Progress of Recycling in the Built Environment, 143—
256.
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Asphalt Mixture Performance

performance-based
testing

* Set of Tests
» Standards
* Quality control

Low temperature Cracking Moisture damage

Notani, M.A. et al.,. Performance Evaluation of Using Waste Toner in Bituminous Material by Focusing on Aging and Moisture Susceptibility. J. Mater. Civ. Eng. 2021, 33, 4020405

Common Pavement damages

0 20 40 60 80
1 ["Rutting originating in the bituminous layers ||__F/ =lI=SEZEZ I BNEN
2 Loss of skidding resistance | =
3 Cracking iniiated at the surface ||/

[ Longitudinal uneveness | [I]

General surface cracking J8%

Longitudinal cracking in the wheelpath |
Cracking initiated at bottom of base course 1

Ravelling
[ Rutting in the subgrade |}
Frost heave

Low temperature cracking
| Wear due to studded tyres |

OAT BBE OHR EBDK OFI BFR EBDE EBGR OHU BIS MIE
BIT BNL @BNO OPL APT ORO OSI NES ©SE OCH BUK

European Commission: COST 333: Development of New Bituminous Pavement Design Method: Final Report of the Action, volume 18906. European Communities, 1999
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Domains of Asphalt mixture behavior

Smallvs Large strain
* Low vs High cycle fatigue

lel
) ! . 7 * Influence of temperature
Failure/ Viscoplastic Flow /
Log lel

Fragile |} puyctile s
Brittle ‘
m - @

@ Purely Viscous
== gt - Non-Lmeantles (Newtonian) -21
Linear Elastic . |Linear Viscoelasticl 1

~Tg o0°C ~80°C 180°C' T lity .
E &G ] .

? i ixil Linear |
thermal cracking rutting mixing
fatigue €——>» - i ici |
g > compaction Vlscolie\I/aEstlmty : | Fatigue W
-6 . .
1 2 3 4 5 6 LogN)

Y
< >

use of E* or G* o~

Mechanic Effects in Mixtures =

Di Benedetto, H., Yan, X.L.: Comportement me “canique des Enrobe “s bitumineux et mode lisation de la contrainte maximale. Mater. Struct. 27, 539-547 (1994)
Olard, F., Di Benedetto, H., Dony, A., Vaniscote, J.-C., 2005. Properties of bituminous mixtures at low temperatures and relations with binder characteristics. Materials and
Structures 38, 121-126.

Failure

3 Influence of

' temperature .
\ p Permanent deformation

if stress tests from 0

Fundamental Response

%
%é’o
Sy

Viscoelastic damage
* Viscoelastic Continuum damage model )
At Low Temperature “° o ,
// \b //
Interaction \ Fatigue — rutting interaction
T = |ntermediate temperature
/ AN 1 - i -
Viscoelastic-Viscoplastic damage i AN " Visco-damage, Visco-fracture
= Viscoplasticy- strain hardening / : \\
= Creep-recovery test at intermediate- \\ S \\
\ X
\ Q\‘b% %z \\l
\ . 00 OQ 0\ |
IR A I

high temperature
— . N & |
R.s = f(To; €0, Gijs Py, Paym, €) . Q”\gb‘o Y
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Permanent deformation

original
profile

The permanent deformation of asphalt pavement

are caused by

Mode 1

shear plane

* asphalt mixture instability (shear instability

rutting) - Mode 1

original
profile

 structural deficiency, — Mode 2

* Wear due to studded tyre*

. subgrade
weak subgrade or underlying layer AEfornation

Mode 2

i
Rut Depth: RD = ) h;e,p;
i=1

Permanent deformation -

Stress

-
v Elastic

>time
Recoverable strain (instant Accumulated
Response: + time dependent) ¢, plastic strain

Strain

Plastic

t; 1 13

A P +Plastic ;
Elastic VP +Plastic ¢ straing,
Y > )
: time
’ T 173 77 4
4 > !
g, 3 Ve
| ' @©
£ 8 | 8
Accumulated | & ® L
(plastic) } i
strain j i
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Fatigue Damage

= Fatigue is manifested as stiffness deterioration and cracking

= Strain controlled or stress controlled, T-T or T-C

deceleration linear acceleration

*
E100

; Failure criterion
i E*(N) defines failure |
. point

Strain controlled fatigue
failure curve
(Wéhler curve)

€ (N)

3 eapnydwy-urens paijddy

Complex Modulus E*

NfISD

Number of Cycles N

Viscoelasticity

* Uniaxial stress-strain (o — &) relationship for linear viscoelastic (LVE) material
given by Boltzmann integral,

t d
o(t) = fo E(t—1) d_i dt, t - physical time; T — integral variable;

» E(t) —relaxation modulus using generalized Maxwell model; o)
E(t) = Ee + X3=1 Ey [exp (— Z)] E§ 9B  2E
A A An
E - Long-term (equilibrium) modulus ,l,
* Time-Temperature-pressure Superposition (TTPS): o)
éE*(T; P, f)= E*(TO,PO, fR) Maxwell model
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Damage Modeling

1. The dissipated energy (DE)

DE = j o) az(:)

0

dt

* Sinusoidal fatigue (strain-controlled),

DEp = m Ef? sin(g;)

* Creep-recovery deformation

DEpp = 04 * &cr

2.

Continuum damage mechanics

oA

* Damage density, w€[0,1); w =1 — o

* Viscoelastic Continuum Damage

* (elastic-viscoelastic corresp. principle and work

potential theory)

, ‘RN Q ) 1 1 -
d(S) _ (7(/11 > WE = ‘)(75113 = 20(S)(Ry?

ds 2

a(t) R I de

C= ef=— [ E(t—71)—dr
 DE failure criteria: DER = n% ek Er Jo ( T)(]T(
af(1+a)
AS = [_% (R’ (Ci- C'i+1)] (Atg)Y/0+)
Asphalt concrete Testing Options
S e UTM 130
Empirical [Experiential]
Robustness
Mechanistic-Empirical
i . L Advanced
§ Mechanistic [Scientific] Testing
=)
o N I
(o)
—l Magno [Large/full]
‘ Multiscale Investigation;
— Macro * Nano (nm...mm),
Advanced .
# iiilﬁ - E e Micro (mm...mm),
ocus
| Micro * Meso (mm...dm),

* Magno (dm...dam)

E8
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Multiscale Testing of Asphalt Mixtures

Loading, environmental, %}
6 - structure, life cycle impact
10 2
— Dynamic mechanical analysis (DMA) Scale dependencies
N DMA, rheology, viscoelasticity, . ed i
» 1 03 =t viscoplasticity, continuum damage Involveain a
o mechanics, fracture mechanics multiscale
£ . .
'ﬁ . SPAGL interpretation of
=100 s asphalt concrete
=
[ sl 0(\5
© Chromotography, AFM, DSC ' e EAM . ) dec\s\
o 3 Mastic o ol > 30“'\““9
SN0~ T TTITLITLIIT l Binder . ge%a’ﬁ a“\)ﬁ
© ] I " ”J : fne 05-\\‘\0(\3 “s‘(\‘\ps AFM-Atomic Force Microscopy,
— , “ H I B “G-\(\g o™ i’\eo\ e\ SPM-scanning probe microscopy
= (2
10 o a“se 9“6 CFM-chemical force microscopy,
- A G
% 0 educ\“g DSC-differential scanning calorimetry,
1070 +—— | | ' : |

T 1 1
10712 10°9 1076 104 100 103
Characteristic size (m)

B.S. Underwood, Multiscale modeling approach for asphalt concrete and its implications on oxidative aging, Ed.(s): Shin-Che Huang, Hervé Di Benedetto, Advances in Asphalt Materials,

Woodhead Publishing, 2015, 273-302.

N

Full scale Asphalt Performance tests

National Academies of Sciences, Engineering, and Medicine. 2012. Significant Findings from Full-Scale Accelerated Pavement Testing. Washington, DC: The National Academies Press.
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Some Laboratory Asphalt concrete mixture tests

Asphalt Mixture

Performance Verdict Indicator Remark
Test
‘ B e e o emEes Stlffness, Fatigue, Fundament
1. Stiffness rutting al
Resilient Modulus * Non-homogenous Stiffness

* Realistic traffic,

Repeated creep recovery el s

Rutting, relaxation

2. Permanent Accurate
def ti Superpave shear test * Complex, costl v el shear
eformation perp ptex, y Shear Rutting ¢
rutting
Wheel tracking * Simulative, costly Rutting and stripping
X Uniaxial T-C fatigue * Homogenous, complex Fatigue
3. Fatigue Non-h
e ) * Non-homogenous, .
g IDT fatigue Effoctive Fatigue, fracture
4. Low Thermal Stress Restrained Homogenous, complex Thermal crackin
temperature  Specimen Test (TSRST) genous, comp &
N
Dynamic Modulus tests ‘
o (p A A
. . . . B % €
® Sinusoidal stress and strain waves in complex @ /
e 3 >
domain, g Time
) .. . & a(t) 5
* Dynamic Modulus, E”is a complex number (with £(t) 7=""
4—(D—>
real and imaginary components) £(t) = £ sin(wt) = &, et
E* = |E*|(C03(p + lSlTlQO) — |E*|ei(p o(t) = g, sin(wt + @) = Joei(wt"'(p)

* Storage/real Component 2 E' = |E*|(cosq)
@ -the phase angle

w - Pulsation frequency

* Loss/imaginary Modulus 2 E"" = |E*|sin(¢)
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Dynamic Modulus master curves

» Effect of confining stress on
dynamic modulus

x=d C(T—T,)
logE" =8 + log(ag) = — ot — 1)
1+ exp(B — ylogfgr) g(ar) T-T)+C,
4.5 ‘
© (a) Isobaric Master Curves Q,@QQ—QQQ; o
£ 4f P |
(7] @\@J
= ) @
© 3.5 g |
= o 68°
% i @@@@@gg&’ : ©  Uniaxial
E 3 |0° o © 10kPa ]
2 @@é' J 100 kPa
&osl | 760 © 200 kPa |
g 0° 300 kPa
=
2 . . ‘ ‘
-4 -2 0 2 4 6

Log Reduced Frequency (Hz)

Linear Viscoelastic Analysis

~4.5F oo
c g fafe i
2 E L A ’
_— v
@ s . éiﬁvvvv Mixture
3,50
E Xﬁ:ﬁ o s SMA-L
° G0 TR x  SMA-P2
.| o8, v, * o SMA-P1 |
825 et * AC-P1
z , %F 5 SMAP2X |
] A v AC-P1-X
-

15 ) ) | | |

10 1072 10° 102 10* 108 108

Mixture Ac-L

Reduced Frequency (Hz)

SMA-L

* Relaxation modulus

10° po

104

10°

Relaxation Modulus (MPa)

Relaxation Modulus (MPa)

N
E(t) =E, + Z E, [exp <—}\i>]

n=1

Uniaxial
10 kPa

100 kPa
200 kPa
300 kPa

Triaxial (MC)

1 * m P o d

102
Reduced Time (sec)

10° r r r
o PRHQRL
. veu R ny,
107 ¢ vﬁgﬁ . E
Mixture Wﬁ%%
s SMAL %% .
3 % ACL Wy A O x °
10° F I8 GD a » 4
X SMA-P2 MR IR
o SMA-P1 RAvE N e,
o AC-P1 A S A
102 ¢ ey 1
A SMA-P2-X YN
v AC-P1-X
101 L L L | L
108 108 104 1072 10° 102

SMA-P2

Reduced Time (sec)

SMA-P2-X

61.92

87.88

101.74

127.12

0.70

0.69

0.59

0.53

2.43

2.45

2.69

2.90
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Repeated Creep-recovery Test

®* EN 12697-25
* Temperature: 30, 40, 50 °C

Haversine and block

(a)

* Loading/Rest time : 0.1/0.9, 0.4/0.6 ... ] oo
8 o(t) = o,sin 2 o

* Axial stress: 200 — 2000 kPa &
® Confining stress: 0 — 300 kPa , . >

| Loading time | Rest time Time

(b)
Time
[ Loading-time Rest-time !

Repeated Creep-recovery test

.. . 0.55
* Effect of triaxial stress on PD evolution wos | ©
g 77
E 0.45 y :R()7.1X + 042'/'
; g 04 f
S
~ @ =6 ®) So3s |
X . S | Axial stress = 2000 kPa =
“-:’ Conflnllng Stress=100kPa c Confining Stress (kPa) 03
4l Axial stress (kPa) © 025
g Sy 2
® 1] 1000 1500 2000
€ k] Axial Stress (kPa)
2 2
é 2+t g 2+ ! 0.65 (d)
5 3 2 06
o o _ 5 N
(] o3 BB = 0.55 S ¥ =-0.09x +0.71
10° 10° 10° 102 10° 10* 3 05 R?=0.95
Number of Cycles Number of cycles s
S 045
&
Effect of stress on permanent deformation and hardening rate — (T= 50 °C) 04

Confining stress (kPa)
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Repeated Creep-recovery test

* Three-stage creep evolution is based

on strain rate

& I | 1 |
3\5 5 | 70
* Defining a new criterion using DER E o “l;w/ - 60
2 4

. = L 50 _
(Post FN, shear deformation) < :

g 3 ‘ 40
D _ g y =
DERPD=N< A+C(e” -1) ):N(E) E ; a

AN® +CD(ePN — 1) . 24 . 30
. - 20

* Deformability rates: 1{/,— " DER 0
€ £ €SEL 0 ' ' ' ' ' 0
FN PV 0 300 600 900 1200 1500 1800
/FN ’ /NPV and /SEL

Number of cycles

Uniaxial Fatigue Test

Test conditions [ e e —

Load
(a)

Top plate ;

\ Glued surface

* AASHTO TP107
*Strain controlled: 300, 400 pe

* Temperature: 10, 15, 21 and 30°C

* Frequency: 10 Hz Ball Joint
* Pulse: Sinusoidal (in tension- Specimen
Tension, Tension-compression) Top plate —]

* Failure Criterion: 50% dynamic
modulus reduction

/‘ Glued Surface

Bottom plate

E13



Fatigue damage

3 o T
14 * —% %
VECD Model ’ i
0.9 ] i
. . O — 0 —O--—— . _dh
« Damage characteristics curve, S o 0 i |
R U\, V"V q;\. ,Q\ Q\ + Q'b
a 0.7 v \“Vg & ¥
. ) T
DMR 2 1+a 1 o SMA-P1
AS = —T (Sg'i) (C‘;< — C;k+1):| (AtR)1+a O 0.6 > SMA-P2
o AC-L
0.5 A SMA-L
* AC-P1
__ |E"lfingerprint _ 1 [AN] 0.4+ = AC-P1-X
DMR = E'lwe B T arlio +  SMA-P2-X
0.3+ 1
C=1-ash
0.2 :
0 2 4 6 8 10 12

Damage (S) % 10°

Fatigue damage (T= 10 °C and Target strain = 300p¢)

Proposed Test Procedure
for fatigue and rutting performance

Assumption

* Sequential damage evolution

* post compaction or strain hardening can cause of fatigue

cracking.
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Damage interaction

Permanent deformation-
Fatigue (PD-F) Sequence

* early service life of asphalt
concrete pavements, which is
dominated by volumetric

densification.

New
Sample

Creep-recovery

l

(=}
>

|
|
I
I
|
| N
FN
Output: Strain Hardening
(in steady-state, N < FN)

High Temperature
(40/500C)

I_l

Strain-
hardened
Sample

Conditioning
at 10 oC

Strain
l hardened

Fatigue damage at 10 Hz

1

0.8

0.6 4

Fatigue damage rate

0.4
0.E+00 2.E+04 4.E+04 6.E+04
Number of cycles

Output: Fatigue Damage

(effect of Creep on fatigue)

d

Low Temperature (10 oC)

Damage Interaction

Fatigue - Permanent
deformation (F-PD) sequence

* tosimulate the effect of
fatigue cracking on
permanent deformation

* Orthe development of PD
due to prior fatigue cracking

* Perpetual/thick pavements

Uniaxial Fatigue (at 10 Hz)

© E}, = 0.6E;

Max. stiffness
reduction 40%

S
@

S
o

Fatigue damage rate

S
'S

L s L
0.E+00 2.E+04 4.E+04 6.E+04
Number of cycles

Output: Fatigue Damage
(Up to 40% stiffness reduction)

Low Temperature (100C)

E15

d

Conditioning
fatigued Sample
at 40/500C

w

Permanent Strain (%)
o - N ow &

o

2000 4000 6000 8000
Number of Cycles

Output: PD Damage, N> FN
(effect of Fatigue on PD)

High Temperature (40/500C)




The PDF Sequence

Mixing Plant 1
Laboratory Mix Mixing Plant 1 ixing Plan
- - Mixing Plant 2 (aged 1 yr at room temperature)

i [ | I |
I set 1] s e {1 | |
O New A SMA-P2
: 0.8 A PD | : 0.8 Fe | 0.8 o New : |
_ | & I o I
[£ 06 | |% 7 | Sos | I
I 880, | 1o I I
| o4 %ﬂﬂwuum | | o5 | 0.4 oo, | :
| | | oa | | I
| % 05 1 15 2 25| | 0 2 4 6 :| %) 2 4 6 8 10 | |
| S x10° N S %10 | s x10° | |
. smaL || | | | SMA-P2X | |
| o9 o New 1| | 0.9 SMA-P1 | | o8 o New
*  New A PD
: 508 4 PD | |@ 0.8 > PD | l @ o6 |
| S4s | :° 07 I : © |
| 0.6 ™ : | 0.6 : | 0.4 :
I os | | os | [ 02 |
| 0 1 2 3 4 5 6 7 | 0.5 1 1.5 2 | | 0 1 2 3 4
s s A S
PDF sequence - fatigue (T=10 °C, strain 300pe) on new and per-deformed (PD) samples
The PDF Sequence
Effect of pre-deformation on fatigue damage response
C=1-as’
6
: : : : : : : 2.5 19 ‘ , . . : :
I New samples (a) I New samples (b)
06"  IPre-deformed | E 2 + [ Pre-deformed 1
©

0w -~ o —~

g @ g5

Ew T2

v g 3

39 535

3 E & Sost

a® s

ol P b v o oA ot
(% 03 pd L L A° Y
o> NN ARG L 'L‘* [\ Y > o b4 L
L A\ Pp'? 6‘,&"’ o W

(b) total fatigue dissipated energy until failure (50%
pseudo stiffness)

(a) parameter b

E16



The F-PD Sequence

* The effect of Fatigue on Permanent Deformation
* the strain rate in the steady-state stage, FN and the DE.

. A7B DN E"  2sing E 7 D _
e, =AN" +Cle —1 DER;:”XM%” —L al DER =N< A+Cle D) >=N £
v ( ) ! ﬂE’,e,:sin(/),. E; 7 P ANB + CD(ePN — 1)

i

x10° <105

(b)

0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5
Parameter B Parameter B

F-PD sequence (a) DE,, of pre-fatigued samples (b) initial DE_ of samples used for PD test

The F-PD Sequence

25 1 - - 60
20 - 30
» DE_PD and DE_F energy quantities are not Eis [ 40 %
= ) - 30 b
consistent with FN. w 101 —=-DE_Tot | , &
a ~~DErate | ~
: . 2 10 <
* DE depends on mixture type, specimen, and 0 0
FN 194 458 740 880 1715 2290 2360 2790
temperature. Al A2 A3 A4 A5 A6 AT A8
3.5 1 14
’ (b)
3 12
DET — 25 J 10 a
i E = £
FN—DErate 5 2 s 3
= 15 1 -6 F
ol -DE_F r4 2
0.5 —=DE rate F2
. . 0 T T T T T 0
Correlation of DEr, DE rate vs FN in N 212 225 256 325 465 1080

5
FPD sequence S-1 S-2 S-3 S-4 S-5 S-6
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Towards Mechanistic approach

= Based on fundamental material theories

= Rely on material constitutive models

Viscoplastic
= Unlimited scope for model refinement

= New materials, parameters etc.

.%.iEe

Viscodamage o Performance

= Realistic Pavement Response Model P

Thermo
= Evaluate change in loading to pavement performance

= More integrated one-step model

Continuum
Mechanics

.‘ﬂj

Way forward

Mechanistic method of asphalt designh require advanced performance
testing.

* Performance-Engineered Mix design (PEMD) approach .
& enf )app Coupled testing

1 PEMD T * Performance tests that can
Cracking s~ | Rutting evaluate different damages
Resistance - N | Resistance
Min | N { min egs .
Acceptable | \| Unified damage modeling

AC Range 3 ~ ,

| | * Temperature coupled models
i J

Asphalt Content
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Conclusion

- The LVE properties of AC is stress-dependent shift models - the long-term
relaxation modulus and viscoelastic damage parameter.

- In a sequential test, the PD-F sequence was found to be more realistic damage
sequence, where Strain hardening is the primary cause of fatigue damage.

- Inthe F-PD sequence, effect of pre-fatigue cracking (up to 40 % stiffness) on PD
was found to be marginal, which can be related to the healing and relaxation.

- The shear endurance limit (fourth creep stage) marks the macro-crack formation
— important to estimate pavement life.

- Coupling different asphalt concrete damages opens up the possibility of unified
asphalt damage modeling using the benefits of a mechanistic approach.

Outlook

~ Existing test protocols for AC are insufficient to evaluate different damage modes

simultaneously.

~ The validity of time-temperature-pressure superposition principle can be
extended to assess the interaction of permanent deformation and fatigue

damages at intermediate temperatures.

~ Towards a unified damage model which entails innovative testing methods and

fundamental theory.
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Uncertainty quantification

® quantity of interest of a physical system is represented by a costly
mathematical model Y = M(X)

® behavior of real physical system is non-linear
® input variables should be considered as random variables X

® uncertainty quantification of Y = M(X): statistical moments,
PDF, sensitivity analysis, estimation of quantiles etc.

Y " Uncertainty .
Sources of Uncertainty ' Quantification '

Stochatic model Mathematical = HRmEE
X X, model PDE
|oY=Meo |
cec Sensitivity
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Semi-probabilistic approach

How to determine design value of resistance R,?

f(x)

Ra = iR - exp(—arBVRr)
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Task Definition

® slightly non-linear function solved by NLFEM

® separation of Resistance and Load (ag)

® assumption of 2 parametric Lognormal distribution (Gaussian)
® simplified task: estimation of mean value and variance (Vg)

e coefficient of variation vg can be decomposed as:

Vi =\ W+ Vi + V2

PC? USN-BUT Lukas Novak 8 /35
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Nsim ECoV method

X Latin Hypercube Sampling

) ECoV by Cervenka
O Eigen ECoV

Taylor Series Expansion
n+1 | [] Linear Simple Differencing
+

n A Linear Advanced Diff.

n +
2 YW Quadratic Simple Diff.

pC? USN-BUT Lukas Novak 9 /35

Uncertainty Quantification
ECoV: Point Estimates

BRNO FACULTY OF CIVIL
UNIVERSITY ENGINEERING
(IR [s]He] )@ institute of structural mechanics

Surrogate models for UQ
Recent Developments

ECoV by Cervenka

® determination of global safety factor is based on sensitivity
factor a and reliability index 3 (JCSS)

® 2 simulations are needed for estimation of coefficient of
variation vg

® implemented in fib ModelCode 2010

RO 1 (R,
YRYR, 1.65 Ry

TR = exp(arIvi)

CERVENKA, V.: Reliability-based non-linear analysis according to fib Model Code 2010. Struct Concr J fib, 2013,
14:19-28.

JCSS, JCSS Probabilistic Model Code, Joint Committee on Structural Safety (2001), iSBN 978-3-90938679-6.
Walraven, J., (editor), fib Model Code for Concrete Structures 2010, September 2013. ISBN: 978-3-433-03061-5.
PC USN-BUT Lukas Novak 10 / 35
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Linear TSE (TSE 1)

institute of structural mechanics

® based on Taylor series expansion for uncorrelated variables
® closed formula for variance and mean value

® simple one-sided differencing

1 (- rx. 2
Ve = — A7 NP
Cove M z,: ( Ax 0X’>
Xia = F7H®(—¢)) = pxi - [1 — exp(—c - ox;,)]
or(X)  ry—rx,

0Xi Ax.

1

H. SCHLUNE, K. GYLLTOFT, and M. PLOS, “Safety formats for non-linear analysis of concrete structures,” in
Mag Concrete Res (2012) 64:563-74.

PC2 USN-BUT Luka¥ Novak 11 / 35
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Surrogate models for UQ UNIVERSITY ENGINEERING
Recent Developments (] R [a]Na]e)'A institute of structural mechanics
Advanced differencing (TSE Il)
® based on Taylor series expansion
® closed formula for variance and mean value
® adapted second order backward differencing
n 2
or(X
var[r] =3 (X,
. 0X;
!
or(X) 3Rm — 4RX/% + Rxia
0X; Ax.
RX/% = r(XIA) = r(Xl, ,XIA, ,XN)
X,% — /’LX/ - A)(,/2
PC USN-BUT Luka¥ Novak 12 / 35
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TSE sampling in 2D

.MX]' — o [ 1 o
X]é “ * .. ’

2 . .,
Xin— . o
XZA Xl% ]/l i

Efficiency

BRNO FACULTY OF CIVIL
UNIVERSITY ENGINEERING
OF TECHNOLOGY

institute of structural mechanics

® 1. Simple Linear TSE
M 2. Advanced Linear TSE
¥ 3. Quadratic TSE

Accuracy

@1 nsim:N+1
W 2.n,, =2N+1
W 3.0, =2N+ (5)+1

L. Novak, D. Novak “On Taylor Series Expansion for Statistical Moments of Functions
of Correlated Random Variables” Symmetry 2020, 12(8), 1379

pc?
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Eigen ECoV (derived from TSE)

3R, — 4RG)% + Roa \/)\_1

VR =~

where Roa = r(Xia,--

JANS)

and Rgs = r (Xl%,...,XN%>
The Eigen distribution of the input

random vector © ~ (ug,03) is de-
scribed by:

O-é = Zo'g(, - Al’

N 2
He Zi:l (Ximi)
AeZMe—,ue'eXP<

e )

He

Ry’

., Xna)

L. Novak, D. Novak “Estimation of coefficient of variation for structural analysis:
correlation interval approach” Structural Safety, 2021, vol. 92, 102101.

PC USN-BUT
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Surrogate models for UQ

Polynomial Chaos Expansion

Y = MX)= " 5.0.(%)

aeNM

deterministic coefficients to be computed - 3,

orthonormal basis of multivariate polynomials - W, (X)

M represents number of input random variables
multi-index a = {a1, ....,am}, A = {a € NV}

GHANEM R.G., SPANOS P.D. Stochastic finite elements—a spectral approach. Berlin: Springer; 1991
pPC? USN-BUT Lukas Novak 16 / 35
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Orthonormal basis

(Worts) = [ () (€)pe(€)d = b

® multivariate basis functions are orthonormal with respect to
the joint PDF pe.

® normalized Hermite polynomials are orthonormal to Gaussian
probability measure in the Wiener-Hermite PCE.

® common distributions can be associated to specific type of
polynomial (Wiener-Askey scheme).

XIU, D.; KARNIADAKIS, G.: The Wiener-Askey polynomial chaos for stochastic differential equations. J Sci.
Comput., 2002, 24(2):619-44.
pc? USN-BUT Luka¥ Novak 17 / 35
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Orthonormality of PCE

® generally statistical moment of any order is defined as:

") = / [£(X)] " e (€)de = / [ ) Bava(€)]"pe(€)de =

aENM

— [ 3 Y BueBa V(€)W (pe (€)=

a1 ENM  q,,eNM

= 3 3 BareeBlng [ Vsl (Ope(€)

a1 €ENM o, eNM

® it might be computationally demanding to employ MC

® PCE leads to dramatic simplification of equation due to the
orthonormality of basis polynomials

PC USN-BUT Lukas Novak 18 / 35

F9



Uncertainty Quantification
ECoV: Point Estimates

BRNO FACULTY OF CIVIL
UNIVERSITY ENGINEERING
(]G =1V[0]Ne]ep' @ institute of structural mechanics

Surrogate models for UQ
Recent Developments

Non-intrusive PCE

e PCE basis is made of polynomials up to a certain degree p
o coefficients by OLS — Y = M(X) for ngjm
® ngm >3 —5P, where P =card A

/8 — (wTw)—l ‘uTy

w:{wwzwgmyh:me,j:owa—q

Tensor product Total pol. order Sparse solution
4 o o0 o o-| 4N IR A
3| 3o 3 3 \
2| AR R 2 2|
IS 1j-0-0-0-0 1 1
01234 01234 01234
PC2 USN-BUT Lukas Novak 19 / 35
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Sensitivity analysis: Sobol’ indices

® Hoeffding-Sobol" decomposition - Sobol” indices (ANOVA)
® highly efficient derivation of Sobol’ indices from PCE
® first order indices
S;:ZL A,’Z{O&ENMZQ,’>O,C¥J‘¢,‘:0}
e Var [MPCE]

® total indices

T s T M

ST S —Pa AT _faeNM g >0
| anAT Var [MPCE] P =te " }

SUDRET, B.: Global sensitivity analysis using polynomial chaos expansions. Reliab Eng and System Safety, 2008,

93: p. 964-979.
SOBOL, |.: Global sensitivity indices for nonlinear mathematical models and their Monte Carlo estimates. Math
and Comput in Simulation 55, 2001, p. 271-280.
PC USN-BUT Lukas Novak 20 / 35
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Higher moments and Sensitivity

® Sobol indices consider only the first 2 moments

® Higher statistical moments: shape of PDF

® Monte Carlo (LHS) needs thousands of simulations

e Efficient alternative? — Polynomial Chaos Expansion

0.6
— data histogram
05F =— Normal
— Lognormal
0.4} e 1
N Weibull
N
~o03
0.2
0.1F
0 N
-2 -1 0 1 2 3 4 5 6 7

NOVAK, L. On Distribution-Based Global Sensitivity Analysis by Polynomial Chaos
Expansion. Computers & Structures, 2022
pPC? USN-BUT Luka¥ Novak 21 /35
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Distribution-based SA

® Conditional moments — conditional CDFs
® Generalization of Sobol indices for PCE

{ Kullback-Leibler divergence

FIX1
K1
F$CE
" Reduced PCEs and corresponding moments and CDFs b F|X2
YIXi |FIx1 YIXs [Fx2
N N\ K>
é F$CE

NOVAK, L. On Distribution-Based Global Sensitivity Analysis by Polynomial Chaos Expansion. Computers &

Structures, 2022
PC USN-BUT Lukas Novak 22 /35
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Industrial Application & Comparison

NLFEM of prestressed bridge

length 19.98m and total width 16.6m (midspan)
16 prefabricated bridge girders

NFEM in ATENA, including construction process
5 random variables

1 simulation takes approx. 24 hours

« activating of the pavement
« activating of the concrete among girders

application of self-weight

. application of load by
single six-axial truck

Recent Developments

Recent

USN-BUT

Polynomial Chaos Expansion
Complex stochastic models

Negligible comp. req. per simulation
- Statistical & sensitivity analysis
Higher number of simulations

Semi-probabilistic approach

—+ Mean =480
SD =29.3

3 \ PDF: Lognormal |

0.01 |

340

Probability density (-)

0.005

L ECov

£(x)
T
200 300 500

Simplified models
““"“Estimation of the first two statistical moments
Ry = Oan(pf) Assumptions on correlation and distribution

Negligible number of simulations

0

0 100 400

Luka¥ Novak 23 / 35
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Scientific Machine Learning

® Machine learning & Scientific Computations — SciML
® Foundations: Domain-aware, Interpretable, Robust

® Recent breakthrough: Physics-informed Neural Networks
(PINNSs) by Raissi et al. 2019 (7750 citations)

® Uncertainty quantification in SciML?

"WHITE BOX" GREY BOX
Small data Some data
Lots of .
physics Some physics
U
R Physics-informed
pc? USN-BUT Luk4g Novak
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PC?: Physically Constrained PC

® Orthonormal basis in PCE
® Analytical form (fast evaluation) — easy derivation
® Efficient for UQ (statistical and sensitivity analysis)
® Physical constraints
® Combination of data (X, M(X) = )) and equality constraints
® Boundary conditions: Dirichlet, Neumann, Mixed, etc.
® constrained by PDE/ODE in virtual samples (discrete)
e Efficient optimization?
® Karush—Kuhn—Tucker conditions & Lagrange multipliers
® Normal equations — constrained least squares

NOVAK, L., SHARMA, H., SHIELDS, M. Physics-Informed Polynomial Chaos Expansions. Journal of
Computational Physics 506, 2024
PC USN-BUT Lukas Novak 26 / 35
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Lagrange multipliers, KKT

® P unknown deterministic coefficients 3
N samples in experimental design W(X), )
® ngc boundary conditions B [W(Xp)].cp

® n, = P — ngc virtual samples £ [V(X,)],c,

min  [[W(X)8 - Y|*
S.t. B[\U(Xb)]ﬁ = Cp
LIV(Xy)]B = ey

a1

A 0 A c
| |
KKT matrix
pPC? USN-BUT Luk3s Novak 27 / 35
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Wave Equation

® Solution of the model M (X) 2070 ! Al IE
1.5-:~ ol os
0,t)=y(1,t) =0 $ N o
eDirichler Y0 8) =y(L. 1) ol * .
y(x,0) = sin (x) o N——
®
0518 L2 B os
[ . ° - [ ]
; 01% o Susiliginie o 0.
eNeumann M:O 00 1 S o 4 || 0
Ot 0.00 025 0.50 0.75 1.00
2 2
Virtual 0 y(>;, t) _ 48 y(X2, t) ®e standard LAR PCE
ot Ox ®eee PC? based on KKT (LAR)
The code is available here. — iterative algorithm
p € [12,14]
pPC? USN-BUT Lukad Novak 28 / 35
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Heat Equation with Random D

2
afg;, t) _ p%, xe[0,1], te[0,1], D~u[0.2,08]

£0,t) = f(1,t) =0,  f(x,0) = sin(rx)

® PC2 based on 90 Xpc and X, (nsjm = 0)

LHS o? PC? o2

[u]x,t]

= fux]

1.00
0.015 1072
0.75
0.50 1 0.010
107*
0.25 0.005
0.00 - ! ! ! . 1076
© 000 025 050 075 100 000 025 050 075 1.00 000 025 050 o 1.00
X X X
pc? USN-BUT Luka Novak
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Mean and Quantiles

Elulx, t]= 0 Elu]x,t] Elul|x, t]1+ 0 t

F1.0
r 0.5
| — 0.0

F1.0

r0.5

A F 0.0

0 025 050 075 100 000 025 050 075 100 0 0.2 0.50 0.7 .00
X

PC?

Original Model

X t
F1.0

le]

r 0.5

F 0.0

10~* 103 102 107!
USN-BUT Luk3s Novak
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Stochastic Euler Beam

o EI = const. = 1, KLE: g(x) = S, VAibi(w)fi(x)
® truncation: N € [1,2,..,5]
® PC? based on only Xg¢ and Xy (nsjm = 0)

q(x) =2, 0(w)$(x)

K. 74
A A
pC? USN-BUT Lukas Novak 31 /35
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PC? random realizations

X . *w *w o%w
Deflection w Bending Moment — Shear (zoom) —— Load —
Jx? 10 ax? 25 dx*
0.00 + 0.0 4
& —0.05 05 s —20 1 ~/\_
2
s
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k] 04
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PC2 UQ & Derivatives

2%w 2*w
Deflection w Bending Moment — Shear Force — Load —
dx2 ax3 X

Neig =1 .5 1 —20 4

10 B SESS
5 S

—5

—10 A

T T T T T T
0.0 0.5 1.0 0.0 0.5 1.0
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PC? is available in UQPy!

® available on the Python Package Index (PyPl) and Conda:
Quick Guide for Installation of Jupyterlab and Anaconda

® version control through git (requires Python 3):
https://github.com /SURGroup/UQpy

® Examples & Documentation:
https://uqpyproject.readthedocs.io/en/latest/

TSAPETIS, D.; SHIELDS, M.; GIOVANIS, D.; OLIVIER, A.; NOVAK, L.; CHAKROBORTY, P.; SHARMA, H.;
CHAUHAN, M.; KONTOLATI, K.; VANDANAPU, L.; LOUKREZIS, D.; GARDNER, M. UQpy v4.1: Uncertainty
quantification with Python. SoftwareX, 2023

PC USN-BUT Lukas Novak 34 /35

F17



Uncertainty Quantification
ECoV: Point Estimates

BRNO FACULTY OF CIVIL
UNIVERSITY ENGINEERING
(]G =1V[0]Ne]ep' @ institute of structural mechanics

Surrogate models for UQ
Recent Developments

Conclusions

UQ plays an important role in engineering

simplified point-estimates: ECoV methods

complex analysis: surrogate models (PCE)
PC2 for UQ of random and stochastic PDEs
PC? is available in UQPy!

Thank you for your
attention!

SHARMA, H., NOVAK, L., SHIELDS, M. Physics-constrained polynomial chaos expansion for scientific machine
learning and uncertainty quantification. arXiv, 2402.15115, 2024
pc? USN-BUT Luka Novak 35/ 35

F18



