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Executive Summary

This document presents the Green Concrete Pre-Cast Elements Design and Optimization
Methodology, developed as the project result TM04000013-V5 within the bilateral research
project CeSTaR-3, funded by the Technology Agency of the Czech Republic under the DELTA 2
Programme. The result provides a practical design and optimization framework for precast
concrete structural elements made of green concrete with a high replacement rate of Portland
cement by supplementary cementitious materials (SCMs).

The methodology addresses a key challenge associated with green concrete technologies: the
time-dependent development of mechanical properties and its interaction with
manufacturing, installation, and loading sequences typical for precast construction. While
green concrete enables significant reductions in CO, emissions, its slower strength development
requires a design approach that explicitly accounts for different construction stages rather than
relying solely on conservative early-age material assumptions.

The proposed methodology combines:

¢ experimentally validated material data obtained within the CeSTaR-3 project and
compiled in the experimental database of green concrete materials (project result
TM04000013-V6), and

e advanced nonlinear numerical simulation using the ATENA software environment
extended by the CeSTaR-3 Green Concrete Module (project result TM04000013-V2).

Based on these inputs, the methodology defines a structured design workflow for precast green-
concrete elements, including:

o selection of suitable concrete mixtures with respect to required performance at different
construction stages,

e evaluation of strength development and confinement effects,
e optimization of construction and installation sequences,

o verification of structural performance using nonlinear numerical simulation and
appropriate safety formats.

The document provides design principles, recommended procedures, and example
applications illustrating how the methodology can be applied in engineering practice. The focus
is placed on design optimization, enabling more efficient use of materials while maintaining
structural safety and reliability. The methodology is intended for structural engineers, designers
of precast systems, and researchers involved in the application of sustainable concrete
technologies.

By linking experimental research, numerical simulation, and practical design guidance, the Green
Concrete Pre-Cast Elements Design and Optimization Methodology supports the practical
adoption of low-carbon concrete technologies in precast construction. The result represents a
key applied outcome of the CeSTaR-3 project, contributing to more sustainable and resource-
efficient construction practices through informed design and optimization.



1 Introduction

The increasing demand for sustainable construction practices has led to the development and
application of green concrete technologies, in which a significant portion of Portland cement is
replaced by supplementary cementitious materials (SCMs). While such materials offer
substantial environmental benefits, their use introduces time-dependent material behaviour
that differs from conventional concrete, particularly with respect to early-age strength
development and stiffness evolution.

These effects are especially relevant in precast concrete construction, where structural
elements are manufactured, transported, assembled, and loaded in a sequence of well-defined
construction stages. Conventional design approaches typically rely on conservative assumptions
regarding early-age material properties, which may lead to inefficient use of materials, overly
restrictive construction schedules, or unnecessary safety margins when applied to green
concrete systems.

The CeSTaR-3 project addresses this challenge by integrating experimental research, advanced
numerical modelling, and design-oriented methodologies. Within this framework, the present
document introduces a Green Concrete Pre-Cast Elements Design and Optimization
Methodology (project result TM04000013-V5), intended to support informed design decisions
that explicitly account for the interaction between material strength development and
construction sequence.

The methodology builds on:

e experimentally validated material data for green concrete mixtures obtained within the
CeSTaR-3 project and compiled in the experimental database (TM04000013-V6), and

e nonlinear numerical simulation using the ATENA software environment extended by the
CeSTaR-3 Green Concrete Module (TM04000013-V2).

By combining these inputs, the methodology provides a structured design framework for
precast green-concrete elements, enabling:

e selection of appropriate concrete mixtures with respect to required performance at
different stages of construction,

e assessment of confinement and system effects typical for precast elements,
e optimization of manufacturing, installation, and loading sequences,
e verification of structural safety using nonlinear analysis and suitable safety formats.

This document is intended as a methodological guideline rather than a software manual or
experimental report. It focuses on design principles, recommended procedures, and decision
logic that can be applied in engineering practice. Detailed descriptions of experimental testing
and software implementation are provided in separate CeSTaR-3 project results and are
referenced where necessary.

The methodology is applicable to a broad class of precast reinforced and prestressed concrete
elements, particularly where time-dependent material behavior and staged construction play a
significant role. Its primary users are structural engineers, designers of precast systems, and
researchers involved in the development and application of sustainable concrete technologies.
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2 Technology of New-MRCS Systems

The technology of New-MRCS structural systems represents an advanced development of
conventional reinforced concrete and composite structural solutions, aimed at achieving higher
structural efficiency and reduced environmental impact. The system combines prefabricated
reinforced concrete columns with steel beams, while incorporating material and technological
innovations that enable a substantial reduction in CO, emissions compared to traditional
construction approaches.

The new-MRCS system is a green upgrade to the previous new-RCS technology developed in
Taiwan, which started in 2019. Thus, the new-MRCS project will use:

1. Optimized prefabricated construction with high-strength and green materials (New)
2. Multi-spiral Reinforced Concrete columns and Steel beams (MRCS)

3. Effective use of Supplementary Cementitious Materials (SCM) based on principles of
performance-based design.

A key component of the New-MRCS technology is the use of green concrete with a high
replacement rate of Portland cement by supplementary cementitious materials (SCMs).
Such concrete mixtures significantly reduce the carbon footprint of structural elements; however,
they exhibit time-dependent strength development that differs from conventional concrete.
This behavior has a direct influence on the design, manufacturing, and assembly of prefabricated
elements and therefore must be explicitly considered in the structural design process.

The New-MRCS system further exploits prefabrication-oriented construction principles, where
columns and other structural components are produced off-site and assembled on-site in a
staged construction sequence. This approach improves construction quality and productivity
while allowing flexibility in scheduling and load application. In particular, the ability to consider
later-age concrete strength (e.g. 56-day or 90-day strength instead of the standard 28-day
strength) enables the effective use of green concrete with slow strength development, without
compromising structural safety.

An additional technological innovation of the New-MRCS system is the application of multi-spiral
transverse reinforcement in concrete columns. Compared to conventional rectilinear ties,
multi-spiral reinforcement provides improved confinement of the concrete core, enhanced
ductility, and a more efficient use of reinforcement steel. This reinforcement layout is well suited
for prefabrication and automated production, contributing further to material savings and
environmental benefits.

The development and validation of the New-MRCS technology are based on a synergistic
combination of experimental research and numerical modelling. Experimental investigations
provide essential insight into the behavior of green concrete under different loading and
confinement conditions, while advanced numerical models enable the evaluation of structural
response at both element and system levels. These modelling tools support the assessment of
construction stages, load redistribution, and safety verification, which are critical aspects of
New-RCS system design.

Within the CeSTaR-3 project, the New-MRCS technology serves as a reference application
domain for the proposed design and optimization methodology. It demonstrates how green
concrete materials, innovative reinforcement concepts, and staged construction can be
integrated into a coherent structural system. The New-RCS system thus provides a practical
framework for applying the methodology presented in this document and illustrates its relevance
for modern, sustainable prefabricated construction.

Optimised Green Concrete Design Technology Guideline 5



2.1 New-MRCS System Description

The New-MRCS (New Multi-spiral Reinforced Concrete-Steel) system is a prefabricated hybrid
structural system combining reinforced concrete columns with steel beams, developed to
improve structural efficiency and reduce environmental impact. The system extends the
conventional MRCS/RCS concept by integrating green concrete with a high content of
supplementary cementitious materials (SCMs) and advanced reinforcement layouts suitable
for prefabricated construction.

A key characteristic of the New-MRCS system is the use of prefabricated concrete columns
manufactured with green concrete mixtures and assembled on site together with steel beams in
a staged construction process. This approach enables efficient production, flexible construction
sequencing, and controlled application of loads during erection.

Concrete columns in the New-MRCS system employ multi-spiral transverse reinforcement,
providing enhanced confinement of the concrete core, improved ductility, and a more efficient
use of reinforcement steel compared to conventional rectilinear ties. The multi-spiral
reinforcement layout is well suited for automated prefabrication and repeatable production.

The development of MRCS and subsequently New-MRCS structural systems builds on earlier
reinforced concrete-steel (RCS) concepts, which have been successfully applied in practice,
including real building projects constructed by industrial partners in Taiwan. Initial new-RCS
applications employed conventional rectilinear transverse reinforcement in concrete columns
and demonstrated the feasibility of prefabricated concrete columns combined with steel beams
in multi-storey buildings. Experience gained during the construction of these buildings, together
with close collaboration between researchers and industry, revealed the need for further research
focusing on structural behaviour under high axial loads and on improving material efficiency. This
led to the introduction of multi-spiral transverse reinforcement to enhance confinement and
ductility of concrete columns, as well as to the integration of green concrete with higher SCM
replacement (see Fig. 1). The New-MRCS system represents a continuation and green upgrade of
the earlier new-RCS concept, combining prefabrication, multi-spiral reinforcement, and
performance-based use of sustainable concrete materials.

RC Column

Flange
doubler

plate (FDP)

(a)

Fig. 1: a) Conventional through-beam type RCS joint; b) Conventional joint with rectilinear ties; c)
joint with realistic longitudinal reinforcement ratio; d) joint with five-spiral transverse
reinforcement; e) eccentric joint.
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2.2 Experimental Results for MRCS Connections

An extensive experimental program was carried out within the by the Taiwanese project partners,
providing the fundamental experimental background for the development of the New-MRCS
structural system. The experimental activities were designed to investigate the structural behavior
of key system components and materials relevant to MRCS and New-MRCS applications, with a
focus on conditions representative of practical building structures [33][34][35][46].

The experimental investigations addressed the behavior of reinforced concrete elements and
connections, including the influence of axial load level, confinement, reinforcement layout,
and material properties. Particular attention was devoted to structural configurations typical for
MRCS systems, such as concrete columns interacting with steel beams and connection regions
subjected to combined loading effects.

A substantial part of the experimental program was dedicated to the study of concrete with
increased replacement of Portland cement by supplementary cementitious materials
(SCMs). These tests provided essential information on the time-dependent development of
mechanical properties, which is a key characteristic of green concrete and a governing factor for
prefabricated construction and staged loading scenarios.

The results of the experimental program form the empirical basis for the design assumptions
and modelling approaches adopted in the New-MRCS methodology. Rather than being used
directly for design, the experimental data support the development of material models, validation
of numerical simulations, and formulation of performance-based design principles. Detailed
descriptions of the experimental setups, results, and interpretations are documented in project
reports and publications produced by the Taiwanese partners and are referenced where
appropriate.

4300

MATS

Unit : mm

Reaction
RC Column wall
Lateral brace

Steel beam
\3920
»
g2 h S
k=] ~
38 ®
Actuator Actuator to restrain
\ MATS floor

Strong floor

(@) (b)

Fig. 2: (a) View of the typical experimental setup, and (b) photo of the unique MATS experimental
machine used for the experiments [34].
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Fig. 3: Typical view of the damaged RCS specimens after the test [34].

2.3 ATENA Modelling

The experiments performed by Joju [32],[34] have been used for the validation of the numerical
model in ATENA software. ATENA model takes into account all important elements of the New-
MRCS connection (see Fig. 4). The model was developed using the new ATENA module developed
during CeSTaR-2 project [20]. This new module allows the parametric definition and cycling as
well as dynamic modelling of the these specialized pre-cast connections.

Fig. 4: Details of the numerical model in ATENA software developed using the new CeSTaR-3
module.

Basic Modelin (Setulf ir—— FEA Analysis Yes Tested Case
(geometry ¢ mesznsoi'zir::;te.;gte(]: - (eompars stiffnees, Acceptable Validated
materials, loads, g boundary conditions, g hys?e?esm curve, - Agreement? (rep'.aﬂ.: results,

: . ductility, achieved validity, use
defining outputs) loads, material force) No limitations)
parameters)
LN

Fig. 5: Schema of the workflow of the validation of the New-MRCS connection model.
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Fig. 6: Parametric generation and modelling of the New-MRCS connections [20].

The validation process as well as the new parametric and scripting options in the new ATENA
module are described in the software documentation [20] and the publication [42]. The validation
workflow is shown in Fig. 5. Very good agreement was obtained in modelling the cycling behavior
of the pre-cast connections as shown in Fig. 7.

Experimentvs. Simulation: 10% Axial Pre-load Experiment vs. Simulation: 50% Axial Pre-load

Column Shear Force [kN]
Column Shear Force [kN]

\

N

Experiment 50% axial pre-load

| ~—~ATENA simulation 50% axial pre-load
——Experiment 10% axial pre-load

o ~—ATENA simulation 10% axial pre-load -1700

Drift [%]

o 1 2 3 4 5
Drift [%]

Fig. 7: Comparison of the validated cycling responses of New-MRCS connections with different
levels of axial loads.

2.4 OOFEM Modelling

The finite element package OOFEM [40] is an open-source solver developed primarily at the
Faculty of Civil Engineering, Czech Technical University in Prague. One of its key advantages is an
extensive library of state-of-the-art material models for concrete, including both time-dependent
and highly nonlinear behavior typical of extreme loading conditions.

The most suitable material model for simulating short-term concrete response under various
stress states is the second generation of the Damage-Plastic Model for Concrete Failure, CDPM2
[28], developed and implemented by Grassl and coworkers. This model enables one to capture of
allimportant phenomena salient for confined concrete, i.e., the increase in strength and ductility
under multiaxial compressive stress states, while simultaneously capturing tensile cracking,
which is important when modeling concentrated loading such as in the case of New MSRC joints.

Although this material model is not inherently time-dependent, the time-dependence of evolving
material properties can be easily defined by modifying the material parameters of the constitutive
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model. Some of these parameters are directly associated with the fundamental properties of
concrete and/or concrete maturity via empirical expressions from design codes, such as the fib
Model Code 2020 [26].

The CDPM2 model is based on plasticity with isotropic hardening and non-associated flow,
combined with a scalar damage model where damage is driven by plastic flow and elastic strain.
The yield condition is formulated in the effective stress space and depends on all three stress
invariants. The yield function adopts the shape of the deviatoric section proposed by Willam and
Warnke and further extends the failure surface suggested by Menétrey and Willam.

The flow rule is derived from a plastic potential that depends only on the hydrostatic stress and
the second deviatoric invariant, which improves implementation efficiency and model
robustness. The model operates with effective stress, which is computed using the plastic part of
the model. Two independent scalar damage variables for tension and compression are used,
enabling the transition from effective to nominal stress.

To prevent mesh-dependent results, the model can be regularized by, for example, a nonlocal
approach; however, owing to the additional parameters involved in that technique and its high
computational demands, regularization is performed here by adjusting a parameter that controls
the evolution of tensile damage according to the element size—a method often referred to as the
crack-band approach of Bazant.

A crucial aspect of model calibration is prioritizing which phenomena are most critical for the
analysis of a specific structural detail: the increase in strength due to confinement or tensile
cracking. In structural joints, behavior under confinement is typically the governing factor. The
model is formulated such that the yield surface of the plastic component depends on both the
uniaxial tensile and compressive strengths. While this may seem like a subtle detail to the user, it
can have crucial consequences on the predicted behavior.

Experience indicates that even when the exact tensile strength is known from experimental data
or estimated from design codes (based on compressive strength), the most effective strategy is to
set the tensile strength to 10% of the compressive strength (f; = 0.1 f;). Although this value may
overestimate the actual tensile strength or appear physically unrealistic, it ensures the most
accurate response under multiaxial compressive stress states. Adhering to the actual (lower)
tensile strength often leads the model to significantly overestimate the confined response. The
difference between two approaches is illustrated in Fig. 8.

100 100
fc 58 MPa, ft 5.8 MPa o
= 8 = g0l fc48MPa, ft4.8MPa =
S S fc 38 MPa, ft 3.8 MPa  ©
o 60 L o 60 L fo28MPa, ft2.8 MPa
2 2
£ £
40 | 40 |
£ fc 58 MPa, ft 4.07 MPa =@ £
5 fc 48 MPa, ft 3.51 MPa = 5
@ 20 fc 38 MPa, ft 290 MPa © @ 20
fc 28 MPa, ft 2.21 MPa =
0 | 1 1 0 | 1 1
0 5 10 15 20 0 5 10 15 20
Active confinement [ MPa] Active confinement [ MPa]

Fig. 8: Increase in strength produced by active confinement as predicted by CDPM2 with ft
according to (left) fib MC 2010, (b) ft = 0.1 fc. FEM results marked by points are approximated by
simplified power expressions shown by lines.
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The remaining model parameters can be kept at their default values or identified through a more
complex approach using the [45] within the theoretical framework developed in [36].

Performance of the CDPM2 material model in FE solver OOFEM is demonstrated on two examples
shown in Fig. 9 and Fig. 10 adapted from an extensive study on applicability of CDPM2 to confined
concrete presented in [30]. In these examples, concrete was modeled with a single finite element
(and the stress-state was assumed to be homogeneous, Fig. 11)

0
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-20 -1
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40 5MPa ]
d:‘u
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5 -
A
-100 15 MPa
-120 20 MPa
-140 !

-50 40 -30 -20 -10 0 10 20 30 40 50
Strain [ X 10'3]

Volumetric strain [X 107]

30

20

10

-10

-20

uniaxial

-50

-40 -30 -20 -10 0
Axial strain [ X 10'3]

Fig. 9: Comparison of FEM simulation with compression tests on actively confined concrete
cylinders by Li [37], (left) axial stress versus axial and lateral strains, (right) dependence of the

volumetric strain on axial strain.
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Fig. 10: Comparison of FEM simulation with compression tests on passively confined concrete
cylinders by Harries [29], passive confinement imposed by (left) glass and (b) carbon wrapping.
Stronger black points in (right) denote the loading path common for all confined specimens.
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Fig. 11: Comparison of FEM simulations with bearing strength experimental results from the
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mitigate the excessive confinement-induced strength increase and minimize the discrepancy
between numerical and experimental results. The left figure corresponds to normal-strength

concrete (f. = 45.8 MPa), while the right figure corresponds to high-strength concrete (f. = 63.3

MPa).
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3 Concrete Material Properties

The material properties of concrete play a decisive role in the design and optimization
methodology presented in this document, particularly when green concrete with an increased
content of supplementary cementitious materials (SCMs) is used. Unlike conventional
concrete, green concrete typically exhibits a pronounced time-dependent development of
mechanical properties, which directly influences structural response during manufacturing,
transportation, erection, and early service stages.

Within the proposed methodology, concrete material properties are not treated as fixed values
corresponding to a single reference age, but as time-evolving parameters that reflect the actual
maturity and curing conditions of the material. This approach is essential for prefabricated and
staged construction systems, where structural elements are subjected to loading at different ages
and under varying boundary conditions.

The material characteristics considered include the development of compressive and tensile
strength, stiffness, fracture-related parameters, and confinement effects relevant for
reinforced and confined concrete elements. These properties form the basis for assessing
resistance at different construction stages and for evaluating utilization levels in the optimization
of construction sequences.

The definitions and assumptions adopted in this section provide the material input framework
for the numerical design and optimization procedures described in subsequent sections.
Detailed experimental characterization and calibration of material parameters are documented
separately in the experimental database developed within the CeSTaR-3 project, while this
section focuses on the methodological use of material properties in desigh and numerical
simulation.

3.1 Preparation

Preparation consists of designing the composition of the concrete mixture and determining the
degree of prestressing, which is given by the used rings (number, material, wall thickness,
placement). Next, it is necessary to determine the number and size of test specimens to be
produced. For one measurement (1 set: 1 mixture, 1 age) 6 cylindrical specimens are typically
required — 3 basic specimens (these specimens are used to determine the basic strength of the
produced concrete) and 3 specimens with reinforcement.

3.2 Production of specimens

There are two options for production of specimens with rings. The first option is when the outer
diameter of the ring corresponds to the inner diameter of the mold. In this case, plastic spacer
rings of the same diameter and thickness are placed between the individual rings and gradually
inserted directly into the mold.

The second option is more versatile, but slightly more demanding, as it requires a larger number
of unique parts (called inserts) that must be prepared and manufactured in advance (according
to the parameters of the rings). The individual parts are assembled together and the combination
with inserted rings, form a complete modular system, resulting in the creation of a "custom mold
within a standard mold". All parts can be manufactured using 3D printing, making it a modern and
cost-effective solution that does not require any special machinery. The main advantage of this
solution is its complete versatility in the choice of any ring dimensions and the associated
maintenance of the standard 2:1 ratio of diameter to height of the test specimen when using a
standard steel mold. A detailed description of the above is available in the Utility Model
Application Document, which includes a description of the technical solution and documentation
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(drawings) submitted to the Industrial Property Office of the Czech Republic - "Ufad
priimyslového vlastnictvi — UPV", which issued the registration certificate [45]. This certificate
proves our rights to the protected technical solution.

System of inserts
with Alu rings Steel mould 150/300 mm

Fig. 12: Demonstration of the principle of assembling individual parts (inserts) and aluminum
rings (left). The individual layers are made up of two parts with locks so that they can be
removed during demolding. The result is a "custom mold inserted into a standard mold" (right).

After removing the specimens from the mold (demolding), the plastic spacer rings (variant 1) or
individual parts of the modular system (variant 2) are removed. In both cases, the result is a test
specimen with rings onits body. To finish the specimen and achieve plane parallelism (parallelism
of opposite surfaces), its upper side is ground in a special device.

After production, the specimens are stored in a box with a water-saturated environment, not
directly in water, until testing.

3.3 Testing and measurement

If the non-contact optical method of digital image correlation is used, it is first necessary to apply
a random black-and-white structure, known as a speckle pattern, to the surface of the samples.
First, a matte white base coat is applied. Then, fine black dots are created (typically using a spray
in the case of concrete samples).

Next, it is necessary to adjust the optical system — the cameras (for cylindrical bodies, 3D
measurement using a stereoscopic system of two cameras is recommended) and lighting
(intensity)—so that there are no false reflections, which the software would evaluate incorrectly
or not evaluate at all. The final step is calibration—using a calibration plate, the parameters and
mutual position of the cameras in space are defined.

Optimised Green Concrete Design Technology Guideline 14
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Fig. 13: Concrete specimen strengthened by external reinforcement in the shape of rings.
Principle setup scheme of the measurement of deformation (left) and specimen with attached
extensometers and also with sprayed pattern for DIC after completion of the compressive test
(right).

Before the actual testing, the specimen is measured —weight, diameter, height, and in the case of
specimens with rings, also the height of the individual rings and their placement on the body. This
is followed by the insertion and positioning of the test specimen into the hydraulic press. In the
case of deformation measurements using extensometers (if the testing machine is equipped with
them), they are attached using springs at this moment.

3.4 Data processing

The basic measured data includes time, force, and position of the hydraulic cylinder or crossbar
(depending on the design of the loading machine), or extensometers. The recording of this data is
controlled by the machine's control unit and is almost always available in csv or another text
format. In the case of DIC measurement, the situation is much more complicated. At the
beginning, a reference image of the body in an unloaded state is taken. Cameras scanning the
surface at defined intervals throughout the test create a series of images. To obtain data from
these images, digital processing (correlation) is necessary. The software divides the reference
image into small square areas called facets (subsets). The algorithm searches for these specific
facets in each image (of the deforming body) based on the mathematical correspondence of gray-
scale values. The result is the calculation of a displacement vector for each facet. From the
displacement of the facets, the software calculates the field of deformations or displacements.
The results are visualized in the form of color maps directly on the 3D model of the body.

However, itis important to note that this post-processing and analysis is very time-consuming, as
it is performed for each recorded image. This can involve a very large number and volume of
images. It is usually a repetitive process, because for successful analysis it is first necessary to
find the ideal settings for many parameters—facet size, mesh overlap, but often also manual
searching, adding or removing starting points, which must be in the same logical place on each
camera image (despite their different views). This is where automatic detection in 3D imaging
often fails, and it is necessary to check the entire series of images. A serious complication is the
loss of parts of the pattern, typically due to damage to the object or its parts, which makes it
impossible to perform the calculation.
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Fig. 14: Processing of measurements using DIC, where the result of data post-processing is
visualized (e.g., field of deformations) on the body of the test specimen. Line 1 and Line 2
represent a virtual strain gauge located on the middle aluminum rings, Line 3 replaces the
extensometer in the axis of uniaxial loading.

When performed correctly, DIC post-processing offers a wide range of possibilities for obtaining
various data at any location on the body. Classic tasks include tracking the trajectory of points or
user-defined virtual strain gauges. In our case, for example, placed on individual rings (i.e., in the
transverse direction) or replacing contact extensometers (i.e., in the direction of uniaxial loading).
Data can be exported as videos, images, and, of course, as numerical data for further use, e.g.,
for comparison with numerical models.

3.5 Effect of concrete specimens with confinement

With increasing age of the test specimens, an increase in strength can be expected, both in the
case of basic specimens and in the case of specimens with confinement. The loading rate of the
cylinders is the same in both cases.

Depending on the quality of the concrete mix, the measurement of the post-tensioning properties
of clamped specimens depends on the relationship between the compressive strength of the
concrete and the tensile strength of the clamping material. For example, lower-quality concrete
will cause less brittle behavior in the post-tensioning phase of testing and vice versa.
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4 Design by Numerical Simulation

Design by numerical simulation forms a central component of the proposed methodology for
New-MRCS structures incorporating green concrete with increased SCM content. The
purpose of numerical simulation within this methodology is not to replace standard design
procedures, but to support informed design and optimization decisions in situations where
time-dependent material behavior and staged construction significantly influence structural
response.

The use of green concrete in prefabricated MRCS systems introduces design challenges related
to nonlinear behavior, confinement effects, and the evolution of material properties over
time. These aspects cannot be adequately addressed using simplified linear models or design
checks based solely on a single reference age of concrete. Numerical simulation therefore,
provides a rational framework for evaluating structural response during different construction and
loading stages and for verifying the suitability of selected materials and construction sequences.

Within the proposed methodology, numerical simulation is applied in a structured and targeted
manner, focusing on critical structural elements, connection regions, and construction phases.
The simulation results are used to assess stress development, utilization levels, and damage
indicators, and to guide the selection and optimization of concrete materials and construction
procedures. The modelling approach is based on nonlinear finite element analysis and is
consistent with performance-based design principles.

The detailed modelling assumptions, material representations, and safety formats adopted for
design by numerical simulation are described in the following subsections. Together, they provide
a practical and transparent framework for applying numerical simulation as a design and
optimization tool within the New-MRCS methodology.

4.1 Nonlinear Modelling

The original publications on the finite element method, which is the main method used for
nonlinear simulation, are due to J. Argyris (1954), M.J. Turner and R.W.Clough (1956), and O.C.
Zienkiewicz (1967). It became the most significant tool for structural analysis and a basis of
computer codes for solutions of engineering problems. A displacement-based version of the finite
element method is the most popular version for the engineering applications and is used in this
report.

The exact solution of the continuum problem is approximated by a solution of the set of linear
equations for discrete number of nodal displacements. This discretization is illustrated in Fig. 15,
where three solution levels are recognized, namely structure (describing the engineering task to
be solved), finite element (defining an approximation by the finite element mesh), and material
(defining a non-linear behavior). A nonlinear response (due to material behavior or geometry) is
solved by an iterative Newton-Raphson method. The solution is illustrated in Fig. 15 and is
described by the following set of matrix equations:

Kni AUp; = By — Ry (1)
Kn,i = 2511 kj: Rn,i = Z;nzlrj ’ Un+1,i = Un,i + AUn,i (2)

In this: K; — stiffness matrix of the structure at the load step n and iteration i, AU; — vector of
displacement increments, U, ; — vector of total displacements of the structure in step n and
iteration i, B, — vector of total nodal forces at the load step n, R, ; — vector of resisting nodal forces,
kj - element stiffness matrix, r; — vector of resisting element nodal forces. The number of rows in
the matrix Equation (1) corresponds to the number of nodal displacements in the structure. Eq.
(2) represents the assembly of the global stiffness matrix, nodal forces and nodal displacements

as a summation from local element entities, where m is the number of finite elements. It should
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be noted that that the above formulation is schematic and does not indicate the detail structure
of the matrices due to the displacement boundary conditions and corresponding reactions.
non-linear solution
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Fig. 15: Basic idea of the finite element method showing the discretization of the structure in
finite elements, the evaluation of stresses at individual integration points, and the incremental
solution predictor-corrector solution.

The non-linear response is solved in increments. In a load step, a displacement increment AU, ;
due to the load increment AP, is estimated by the predictor, marked as point 1. It estimates the
response based on the element stiffness matrix k, which is defined in the matrix format as follows:

e=Bu,a=Ds,k=fv BTD B dv (3)

where € — element strains, o — element stresses, B — strain-displacement matrix for given finite
element formulation, u — element nodal displacements, £ — element stiffness matrix. The
Integration is performed over the volume of the finite element. The matrix B can also include high
order terms and reflect the geometrical non-linearity. Matrix D is based on the linear elastic theory
(with two parameters, elastic modulus and Poison’s ratio). It is based on a tangent elastic
modulus, but alternative methods are available based on other values. Eq.(3) follows form the
theorem of minimum of total potential energy and more detailed derivation can be found, for
example, in Zienkiewicz (1967).

Due to the linear approximation the solution obtained by the predictor differs from a nonlinear
response. Therefore, a correct resistance is found by the corrector as follows:

o=F(o,e), r=[ Blodv (4)

In this F(o,¢&) - constitutive law, and r — vector of resisting nodal forces consistent with the
constitutive law. The constitutive law is a function of stress and strain and typically include
additional parameters. In this presentation two laws, based on the theories of plasticity and
fracture are described.

In case of a unique solution the difference P, — R, ; wannish and the iterative solution converges
to a nonlinear response. The process can be refined by adopting methods to improve the iteration
stability, such as the methods of line-search and arc-length.

4.2 Concrete Material Model with Time Dependent Properties

The essential part of the nonlinear finite element analysis are material models that can
realistically describe the behavior of brittle cementitious material such as concrete. In the field of
material science, this is mostly represented by a stress-strain constitutive relationship. The
material model should respect the physics principles and in the case of brittle materials should
properly consider the energy dissipated during the damage processes and volumetric dilation
during concrete crushing. In order to simulate the behavior of “Green Concrete” with SCM
replacement, which exhibits slower development of concrete strength, the concrete model
should support the time dependent evolution of the key material parameters.
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ATENA software package implements the fracture-plastic model proposed by Cervenka J. et al.
[10],[11],[17]. It divides the nonlinear material response into tension and compression.
o,
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w;

() (b) @

Fig. 16. Crack opening law that controls the softening response in tension (a) and 3D plasticity
criterion for concrete crushing

The tensile post-peak response is characterized by an orthotropic smeared crack model with a
softening curve controlled by the fracture energy that is dissipated during the crack propagation
as shown in Fig. 16. Rather than explicitly tracking each individual crack, the smeared crack
approach adds the response of multiple cracks within a single element and adequately modifies
the strength and energy dissipation of the element. The cracking model is orthotropic and allows
the formation of up to three cracks in the three principal material directions.

It has been observed that the smeared crack models suffer certain mesh dependency. For
instance, if large elements in order of hundreds of millimeters or even meters are used in the
model, the assumption that a single crack develops in a principal tension direction is no longer
valid. Several cracks parallel crack my localize in the case of a reinforced concrete sample.
Therefore, the total fracture energy available for dissipation is underestimated in the simulation
thus reducing the peak load and incorrectly increasing the brittleness of the response. This can
be adjusted by an additional material parameter specifying the crack spacing Fig. 16. Analogically,
if a very small mesh is used, the number of cracks may be overestimated. The minimum crack
spacing would be limited by the internal material length scale depending on the aggregate size
[13]. By imposing a limit on minimum crack spacing, it can be ensured that the crack will localize
in a physically plausible distance range.
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Fig. 17: Hardening/softening diagrams for the plasticity model for concrete in compression.

The compression branch is described by the plasticity approach with the Menetrey & Willam
failure criterion [38] shown in Fig. 17. The figure shows the hardening elliptical curve after
exceeding the stress level corresponding to the onset of crushing f., and linear softening after
reaching the compressive strength. The material model incorporates a yield surface (Fig. 16) and
non-associated flow rule to capture the plastic strain evolution during the concrete crushing.
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When nonlinear material laws are introduced into the FEM, the set of equations to be solved
becomes nonlinear. Therefore, a suitable solver technique is necessary to find the equilibrium
between the nodal displacement and material response. Most commonly, these methods are
derived from the well-known Newton-Raphson method. The iterative solution runs until the
residual error decreases below the prescribed convergence criteria. Only the results, where the
convergence of the solution was reached, should be used for structural analysis. The loss of
convergence is sometimes an indicator that the ultimate load-bearing capacity was exceeded;
however, the results should be always carefully inspected to determine the actual cause of the
divergence.

Once the convergence at a given load step is obtained, the next load step is calculated based on
the previously calculated state. Unlike in the linear (i.e., elastic) solution, the superposition
principle is not valid, meaning that the structural response under multiple loadings cannot be
found by simple addition. Therefore, the loading history plays an important role in the simulation
and should resemble the actual loading scenario.

Most engineering applications are formulated as load-prescribed tasks since the design
standards generally specify the external loads. For this purpose, the arc-length method [17] is
more suitable as it scales the load vector based on the displacement increment. Thus, the applied
load is automatically scaled down when the maximum load-carrying capacity is reached. The arc-
length method allows tracing the structural response when the ultimate load-carrying capacity is
reached into the post-peak behavior.

In the proposed methodology, the mechanical behavior of concrete is described by a constitutive
law in which material parameters evolve in time to reflect the development of material
properties during curing and ageing. In a general form, the constitutive relationship can be
expressed as

o(t) = F(&(t), &(t), a(t), p(t)) (5)

where

a(t)is the stress tensor,

&(t)is the strain tensor,

&(t)is the strain rate,

a(t)denotes a set of internal state variables (e.g. damage, plastic strains), and
p(t)represents a vector of time-dependent material parameters.

The time dependence of material parameters is introduced through explicit functions of time or
material maturity, such that

p() =pog(®)

or, more generally,

p(®) =p(6(1))

where podenotes reference material parameters and O(t)represents a maturity or ageing
measure describing the evolution of material properties. Typical time-dependent parameters
include elastic modulus, tensile and compressive strength, fracture energy, and hardening or
softening parameters.

For practical applications, the evolution of material properties is commonly described by
material maturity curves or directly by providing empirical evolution functions for material
parameters calibrated from experimental data. These functions allow the constitutive response
at any time tto be evaluated consistently with the current state of material development.
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Within nonlinear analysis, the constitutive modelis evaluated incrementally in time, with material
parameters updated at each analysis step according to the prescribed evolution laws. This
formulation enables the simulation of construction stages, delayed strength development,
and interaction between material ageing and structural loading, which are essential aspects
of the design and optimization of structures made of green concrete.

4.3 Safety Formats for Design by Numerical Simulation

For the application of nonlinear FE analysis in engineering practice, an appropriate safety
framework needs to be available. The standard assessment formula specifies that the design
structural resistance Ry must be greater than the effect of design loads Eq. Therefore:

REE
Eq <Rq=— (6)
YRd
The fib Model Code [25] defines three kinds of nonlinear methods for obtaining the design
structural resistance. These are the full probabilistic, global resistance, and partial factor
methods (PFM).

The method closest to the traditional approach in cross-sectional design is the PFM. It specifies
that the material parameters used in the nonlinear analysis are derived from the design values of
the concrete compressive strength for concrete and reinforcement design yield strength or
rapture strain. During the nonlinear simulation, the design load combination is gradually
increased until the maximum load-bearing capacity R4 tis found. The maximum load value gives
the global resistance R4, which should be further reduced by the model uncertainty partial safety
factor yrq to obtain the structural design resistance.

Another semi probabilistic global resistance approach is the estimate of the coefficient of
variation (ECoV) originally proposed by Cervenka V. [15][16]. It assumes that the design structural
resistance follows the lognormal distribution, which can be characterized by the characteristic R
and mean structural Rn, resistances. From these, the coefficient of variation Vg can be estimated
as:

Vo= —— In(32) (7)

1.65 Rk

and the global resistance factor yr is calculated using the assumption of lognormal distribution:

Yr = exp(ag f Vr) (8)

where or is the sensitivity factor for resistance in MC 2010 [25] and EC2 [24] with a recommended
value of 0.8 for a 50-year reference period. [} is the target value for the reliability index typically 3.8
in MC 2010 and EC2 for a 50-year reference period. The design structural resistance according to
the ECoV method is calculated:

Rm

Ry Ecov = — 9)

The fib Model Code [25] also lists the full probabilistic method; however, this method will be quite demanding
for typical engineering applications as it often requires hundreds of nonlinear analyses.

4.3.1 Model Uncertainties and Safety Factors

Model uncertainty is generally described as the ratio of the resistance found experimentally Rex
and the resistance obtained in the simulation Rgjm:

g = Rew (10)

Rsim
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It can be considered as a random variable that can be obtained by statistical evaluation of
simulation results of various experiments. Assuming the lognormal distribution of the evaluated
dataset, the safety factor for model uncertainty yrqs can be calculated as:

exp(ar-B-Vo) (11)

Yrd = Lo

where pp is the mean value of the model uncertainty and Vjp is the coefficient of variation from the
model uncertainty calculation. For the sensitivity factor for the reliability of resistance ag and the
reliability index B, values of 0.8 and 3.8 can be again taken from [23][25].

The model partial safety factor is specific to a given software package or material model.
Furthermore, it may be dependent on the failure mode, i.e. bending, shear, or compression. For
the ATENA software package [17] with the fracture-plastic material model [10][11], the model
uncertainty is evaluated by a statistical analysis in the publication [16] for 33 typical cases of
reinforced concrete structural elements with failure modes ranging from bending, shear and
punching failure mechanisms.

Tab. 1: Recommended model uncertainty partial factor for ATENA software [16].

Failure mode He Vo YRd
Bending mode 1.072 0.052 1.01
Shear failure 0.984 0.067 1.13
Punching failure 0.971 0.076 1.16
All modes 0.979 0.081 1.16

Similar model uncertainty studies have been performed for other models and finite element
software codes by other researchers such as for instance Engen [22], Castaldo [4][5] and Gino
[27]. The obtained uncertainty factors were mostly in the range 1.02 — 1.19 except for the study [5],
which included also cyclic load cases, and the model uncertainty factor 1.35 was obtained.

4.4 Modelling and Design of Optimized Construction Sequence for Green
Concrete Materials

The general approach for the optimization of construction sequence and the selection of suitable
concrete type can be summarized into the following steps:

Step 1: Estimation of time history of stress and internal forces development in the critical
sections and concrete elements.

For each critical section/element, determine the time-dependent design action effect (stress
resultant or stress measure) generated by the staged construction sequence s:

E;(t;s) = E(F4(¢t;8),BC(t;8)),04(t;s) = S(E4(t;8)) (12)

where F;(t; s)represents the time-dependent design actions (self-weight, handling/erection
loads, temporary supports, prestressing, imposed loads, etc.) in the relevant combinations and
BC(t; s)denotes stage-dependent boundary conditions.

Step 2: Map stress history development into the green concrete database of material
maturity curves.

Using the material database for mixture m, introduce the maturity (or equivalent age) function
0(t) and evaluate time-dependent material properties:
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fc,m(t) = fc,m(@(t))'ft,m(t) = ft,m (G(t))'Em(t) = Em(G(t)) (13)
These functions provide the age-dependent resistance basis for all critical construction stages.
Step 3: Select suitable material and optimize the construction sequence.

Formulate the construction-stage verification in the standard “actions vs. resistance” format
required for all critical times/stages t € T :

Eq(t;s) < Rg(t;m) & n(t;s,m) = % < 1Vt € To (14)

with age-dependent design resistance defined using partial factors (Eurocode/fib concept):
Ry(t;m) = @ Ri(t;m) derived from fopm(6), fom(®), Em(®)  (15)
M
The “optimized” pair (ms) is then selected as a feasible solution satisfying n(t) < 1 while
meeting the chosen project objective (e.g. minimum CO,, cost, or construction duration).

Step 4: Verify the selected material and construction sequence by nhumerical simulation in
ATENA-Green Concrete Module.

Perform staged nonlinear numerical simulation with step-wise updates of actions, boundary
conditions, and material parameters:

s = Fy(©),BC(); m = p(t) = {fom(®), fem(®), Em (D), ...}

and verify that the governing criteria remain satisfied in all relevant stages (e.g. limit-state checks
expressed by n(t) <1, cracking/damage indicators, and serviceability measures), thereby
confirming the adequacy of the selected mixture and construction schedule.
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S5 Example of Application

This section presents a representative example of application of the proposed Green Concrete
Design and Optimization Methodology to a selected New-MRCS structural system. The purpose
of the example is to illustrate the practical use of the methodology and to demonstrate how the
individual steps described in the previous sections can be combined into a coherent design and
decision-making process.

The example follows the four-step procedure based on numerical simulation, including
estimation of stress development during the construction sequence, consideration of time-
dependent material properties, selection and optimisation of concrete material and construction
stages, and final numerical verification. The example is not intended to cover all possible design
scenarios, but rather to highlight typical modelling assumptions, critical decisions, and
interpretation of results relevant for engineering practice.

By documenting the workflow and key outcomes, the example serves as a practical guide for
applying the methodology and illustrates its applicability to prefabricated systems incorporating
green concrete with increased SCM content.

5.1 Example of Column-Beam Connection Modelling and Design

This example illustrates the application of the ATENA Module for Green Concrete Modelling and
Design to the nonlinear analysis and design verification of a reinforced concrete column-
beam connection. The example represents a typical structural detail encountered in building
structures and demonstrates the practical use of the software developed for engineering
assessment and design-oriented evaluation.

The analyzed detail (see Fig. 18) represents a typical composite steel-concrete connection with
multi-spiral reinforcement, as investigated in this project and developed by the Taiwanese
partners. Such a connection has also been extensively modelled and tested during this project.
The strength of the detail as well as its behavior during cycling loading has been extensively
studied and validated by other workpackages and developed software tools. Namely the project
software outcome V1 [20] and paper [42] describes this aspect of the project in more detail. The
model of the analyzed column-beam connection design can be parametrically generated using
the other developed ATENA module for MRCS parametric modelling and design [20].
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Fig. 18: The detail of the steel-concrete MRCS connection used as an example for Green
Concrete modelling and simulation.
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The analyzed column-beam connection is modelled using a three-dimensional nonlinear finite
element representation, including concrete, reinforcement, and bond interaction. The behavior
of concrete is described using the fracture—plastic constitutive model implemented in ATENA and
extended within the CeSTaR-3 project to account for green concrete with supplementary
cementitious materials (SCMs). Material parameters may be derived from experimentally
validated data, including values available in the experimental database TM04000013-V6,
ensuring consistency between experimental observations and numerical modelling.

The numerical model captures the key mechanisms governing the response of the connection,
including:

e cracking and crushing of concrete in the joint region,

e nonlinear behavior of longitudinal and transverse reinforcement,

e stress redistribution between the beam and column under increasing load,
e interaction between bending, shear, and axial forces.

This example confirms that the ATENA Module for Green Concrete Modelling and Design can be
effectively used for modelling, analysis, and design-oriented assessment of structural
connections, which are critical components of reinforced concrete structures. The
demonstrated workflow highlights the applicability of the software for practical engineering tasks

involving green concrete materials, bridging experimental research results and everyday design
practice.

In this example, the detail of the connection is modelled as being part of a bigger structure, and
being located at the 22th floor of the analyzed building, i.e. 4™ level from the top (see Fig. 19).

This example problem will model the connection detail. The numerical model is shown in Fig. 20.
The loads on this connection detail will be gradually applied to simulate the loads coming from
the top floors, and they will simulate the gradual building construction. The application of loads
is slightly simplified such that the focus is placed on the development of the material strength in
relation to the gradual increase of loads rather than on the complexity of the real life construction
process and the required design verifications. In this example scenario, the following load history
is assumed as listed in Tab. 2.
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Fig. 19: View of the whole building and the typical steel-concrete MRCS connection detail.
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Fig. 20: View of the column-beam connection model in the software window.
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Fig. 21: Reinforcement stress-strain diagram used in the MRCS example.
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Fig. 22: Steel member material properties used in the MRCS connection example.
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Tab. 2: Loading history applied in column-beam example problem

Int. Name # Steps | Duration |Description
[days]

1 Detail dead load 1 5 IApplication of dead load from level | construction.

2 Beam load 5 5 IApplication of loads on steel beams from level | construction

3 Level Il construction 1 10 Construction of Level ll

4 Formwork removal 5 1 Increase of top column loads due to level Il construction
2.88MN.

5 Level Il construction 1 10 Construction of Level lll

6 Formwork removal 5 1 Increase of top column loads due to level Il construction
2.88MN.

7 Level IV construction 1 10 Construction of Level IV

8 Formwork removal 5 1 Increase of top column loads due to level IV construction
2.88MN.

9 IAdd. construction 5 90 Gradual increase of column forces by 0.72 MN due to additional
construction
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Fig. 23: Load application on the MRCS detail to simulate the loading from the rest of the
structure.
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Fig. 24: The evolution of total reaction at the bottom of the column-beam MRCS detail
simulating the gradual application of loads simulating the construction process.

The general approach for the optimization of construction sequence and the selection of suitable
concrete type can be summarized into the following steps:

Step 1: Estimation of time history of stress development in the critical concrete elements.

Step 2: Map stress history development into the green concrete database of material
maturity curves.

Step 3: Select suitable material and optimize the construction sequence.

Step 4: Verify the selected material and construction sequence by nhumerical simulation in
ATENA-Green Concrete Module.

The proposed methodology [9] can be applied to the proposed example problem of a single
column-beam MRCS connection detail as shown in Fig. 19 and Fig. 20. The application of the
presented approach is described in the following subsections.

5.1.1 Step 1: Estimation of time history of stress development in the critical concrete
elements.

The proposed loading history from Tab. 2 is applied to the MRCS connection detail that has been
previously generated and validated using the project result V1 [20]. The numerical modelis shown
in Fig. 23. The average stresses in the connection are monitored and plotted in Fig. 25. The figure
shows the vertical average stress development in time and is compared with the maturity curves
of selected Green Concrete types from the database. The maturity curves of the green materials
show the development of concrete design strength in time. The design concrete strength is
determined from the material maturity curves by applying the appropriate material partial safety
factors as described in the Green Concrete Modelling and Design Methodology developed in the
project result V5 [9].

5.1.2  Step 2: Map stress history development into the green concrete database of material
maturity curves.

From Fig. 25, it can be concluded that material labeled as PFA50 or GGBS50 are possible
candidates to be used for the connection detail construction. The other possible candidate would
be also the material labeled as LC15. However, the overall strength of this material might not be
sufficient for subsequent live or extreme loads. The verification of live or extreme loads is not the
subject of this study, which mainly focuses on the verification and optimization of the
construction process and the selection of suitable material. The verification of all other required
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design load combinations is an essential part of the design process and may be decisive for the
selection of the most suitable concrete material. In these cases, however, only the final long term
concrete material strength is important, and it is therefore out of scope of this project focus.
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Fig. 25: Stress development in the concrete parts compared with the strength development of
various Green Concrete types.
5.1.3 Step 3: Select suitable material and optimize the construction sequence.

Based on the Step 2, it was decided to choose the materials labeled as PFA30 or GGBS50 to be
considered in the proposed design.
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Fig. 26: Concrete stress and utilization evolution for the material PFA30

The figure shows that in terms of stress evolution the material PFA30 will closely satisfy the
required stress evolution, however when the utilization factor is evaluated taking into account the
required model uncertainty factor. According to the previous study [16] and the methodology [9]
the smallest required model uncertainty factor y,,= 1.01 can be used. The utilization factor in

this case becomes slightly over 100%, so this material is not applicable unless the construction
sequence is optimized.
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This is documented on the following Fig. 27 where the average concrete stress and utilization
levels are displayed for the case when the construction sequence is optimized (see Tab. 3).
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Fig. 27: Concrete stress and utilization evolution for the material PFA30 with optimized
construction sequence.

Tab. 3: Optimized loading history applied in column-beam example for material PFA30

Int. Name # Steps | Duration |Description
[days]

1 Detail dead load 1 5 IApplication of dead load from level | construction.

2 Beam load 5 5 IApplication of loads on steel beams from level | construction

3 Level Il construction 1 10 Construction of Level ll

4 Formwork removal 5 1 Increase of top column loads due to level Il construction
2.88MN.

5 Level Il construction 1 10 Construction of Level lll

6 Formwork removal 5 1 Increase of top column loads due to level Ill construction
2.88MN.

7 Level IV construction 1 10 Construction of Level IV

8 Formwork removal 5 1 Increase of top column loads due to level IV construction
2.88MN.

9 IAdd. construction 5 90 Gradual increase of column forces by 0.72 MN due to additional|
construction

The other possibility would be to use the material labeled as GGBS50. The results for this case
using the original loading history Tab. 2 is shown in Fig. 28.
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Fig. 28: Concrete stress and utilization evolution for the material GGBS50 with the original
construction sequence.

5.1.4 Step 4: Verify the selected material and construction sequence by numerical simulation
in ATENA-Green Concrete Module.

In this case, it can be decided to use the material GGBS50 since it shows reasonable concrete
utilization levels. It is interesting to note that even though the average stress level in the
connection is increasing in time as shown in Fig. 28 in times from 50 — 150 days, the overall
utilization level is decreasing. This is due to the fact that the green concrete material is slowly
maturing while stresses are still slightly increasing due to the continuing construction.

The final checks of the structural behavior at the early stages should involve checking the level of
concrete stresses (see Fig. 31). It should be noted that higher stress than the current concrete
strength can be observed due to stress localization namely in the sharp corner between concrete
and steel elements. However, the concrete should not reach the crushing state, which in ATENA
software can be documented by the softening flag in the Yield/Crush Info — Softening flag as
shown in Fig. 30.

Anotherimportant quantity to check is the cracking in concrete during the construction. The crack
widths should be limited to micro-cracks that are barely visible. Crack widths and cracking
pattern for the selected material GGBS50 are shown in Fig. 31. It demonstrates that the crack
widths are below 0.03 mm. The visibility crack limit is 0.05 mm and the typical crack limit in
concrete design is 0.3 mm. It is clear that the concrete cracking is satisfying both these limits.

The other quantities that should be checked are stresses in the steel members of the MRCS
connection as well as the stresses in the reinforcement. In this case, they are clearly below the
yielding strength of the steel 6, = 200 MPa and fs, = 500 MPa for reinforcement.
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Fig. 30: Yield/Crush Info — Softening glag equal to 1 would indicate concrete crushing.
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Fig. 31: Time evolution of concrete cracking in the MRCS connection during the construction
process.
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Fig. 32: Evolution of steel stresses in the MRCS connection for the material GGBS50.
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Fig. 33: Evolution of reinforcement stress in the MRCS connection for the material GGBS50.

5.2 Example of Composite Frame Modelling and Design

The next example uses the same MRCS connection detail, but this time it demonstrates and
validates its application in a larger example, where the MRCS connections are part of a small
composite steel concrete frame, which represents a selected part of the typical pilot building as
shown in Fig. 19. The numerical model is shown in Fig. 34. It involves a MRCS connection detail
as described in Section 5.1. The frame model consists of two levels with the floor height of 4.3 m
and span between columns of 9.82 min y direction and 10 min x direction.
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Fig. 34: Model of a small frame using MRCS connections in ATENA software with Green-
Concrete construction process module.
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Fig. 35: Detailed reinforcement model at each MRCS connection.

Fig. 36: Finite element model for the frame segment.
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Tab. 4: Loading history applied in the frame segment example problem

Int. Name # Steps Duration Description
[days]

1 Level | - Construction 1 7 Application of part of dead load for level |

construction.

2 Level |- DL application, 5 1 Application of remaining dead loads for level |
temporary supports construction
removed

3 Level Il - Construction 5 7 Applications of Level Il construction loads to Level .

4 Level Il - DL application, 5 1 Application of remaining dead loads for level Il
temporary supports construction, load activation to Level - Il elements.
removed

5 Level Il - Construction 5 7 Applications of Level Il construction loads to Level

I+11.

6 Level lll - DL application, 5 1 Application of remaining dead loads for level llI
temporary supports construction, load activation to Level - Il elements.
removed

7 Additional construction 5 100 Remaining construction loads

Il-a

[

II-b

Fig. 37: Location and labeling of critical sections to be evaluated during the construction
sequence and Green Concrete material optimization.

The general approach for the optimization of construction sequence and the selection of suitable
concrete type according to the methodology [9] can be summarized into the following steps:

Step 1: Estimation of time history of stress development in the critical concrete elements.

Step 2: Map stress history development into the green concrete database of material
maturity curves.

Step 3: Select suitable material and optimize the construction sequence.

Step 4: Verify the selected material and construction sequence by numerical simulation in
ATENA-Green Concrete Module.
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5.2.1 Step 1: Estimation of time history of stress development in the critical concrete
elements.

The proposed loading history from Tab. 4 is applied to the frame segment with MRCS connections
following the methodology [9] proposed in CeSTaR-3 project. The used numerical modelis shown
in Fig. 36.

In this case, two new features of the new ATENA - CeSTaR-3 Green Concrete module will be
utilized:

- Modelling and simulation of material maturing and time development of material
parameters.

- Modelling of construction process, i.e. gradual activation of various parts of the numerical
model and their corresponding loads.

5.2.2  Step 2: Map stress history development into the green concrete database of material
maturity curves.

The average stresses in the investigated connections are monitored and plotted in Fig. 38. The
figure shows the vertical average stress development at each connection depending on the age of
each element and is compared with the maturity curves of selected Green Concrete types from
the database.

The maturity curves of the green materials show the development of concrete design strength in
time. The design concrete strength is determined from the material maturity curves by applying
the appropriate material partial safety factors as described in the Green Concrete Modelling and
Design Methodology developed in the project result V5 [9].
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Fig. 38: Stress development in the concrete parts compared with the strength development of
various Green Concrete types. The dashed lines show the average concrete stress development
in the investigated MRCS connections (l-a to ll-b, see Fig. 37). Horizontal axis is time in days
from the beginning of each level construction.
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5.2.3 Step 3: Select suitable material and optimize the construction sequence.

Based on the Step 2 and, itis possible to select suitable candidates for Green Concrete material.

It is decided to choose the materials labeled as PFA30 or GGBS30 to be considered in the
proposed design.

Fig. 39 shows the evolution of concrete stresses at each connection labeled la to Ilb (see Fig. 37)
based on the age of each element.
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Fig. 39: Concrete stress evolution according to age at each connection detail for the material
GGBS30.

The concrete utilization at each connection is shown in Fig. 40. It shows that the connection I-a
has a utilization level higher than 100% at day 20 during the construction. This could addressed

by modifying the construction sequence, i.e. increase the construction time of level Il or by using
another Green Concrete material.
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Fig. 40: Utilization of concrete at investigated connections during the construction process for
the material GGBS30.
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The results for different material PFA30 is shown in
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Fig. 41: Concrete stress evolution according to age at each connection detail for the material
PFA30.
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Fig. 42: Utilization of concrete at investigated connections during the construction process for
the material PFA30.

5.2.4 Step 4: Verify the selected material and construction sequence by numerical simulation
in ATENA-Green Concrete Module.

In this case, it can be decided to use the material PFA30 since it shows reasonable concrete
utilization levels. It is interesting to note that even though the average stress level in the
connection is increasing in time as shown in Fig. 41 in times from 20 — 150 days, the overall
utilization level is not always increasing. It is possible to observe a partial decrease between day
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2010 50. Thisis since the green concrete materialis slowly maturing while stresses are still slightly
increasing due to the continuing construction.

Fig. 43 shows the evolution of deflections and the activation of various parts of the model in the
construction sequence modelling.
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Fig. 43: Vertical deflections and modelling of the construction process in ATENA — CeSTaR-3
Green Concrete module.

The final checks of the structural behavior at the early stages should involve checking the level of
concrete stresses (see Fig. 44). It should be noted that higher stress than the current concrete
strength can be observed due to stress localization namely in the sharp corner between concrete
and steel elements. However, the concrete should not reach the crushing state, which in ATENA
software can be documented by the softening flag in the Yield/Crush Info — Softening flag as
shown in Fig. 45.

Another important quantity to check is the cracking in concrete during the construction. The crack
widths should be limited to micro-cracks that are barely visible. Crack widths and cracking
pattern for the selected material PFA30 are shown in Fig. 31. It demonstrates that the crack widths
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are around 0.02 mm. The visibility crack limit is 0.05 mm and the typical crack limit in concrete
design is 0.3 mm. The concrete cracking is satisfying both these limits.

The other quantities that should be checked are stresses in the steel members of the MRCS
connection as well as the stresses in the reinforcement. In this case, they are clearly below the
yielding strength of the steel 6, =200 MPa and fs, = 500 MPa for reinforcement.
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Fig. 44: Evolution of maximal concrete compressive stresses in the MRCS connection for frame
example with PFA30 material. The wire frame in the top figure indicates the part of the model,
which is not yet activated/constructed.
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Fig. 45: Proof of no concrete crushing during the construction of MRCS frame example with

PFA30 material.
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Fig. 46: Cracking at the end of the simulated construction sequence for MRCS frame example

for material PFA30.

Optimised Green Concrete Design Technology Guideline



“aon Mises Stress
Sigrnav
[MPa]
47.0
41.2
354
286
238
18.1
123
6.5
0.7

Defarmation scale:
200.

Tirme: 124.000

ATEMA,

¥B4 W, 8.0.025327
License 4001
Cervenka Consulting

Fig. 47: Steel member stresses at the end of the simulated construction sequence for MRCS
frame example for material PFA30.

P

i scale:

Time: 124.000

ATEMA,

xB4 V. 8.0.028327
License 4001
Cervenka Consulting

Fig. 48: Fig. 49: Steel member stresses at the end of the simulated construction sequence for
MRCS frame example for material PFA30.

Optimised Green Concrete Design Technology Guideline 43



6 Conclusion

This document has presented a design and optimization methodology for prefabricated
structural systems made of green concrete with increased content of supplementary
cementitious materials (SCMs), developed within the CeSTaR-3 project as result TM04000013-
V5. The methodology addresses key challenges associated with the application of green concrete
in practice, in particular the time-dependent development of material properties and its
interaction with staged construction and loading processes typical for prefabricated systems.

The proposed approach is based on a structured design framework combining experimental
knowledge, maturity-based material characterization, and numerical simulation. Central to the
methodology is the explicit evaluation of structural response throughout the construction
sequence, formulated in a standard action-resistance format consistent with Eurocode and fib
Model Code principles. This enables rational assessment of safety and utilisation at critical
construction stages rather than relying on conservative assumptions based on a single reference
age of concrete.

By integrating experimentally derived material maturity curves with staged nonlinear analysis, the
methodology provides a practical basis for selecting suitable green concrete mixtures and
optimising construction sequences. The approach supports informed design decisions that
balance structural safety, material efficiency, and construction feasibility, and allows the effective
use of green concrete materials with slower early-age strength development.

The methodology is applicable to a broad class of New-MRCS and related prefabricated
concrete-steel structural systems, but its principles can also be extended to other
prefabricated or staged construction scenarios involving time-dependent concrete behaviour.
Numerical simulation is employed as a design support and verification tool, ensuring
transparency, traceability, and consistency of the design process.

Overall, the Green Concrete Design and Optimization Methodology provides a practically
applicable and performance-oriented framework for the adoption of low-carbon concrete
technologies in structural engineering practice. By enabling the safe and efficient use of green
concrete in prefabricated systems, the methodology contributes to the broader objective of
sustainable and resource-efficient construction.
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