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Emerging research on vibration serviceability assessment of pedestrian structures
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Article history ABSTRACT
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Despite an increasing number of reported vibration serviceability problems caused
by pedestrians walking on newly built footbridges, floors, and staircases around the

Accepted: 27 March 2023 world, there is still a lack of adequate codes of practice. There are three key issues
Available online: 05 May 2023 that a new generation of relevant design guidelines should urgently address: (1) the

absence of a universal model that accounts for the entire energy spectrum of
Keywords walking loading as well as inter- and intra-subject variability of individual walking
human-structure dynamic interaction, forces; (2) the effect of human bodies on the dynamic properties of a structure; and
walking forces, (3) pedestrian "intelligent" interaction with the surrounding people and environment.
crowd dynamic loading, This article provides a brief overview of the relevant state-of-the-art research that
ground reaction forces has great potential to change this unsatisfactory state of affairs.

1 Introduction

Substantial developments in workmanship and structural
materials aided by digitalisation of structural analysis have
enabled daring architects and structural engineers to
promote elegant but lightweight and flexible structures. As
structures are becoming slenderer than ever, vibration
serviceability assessment under pedestrian-induced
dynamic excitation has become a routine requirement
requirement in contemporary design [1-5]. While running and
jumping produce more dramatic vibration responses [6,]
walking is the most common form of locomotion and can be
sustained for longer periods of time. Having reduced the
natural frequency, this means an increased likelihood of a
resonant response.

Predicting vibration responses reliably is a vital
component of structural design. Retrofits after construction
come at a high price and take time. For example, using tune-
mass dampers to solve the lateral sway problem of the
London Millennium Bridge increased the structure's cost by
30% and took two years to complete [7, 8]. Extra material is
frequently added in common engineering practice to
increase stiffness and/or mass in order to shift natural
frequencies. For instance, an additional concrete topping is
frequently placed on floor slabs and bridge decks to increase
their weight. Regarding the global campaign to urgently
reduce unnecessary embodied carbon emissions from the
structure, the addition of excess material is increasingly
deemed unacceptable [9].

Generally speaking, the formal procedure for the design
of any structure for which pedestrian dynamic loading is a
major concern involves: (1) establishing acceptance criteria,
(2) determining the dynamic design loads, (3) creating a
structural model, (4) simulating the structure’s response to
the loads, (5) comparing results against the acceptance

" Corresponding author:

E-mail address: vracic@grf.bg.ac.rs
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criteria, and (6) if necessary, adjusting the structural model,
then repeating steps (4), (5) and (6) until satisfactory
performance is achieved. Of all these steps, determining the
design load has the greatest uncertainty, and to this end,
there have been numerous attempts to provide reliable and
practical descriptions of pedestrian induced forces. This
issue will be elaborated in Section 2.

There is a widespread yet utterly wrong assumption that
walking people affect structural vibrations only through the
inertia of their moving body mass, thereby acting only as the
dynamic excitation [6]. In reality, human bodies are
mechanisms with mass, stiffness, and damping. When
attached to the structure, they have the power to alter the
modal properties of the empty structure [10]. Generally
known as “human-structure interaction” (HSI), this aspect of
the human influence on structural vibration will be discussed
in Section 3.

A single pedestrian walking is a hardly relevant load case
scenario for footbridges. Pedestrian groups and ultimately
crowds are a far more likely source of dynamic excitation in
urban environments. However, due to multiple pedestrian
occupants, there is a severe lack of reliable force and HSI
models, as will be revealed in Section 4.

2 Dynamic loading due to individuals walking

The modern design guidelines and codes of practice
model a pedestrian as a moving force F(t) generated at the
point of contact between the feet and the supporting
structure, known as "ground reaction force" or GRF (Figure
1). It is traditionally modelled as a deterministic and perfectly
periodic function (Figure 2), presentable by the sum of the
first few dominant Fourier harmonics [6, 11, 12]:
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N
F(t) = W+2Ansin (2nnf, + 6,) (1)

n=1

Here, f,, is walking frequency (also called pacing rate), W
is the mean value (equivalent to the body weight of a
pedestrian), A, are harmonic amplitudes, 6, are the
corresponding phase angles, and N determines the number
of harmonics considered in a model. One harmonic is tuned
to match the frequency of a target mode of the structure to
induce resonance (Figure 1a). The simplest such model is a
single sinusoidal function and can be found in the current UK
[13] and Canadian [14] design codes for footbridges. On the
other hand, vibration design guidelines primarily for floors
[15-18] provide for up to four harmonics. There are models
comprising even the sixth harmonic [19]. In the time domain,
vibration analysis of the structure is assumed to be linearly
elastic. Based on the principles of modal decomposition, the
vibration response of each mode can be studied separately
using harmonic loads described by the appropriate mode
shape to account for the moving load [20].

The weight-normalised coefficients a, = AJ/W are
commonly reported in the literature as dynamic load factors
(DLFs), which depend on walking frequency f, and a
person's manner of walking [6]. In a comprehensive
experimental study of walking DLFs, Kerr [21] observed a
wide variability of DLF values among different pedestrians
while walking at different walking frequencies, so called
“inter-subject variability”. Based on Kerr’'s dataset, Young
[22] fitted a frequency-dependent mean and coefficient of
variation for the first four DLFs. These deterministic DLF
functions are most widely used in the design of pedestrian
structures [6]. Deterministic means that there is a uniform
force model for naturally diverse individuals, thereby
neglecting the true stochastic nature of walking loading.

The random nature of phase angles 6,, has been utilised
very little in design practice. This is because vibration
analysis focuses mostly on the resonance due to a single

harmonic, so the phase angles have no influence on the
overall response. However, when the modes are closely
spaced phase angles determine if the responses due to each
harmonic result in an increase or decrease in the overall
vibration level.

The Fourier modelling approach described by Equation
(1) seems too good to be true. Years of experimental and
analytical research, as well as application in design practice,
have shown that the Fourier characterization is insufficient to
reliably describe walking loading. Brownjohn et al. [23]
showed that perfect periodicity oversimplifies reality, yielding
inaccuracies as high as 50% between simulated and
measured vertical vibrations. Rare studies [24] addressed
the randomness of inter-subject variability by providing
statistical distributions of DLFs. However, a model of intra-
subject variability that would address the near-periodic
nature of successive footfalls is yet to be seen.

Modern research laboratories and hospitals increasingly
accommodate equipment sensitive to even micro-levels of
non-resonant vibration. The high-frequency content of
walking has become relevant for the design of “high-
frequency floors”, i.e., when the natural frequency of the
fundamental mode of vibration is far above the average
pacing rate. Their vibration response has a series of transient
decays due to each footfall (Figure 1c). No resonant buildup
of vibrations (Figure 1a) can be developed due to the high
level of damping that is typical for HFF [25].

The difference in the nature of resonant and transient
vibration responses (Figure 1a and 1c) has led to a
requirement for two conceptually distinct walking force
models used in the design guidelines of low-frequency and
high-frequency structures. For floors, the most-up-to date
guidance is available in Appendix G [17] of the Concrete
Society Technical Report 43 (CSTR43). It provides design
values of DLFs for single pedestrians on low-frequency floors
(i.e., if f,<10 Hz) and equivalent impulse values (Equation 2)
for high-frequency floors (i.e., if f;>10 Hz).
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Figure 1. Measured vibration responses of a floor with the fundamental frequency a) 2 Hz, b) 10 Hz and c) 20 Hz due to an
individual walking at f,.=2 Hz (after [33])
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1.43
legy = 54757 (2)

This artificial division proves unreliable when the
fundamental frequency of a floor is close to the cut-off
frequency between the low-frequency and high-frequency
floors (Figure 1b), which clearly indicates the need for a
uniform model capable of taking into account the complete
frequency content of walking forces [6, 11]. In an attempt to
overcome this problem, Zivanovic and Pavic [26] merged
together the Appendix G impulses and their previously
published low-frequency force model based on the Fourier
approach [27]. The new model takes into account the
differences in the walking force induced by different people
and, as a result, can estimate the probability distribution of
vibration responses generated by a pedestrian population.

However, Middleton [28] showed that inter-subject variations
do not affect the dynamic response as much as variations in
an individual's pace rate for successive steps. This
randomness is called “intra-subject variability”, which
essentially means that people do not walk regularly like
robots. In the case of high-frequency floors, a lack of these
variations can overestimate response by up to 40%. Various
authors [23, 29-31] showed that the actual narrow-band
nature of the forces could be described in the frequency
domain via auto-spectral density (ASD). However, predicted
acceleration provides no information about the expected
performance of the structure in real time. For instance, when
and where do the peak responses happen? Therefore, a
reliable time-domain model of walking forces is clearly the
way forward.
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Figure 2. Vertical walking force record. After Racic and Brownjohn [11]
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Figure 3. Periodic approximation of the force record shown in Figure 1. After Racic and Brownjohn [11]

A significant move toward a more realistic description of
individual walking loads was made recently by taking into
account the inter- and intra-subject variability of the
pedestrians as a stochastic process. While the models of
Racic et al. [11, 12] , Zivanovic et al. [27] , Garcia-Diéguez
et al. [32], and Muhammad et al.[33] all provide the best-to-
date estimations of vibration levels, they require extensive
and time consuming coding. The luxury of time is not often
given to structural engineers in everyday design practice.

Van Nimmen et al. [34] studied the vibration response
records of real footbridges to prove that the variation in the
individual footfall rate is the key force parameter needed for
simulating accurately the shape of the vibration response
(Figure 4). Moreover, they speculated that the apparent
differences between measured and simulated vibration
amplitudes could be attributed to the HSI phenomenon,
which will be discussed in the next section.

2 T T T T T T T T =]
1 - <]
=
= _
2 | | ! | | | ! | | n
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 4. Vertical acceleration at the mid-span of a bridge: measured (black), simulated using perfectly periodic force of a
kind shown in Figure 2 (light grey) and simulated using identical footfall shapes but different footfall rates (dark grey). After
van Nimmen et al. [34]
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3 Human-structure interaction

The HSI has been intensively studied in the lateral
direction [35-37] since the infamous vibration problem of the
London Millennium Bridge in 2000 [7]. It is now widely
accepted that pedestrians are complex, vibration-sensitive
dynamic systems whose lateral motion and corresponding
contact forces are likely to be influenced by the lateral sway
of the supporting structure. Moreover, they often synchronise
their footfalls with the lateral structural motion (the so-called
“lateral lock-in” effect), and thereby supply energy within the
coupled pedestrian-structure dynamic system while acting
as negative dampers [8]. On the other hand, very little is
known about HSI in the vertical direction. Rare studies
indicate that the individuals mainly add damping to vertical
vibrations without necessarily involving the vertical lock-in
effect [36].

Two types of coupled pedestrian-structure models have
been proposed so far to describe HSI in the vertical direction
(Figure 5). Transferred and adopted from the biomechanics
of human gait, the first modelling approach represents a
pedestrian as a simple inverted pendulum that oscillates in
the vertical plane while moving along a bridge (Figure 5a).
This modelling concept was first used by Macdonald [35] to
simulate HSI on laterally swaying bridges, then adapted by
Bocian et al. [36] to describe the vertical vibration. Apart from
the lack of adequate experimental validation, the non-linear
interaction mechanism, which is an essential part of these
models, is not straightforward for implementation in design
practice. Moreover, the credibility of the results of IP models
is usually compromised by the large number of assumptions.

The other type of HSI model couples a single-degree-of-
freedom (SDOF) model of a structure with a moving (usually)
SDOF mass-spring-damper (MSD) oscillator representing a
pedestrian walking (Figure 5b). Zivanovic et al. [38] did a
series of frequency response function (FRF) measurements
on a test footbridge and studied the changes in the dynamic
properties of the structure in the vertical direction due to the
presence of either all standing or all walking groups of people
(Figure 6). They reported a slight increase in the natural
frequency and a three-fold increase in the damping of the
occupied structure relative to the empty structure. Moreover,
the authors observed that the walking people added less
damping to the structure than the stationary people.

10 1 1 1
: Empty slab :

-2 [.‘:‘npk‘
walking

: 2-people -
. standing PN

‘|, 6 people -
\ {\:/ walking -
10 peaple
walking

FRF magnitude ((m/s*)/N)

6 people
= standing
10 people

7 'smndihg‘;\‘

4.5

Frequency (Hz)

(a)

FRF phase (degree)

Shahabpoor et al. [10] carried out more elaborate tests on
the same structure and showed that the natural frequency of
a vertical mode of the occupied structure can either increase
or decrease depending on the frequency of the human SDOF
system , while damping of the structure always increases.
These changes appeared prominent especially when the
natural frequency of the human SDOF system was close to
the modal frequency of the empty structure. Note that all the
available studies focus on a single structure and have very
limited group sizes. There is no fully developed and
experimentally verified universal model to reliably simulate
the changes in the modal properties of an empty structure for
a diverse range of loading scenarios and structural designs.
This is because collecting the key experimental data for
walking people still remains a challenge, mainly due to the
lack of adequate technology.

4 Crowd loading

In the case of multi-pedestrian traffic, the net force is
most commonly modelled by multiplying the individual
walking force described by Equation (1) by factor(s) which
often depend on the pedestrian density on the structure [5].
On the other hand, crowds are portrayed as the equivalent
of uniformly distributed loading in the French guideline Setra
[2]. The most notable drawback specific to these models is
their deterministic nature.

Moving from a stochastic models of a single walking
person [] to multi-pedestrian walking traffic, the random
nature of relevant modelling parameters needs to be
considered. Variability of the human mass, stiffness, and
damping between different people and even for the same
person under different walking scenarios, interaction of
people with each other and time-varying location of people
on the structure (Figure 7), all make the pedestrian traffic-
structure system highly complex. Modelling the scale and
character of the net crowd dynamic load on the structure
remains a challenge, mainly due to the shortage of
knowledge on the proportion of individuals who interact with
each other, and the effect of the surrounding environment on
the pedestrian gait and walking trajectories. Pedestrians are
“intelligent” agents who react to what they perceive around

200 1 1 1

7 e e
2 lknpl‘ B Y
standing ~ "\ \

- 6 people

A\
(V] pc‘oplt‘ “‘;\ \
\ 1\ \ walking
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ALY
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4.5

Frequency (Hz)

(b)

Figure 5. FRF magnitude and phase graphs of a footbridge when occupied by different number of standing/walking groups of
people. After Zivanovic et al. [38]
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Figure 6. Examples of models suggested in the literature for modelling pedestrian-structure interaction in the vertical direction
(a) IPM models and (b) a moving MSD model (i and j represent different individuals)

them. There is strong evidence that peripheral stimuli, such
as visual, auditory and tactile, have an equal impact on
pedestrian gait [5]. Since the early sixties, applied
mathematicians and transportation engineers have
proposed several mathematical models of pedestrian
behaviour in crowds to address issues relevant to urbanism,
evacuation of public buildings, and public safety. They can
be divided into two main categories: macroscopic models
based on the analogy between a pedestrian flow and the flow
of a continuous fluid, and microscopic models, which
describe the time-varying position and velocity of each
individual in a crowd. Macroscopic models imply a coarse
approximation of reality due to the “granular” nature of the
crowd, so they can be appropriate (only) in cases of high
pedestrian density. Moreover, their modelling parameters do
not target individuals but the whole crowd, such as the mean
crowd density and velocity of the pedestrian traffic, thus they

are not able to explicitly describe the inter-subject variability.
Caroll et al. [20] and Venuti et al. [21] used successfully a
microscopic approach to simulate lateral and vertical
pedestrian loading, respectively. Figure 7:

Using the microscopic approach, Venutti et al. [40]
proposed a modelling framework for simulating crowd
excitation on footbridges, including the inter- and intra-
variability as well as the HSI. Although the framework was
demonstrated on the vertical vibrations, it can be applied to
the lateral vibrations without losing generality. Each of its
sub-models describing crowd dynamics, pedestrian moving
bodies and walking forces is adapted or derived from the
most reliable models and data available in the literature. The
sub-models can be updated independently as soon as their
better models have been published or the relevant
experimental data have been made available for calibration
and verification.

w.u ‘'t 'a“o‘ ’! .:‘ l.'. .r “‘ h "y
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Figure 7. An example of simulated pedestrian traffic on a footbridge at an instant in time. Dots represent different individuals.
After Venutti et al. [40]
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5 Conclusions

The key impression at the end of this survey is that there
is a colossal disconnect between academia and industry.
The dissemination of research outcomes to industry is
almost nonexistent, resulting in structural designers using
outdated information. Academia needs to be engaged with
industry and relevant professional institutes to provide up-to-
date design guidance based on research best practices.

Future research in this area should be based on
simultaneously collecting vibration data and pedestrian-
structure and pedestrian-pedestrian interaction data on real
structures under different walking traffic scenarios. Such
datasets are needed for different types of footbridges and
floor structures to identify and validate walking human
models and analyse their robustness and versatility. The
research findings need to be codified so the next generation
of design guidelines can incorporate a realistic model of
walking loading, crowd dynamics, and a comprehensive HSI
model into a practical and inclusive modelling approach that
can be used in everyday design practice.
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ABSTRACT

The paper presents three-dimensional numerical models of short concrete-filled
steel tubular circular columns that can successfully describe the column behaviour
under axial compression. Several of the most commonly used material models for
the steel part and a concrete portion of the column are evaluated in the models. In
addition, the paper presents a new proposal for the extension of the Eurocode 2
stress-strain relation to make it suitable for describing the complex behaviour of
concrete inside the steel tube. This model overcomes the current limitations of the
Eurocode 2 design guide, referring to the limitation for the concrete curve in
compression to 3.5%o strain. The ultimate axial column strength obtained by the
proposed model is compared to the ultimate column capacity calculated by a
simplified method provided in Eurocode 4. All presented numerical models are
validated on a set of experiments from the literature and demonstrate good
agreement. The comments about the accuracy of each model are provided, along

with the identified limitations.

1 Introduction

A concrete-filled steel tubular column (CFST) consists of
an outer steel tube filled with concrete. The composite action
between the two parts, the concrete core and steel tube,
ensures that the concrete core stiffens the steel tube and
postpones its local buckling. In turn, the outer steel tube acts
as longitudinal and transverse reinforcement, permanent
formwork, and confinement for the concrete core. CFST
columns demonstrate excellent structural behaviour, such as
high strength, stiffness, ductility, and good seismic behaviour
(11, [2].

Due to their overall good performance, CFST columns
have been widely used in different types of construction and
are the subject of numerous ongoing research projects [1].
Various shapes and types of CFST columns have been
constructed in the past [3]-[6]. The axial behaviour of these
columns has been investigated experimentally and
numerically. To date, several databases with experimental
results exist, counting more than one thousand axially loaded
specimens [7].

In general, there are three approaches to the numerical
modelling of CFST columns. The first uses the simplified
concentrated plasticity nonlinear beam/column elements [2],
[7]. These elements are computationally very efficient but
have some limitations since they require the expressions of
the yield surface, which depend on the column cross-section.
The second approach deals with the distributed plasticity

" Corresponding author:
E-mail address jnikolic@grf.bg.ac.rs
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fibre beam-column elements [8]-{10]. Although slightly less
computationally efficient than elements from the first group,
these numerical models are much more versatile and can
account for numerous nonlinear effects, such as the
nonlinear material behaviour of constituent parts, residual
stresses, and nonlinear geometry. However, they can
capture only indirectly the local buckling of the steel tube, the
interaction of the steel tube with the concrete part, and the
variable confinement effects of the concrete core. For these
reasons, there is a need to develop reliable, sophisticated,
3D finite element models that can fully describe the complex
nonlinear behaviour of the composite columns. These
models can also predict other important information, such as
failure modes and deformation patterns, or capture
phenomena such as local buckling of the steel tube and
confinement of the concrete part of the section [11]. This third
approach is followed in this paper.

There are several 3D numerical models developed in the
past [12]-[14] using the commercial program ABAQUS. The
crucial differences among these models are the assumed
material model behaviour, initial imperfections and residual
stresses, modelling the steel tube—concrete core interface,
and the boundary conditions. Most of these models proposed
their own concrete material models [13], [15]{17] or steel
material models [10], [13], [15], [16]. However, there is a lack
of numerical models that deploy the material models
proposed by the Eurocode design guide. For that reason, the
study presented in this paper provides a relatively simple 3D
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numerical model developed in the commercial program
ABAQUS that follows the general analysis method of
Eurocode 4 (EC4) for the nonlinear analysis of axially loaded
CFST columns. The proposal for the extension of the
concrete material model suggested by Eurocode 2 (EC2) is
developed to make it suitable for describing the complex
behaviour of concrete inside the steel tube. The developed
concrete material model is carefully evaluated and compared
with other commonly employed concrete material models.
Finally, the ultimate strength results are compared to the
axial capacity of the short columns calculated by EC4 [18],
[19].

2 Numerical modelling of short cfst columns

The study presented here is focused on the efficient
numerical modelling of short CFST columns. These columns
are expected to develop a cross-section's full plastic strength
capacity without failing due to buckling. According to the
Japanese standard AlJ [20], CFST columns are classified as
short columns when the length-to-outer column diameter
ratio is less than or equal to four (L/D < 4) and this boundary
is commonly used among researchers for the classification
[9].

The numerical model of the CFST columns needs to
predict structural members' behaviour effectively and provide
complex information regarding their structural response. On
the other side, the model needs to be relatively simple
because of its computational efficiency. This paper presents
one such model for the CFST short columns under axial
loading. The model considers the geometry, the test setup
simulation, boundary conditions, and applied loading in a
simplified way. It is validated based on selected test results
from the literature and previously developed models by other
authors. The analysis is performed as the displacement
controlled in all these simulations and includes material and
geometrical nonlinearities. A detailed description of the
developed numerical model follows.

2.1 3D model description

Finite element analysis (FEA) was conducted using
ABAQUS [21] version 6.9, which offers significant
capabilities for the 3D nonlinear analysis of CFST columns.
ABAQUS Standard solver was chosen due to the quasi-static
nature of the loading and its ability to analyse such conditions
accurately. The possible disadvantage of 3D modelling is
that many elements in the model may require a long
calculation time. For the sake of reasonable time for both
developing the 3D model and the analysis, the intention here
was to create a simple but reliable model that would provide
highly accurate results.

The outer steel tube and the concrete core are modelled
using the 3D8-node brick elements (C3D8R) with reduced
integration (i.e., one integration point), Figure 1. The element
has three translation degrees of freedom at each element
node. The single-point reduced-integration scheme is based
on the “uniform strain formulation”, meaning that the strains
are obtained as the average strain over the element volume.
The advantage of the reduced integration elements comes
from the fact that strains and stresses are calculated at
locations that provide optimal accuracy. A second advantage
is that the reduced number of integration points decreases
calculation time and storage requirements [21]. For the steel
tube, shell elements might be used as well, since they are
generally well-suited for analysing structures with thin to
moderately thick walls. In the presented analysis, using the
shell elements for modeling steel tube would not have an
effect on the results, as shown in Figure 2a below for test
CC-0 with Model 4.

The boundary conditions at column ends are considered
by applying the constraints option available in ABAQUS. It
connects all surface nodes to only one reference point (RP)
defined in the centre of the column's top and bottom
surfaces, as shown in Figure 1. Tests used to validate the FE
models had steel plates for load application at both ends of
the specimens. Some tests had these plates welded at both
ends of specimens [11], [22], while others used plates in a

RPI:
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Rx=Ry=Rz=0 Quter steel tube
(w13
I 1
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RP2: o
Ux=Uy=Uz=0
. Rx=Ry—-Rz-0 Inner concrete core

L " ()

(b)

Figure 1. (a) 3D model of CFST column with RP1 and RP2 with BC;
(b) Cross-section and meshing

94

Building Materials and Structures 66 (2023) 2300004N



Numerical modelling of concrete-filled steel tubular short columns under axial compression

Z 1000
=1
=)
[
=]
|
=
3 400
= === Model 4 using shell FE for steel tube
2
g Model 4 using solid FE for steel tube
0
0 10 20 30 40

Axial strain [%eo]

Axial Load [kN]

1400
1200
1000 —
800
oot - - - -Mesh D/6
400 Adopted mesh
200 f———mM——————_==== Mesh D/10
0 10 20 30 40

Axial strain [%o)]

(b)

Figure 2.(a) Mesh type sensitivity analysis on specimen CC-0 using Model 4;
(b) Mesh size sensitivity analysis on specimen CC-0 using Model 4

testing machine only to ensure load application to the whole
cross-sections [23],[24]. Test boundary conditions are
modelled numerically using the constraint option on
specimen end surfaces. This is considered adequate since
the steel plates were very stiff. The end surface behaves
rigidly with a master node (RP). Boundary conditions (BC)
are set to RP1 and RP2: all displacements are restrained
except displacement in the loading direction at RP1. A
displacement-controlled axial loading scheme is applied to
the RP1 only.

The starting point for the selection of the FE mesh size
were the conclusions from the mesh convergence studies
presented in reference [13]. Accordingly, the optimal element
size across the cross-section was determined to be D/15,
where D represents the outer diameter of a circular column.
The element size in the longitudinal direction was 2.5 times
larger than that in the cross-section. However, a mesh
sensitivity study was conducted to confirm the convergence
of results as well as the total computational time required for
the analysis. Figure 2b shows the FEM mesh size sensitivity
analysis for Model 4 for specimen CC-0 using the adopted
mesh size and three other meshes, namely D/6, D /10, and
D/15. As demonstrated, the results confirm convergence,
particularly considering that the model with D /15 took almost
ten times longer to run.

Interaction between the steel tube and the concrete core
is simulated using the surface-to-surface contact option. The
inner steel tube surface is chosen as the master surface,
while the concrete surface is defined as the slave surface.
When two surfaces are in contact, they transmit shear and
normal forces across their interface. The normal (radial)
contact behaviour is defined using the "hard" contact option.
This relationship minimises the penetration of the slave
surface into the master surface in compression and allows
separation after contact. The tangential behaviour between
surfaces is defined using the friction formulation with
“penalty”. It uses the classical isotropic Coulomb friction
model, where the critical shear stress is obtained as a
contact pressure multiplied by a coefficient of friction. Some
studies have investigated this particular effect [25], and the
literature reports a coefficient range of 0.5 to 0.6 for carbon
steel tubes. Our own investigation revealed that values
between 0.4 and 0.7 had little impact on axial resistance.
Therefore, we have adopted a friction coefficient of 0.6 in our
models, as suggested in [16].
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The initial local or global imperfections were not
considered in the model as their influence was negligible for
the stub columns that are the subject of this paper. Namely,
specimens with L /D <3 do not demonstrate lateral
deflections during failure tests, and the concrete infill reduces
some possible local imperfections of the steel tube [11].
However, the behaviour of columns with a higher L/D ratio
may be affected to a certain degree by global imperfections.

2.2 Material modelling

In this study, four different combinations of steel and
concrete material models are assigned to the steel tube and
the concrete core, as summarised in Table 1, and these
models are evaluated. Therefore, all four 3D models,
denoted as Models 1 to 4, have the same geometry,
boundary conditions, and FE mesh but different assigned
material models for steel tube and concrete core. Models 1,
2, and 3 follow the commonly applied material models as
recommended by [13], [16], and [26], respectively. Model 4
is created using the material curves provided in Eurocode 3
(EC3) [27] for steel tubes and the proposed extended
material model for concrete in Eurocode 2 (EC2) [28]. These
modifications are explained in detail later in the paper.

Table 1. Numerical models with details of material

modelling
Model Structural steel Concrete
Model 1 Tao et al. [13] Tao et al. [13]
Model 2 Han et al. [16] Han et al. [16]
Model 3 EC3 [27] Ellobody [26]
Model 4 EC3 [27] proposed extended EC2

2.2.1 Material modelling of concrete core in ABAQUS

Concrete under compression initially exhibits an elastic
response. As the stress increases, non-recoverable
(inelastic) strains occur, and the material's stiffness
decreases. After ultimate stress is reached, the material
softens until it can no longer carry any stress. In multiaxial
stress states, these observations can be generalised through

95



Numerical modelling of concrete-filled steel tubular short columns under axial compression

surfaces of failure and ultimate strength surfaces in stress
space. These surfaces are fitted to the experimental data.

Under low confining pressures, concrete behaves in a
brittle manner, so the main failure mechanisms are cracking
in tension and crushing in compression. The brittle behaviour
of concrete disappears when the confining pressure is
sufficiently large to prevent crack propagation. Under these
circumstances, failure is driven by the consolidation and
collapse of the concrete’s microporous microstructure,
leading to a macroscopic response resembling a ductile
material with work hardening.

In ABAQUS, the concrete damage plasticity (CDP) model
for quasi-brittle materials is the constitutive model commonly
adopted for concrete. This CDP model is a plasticity-based
continuum model. The elastic response is assumed to be
linear and isotropic, defined by the modulus of elasticity and
Poisson's ratio. The plastic region requires the definition of
stress-strain curves for both compression and tension
behaviour. Input parameters are stress values and the
corresponding inelastic strain. The following strain rate
decomposition is assumed for the model:

g =gl 4 gnl (1)

where ¢ is the total strain rate, £¢ is the elastic part of the
strain rate while £P! is the plastic part of the total strain [21].

The CDP model also requires the input of five plasticity
parameters: dilation angle (i), flow potential eccentricity (e),
the ratio of the second stress invariant on the tensile
meridian to that on the compressive meridian (K_), a ratio of
the compressive strength under biaxial loading to uniaxial
compressive strength (f,,0/f!), and a viscosity parameter.

Due to the steel tube's passive confinement, concrete
reaches a triaxial stress state when the CFST column is
under axial compression [13]. This confinement effect is
more significant in circular columns than square columns, as
reported in [29].

The concrete elastic material’s behaviour is defined by
the modulus of elasticity and Poisson’s ratio. The plastic part
requires the definition of a stress-strain curve for
compression and tension in combination with plasticity
parameters. The CDP model uses the concept of isotropic
damage elasticity in combination with isotropic tensile and
compressive plasticity to represent the inelastic behaviour of
concrete. Modelling confined concrete behaviour in CFST
columns has been challenging and investigated by many
authors. The researchers proved that passive confinement
would increase both the peak strain (ductility) and the
strength of the concrete and the CFST column. One of the
possibilities for including the confinement effect in ABAQUS
is by modifying the uniaxial concrete stress-strain curve. It
means including softening and hardening behaviour as a
result of composite action during the lateral expansion of
concrete.

2.2.2 Concrete models

As mentioned before, this study explores four different
stress-strain concrete models. The first three models are the
most commonly applied concrete material models in
nonlinear 3D FEM analysis of CFST composite columns. The
fourth model is the one that follows the concrete material
model proposed by EC2 but is extended in order to be
applicable for modelling the concrete core inside the steel
tube. The corresponding curves for all four models are
illustrated in Figure 3 for the geometry and material
parameters of specimen 3HN [30], which will be analysed
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later. Here, f, refers to the 150 x 300 mm concrete cylinder
compressive strength obtained from tests. A detailed
description of all four models follows.
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Figure 3.Concrete constitutive models 1-4 illustrated for
material properties of specimen3HN

2.2.2.1 Concrete material model by Tao et al. [13]

The first evaluated model for concrete is a three-stage
o — ¢ relation proposed by Tao et al. [13]. This model has
been widely exploited as it considers the strain
hardening/softening rule of concrete confined by a steel tube.
However, it should be noted that this model includes passive
confinement since there is an increase in the plastic strain
only, and there is no increase in the concrete compressive
strength, as presented in Figure 4.

a

S

AB

confined concrete

unconfined concrete

ﬁ:o E1'¢¢_- 8

Figure 4. Stress-strain model for confined concrete used in
Model 1

The first ascending stage between points O-A is defined
by equations (2-3) until the peak stress f,. The peak stress
fo is the cylinder compressive strength of unconfined
concrete. The corresponding strain ¢,, at point A is
calculated according to the relationship in equation (4):

o A-X+B-X?

_ = < 2

FTIv(A-20x+B+Dx2 VS ESte @)
€ E & (4-1)?

—_ — == = —_— 3

X €’ 4 fr B="45 1 S

£c0 = 0.00076 +/(0.626f, —4.33) - 107 (4)

E. is the modulus of elasticity of the unconfined concrete
calculated as per ACI 318 [31] with the empirical equation (5)
where f/ is in MPa:
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E, = 4700,/f/[MPa] ()

Further, a second branch is a plateau between points A-
B, representing an increased peak strain of concrete due to
the confinement. The strain at the point B, &., for the
concrete model is determined by the following equation (6):

ek = 2,
g
<0 f 0.3124+0.002f/ (6)
k = (2.9224 — 0.00367f)) (f—B)
c

The value f; represents the confining stress at point B
where it is assumed that the ultimate column strength is
reached. During the elastic stage, no confining stress is
registered as the initial lateral expansion of the concrete is
smaller than that of the steel tube. It originates from different
values of Poisson's ratio of the composite materials. With the
increase in axial strain, the lateral expansion of the concrete
core gradually becomes more extensive than the expansion
of the steel tube. This mechanism highlights the complexity
of the interaction in CFST columns. Here equation (7) is
provided for circular CFST columns only, where D, t, and f,
are the steel tube's outer diameter, wall thickness and yield
strength, respectively.

D
_ (1+00277,)-e7"%%C 7
FT1+41.6-10710- (/)48

The third stage is the descending branch defined by the
following relationship [32]:

£—&c\P
o = fr+ (f{ = f)exp [— (") ] £ 2 (8)

in which f,. is the residual stress, while « and g are
parameters determining the shape of the softening branch.
The expressions for f,. and a for circular CFST columns are
given in (9) and (10). They are calculated as functions of the
so-called “confinement factor” ¢, (11). It is defined as the
ratio between the yield strength (f;,) multiplied by the cross-
sectional area of the steel tube (A;) and the concrete
compressive strength (f.) multiplied by the cross-sectional
area of the concrete core (4,.). The parameter § in equation
(8) has a value of 1.2 for circular CFST columns. Parameters
a, B and f,. cannot be directly derived from the tests, and their
values are proposed based on the regression analysis as the
best match for the test curves used in the study [13].

fr=10.7(1— e 1388 f < 0.25f; (9)
0.036
@ =004 -5 (10)
_ Asfy
$e = Af (11)

Concrete tensile behaviour needs to be defined to
complete the necessary inputs for the CDP model in
ABAQUS. In the current model, the uniaxial tensile response
is assumed to be linear until the tensile strength of concrete
is reached, which is taken as 0.1f,. Beyond the failure stress,
the linear softening response is defined by the fracture
energy G [33]:

N\ 0.7
Gr = (0.469d%,, — 0.5d gy + 26) (1—‘0> N/mm (12)
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where f/ is in MPa, d,,,, is the maximum coarse aggregate
size taken as 20mm.

Once the whole material curve is completed, the concrete
plasticity parameters must be defined. For the flow potential
eccentricity e and viscosity parameter, the default values of
0.1 and 0 are adopted. The ratio of the compressive strength
under biaxial loading to uniaxial compressive strength
fro/f,is calculated by the expression proposed by
Papanikolaou and Kappos [34]:

foo/ fe = 152(f)7%07 (13)

For the remaining CDP parameters, Tao et al. [14]
performed the sensitivity analysis and suggested the
following expressions:

— dilation angle i should depend on the confinement
factor &:

56.3(1 — .)€, < 0.5
7.4

74 (14)
6.672e%64+: £, > 0.5

— the ratio of the second stress invariant on the tensile
meridian to that on the compressive meridian K, should
depend on f; and be calculated as follow:

5.5

ke=3 ¥ 2(f)0075

(15)

2.2.2.2 Concrete material model by Han et al.[16]

The second concrete material model discussed here is
by Han et al. [16]. It is well known for giving good predictions
with the CDP model in ABAQUS [16]. It also relies on the
idea that improving the concrete strength under triaxial stress
states can be introduced into the FE model through the
plastic behaviour of the equivalent stress-strain relationship
for concrete. The plasticity of the concrete core confined by
a steel tube demonstrates an increase in strain
corresponding to the maximum stress and strengthening in
the descending branch of the curve. Generally, it defines
concrete plastic behaviour depending on the confinement
factor &, equation (16).

L 2 16
f Acfck afck ( )

where A; and A, are the cross-sectional area of the steel and
concrete, respectively; a(=4;/A.) is the steel ratio; f, is the
yield strength of the steel; and f,, the characteristic strength
of the concrete,which equals 0.67f., for normal strength
concrete; f,,is the 150 mm cube strength of the concrete.
The following expressions (17-21) define the stress-
strain model in Figure 5 proposed for the FE modelling:

2x — x2, (x<1)
Y|y x>
Bolx—Dn+x" (17)
_£ -2
= & ' Y= 0o
N
% = 1! () (e
g = (1300 + 12£/) x 107° (19)
g0 = & +800&°2 x 107° (20)
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where for CFST with circular section:

{ﬁo =(236x 10—5)[0.25+(§_0.5)7] (fCI)O.Sx 05 > 012} (21)
n=2

and f! is the compressive cylinder strength of the concrete.

The initial modulus of elasticity E. and Poisson’s ratio of 0.2

are taken as recommended in ACI Committee 318 [31],

equation (22):

E, = 4730,/f/[MPa] (22)
o
y
& €

Figure 5. Stress-strain model for confined concrete used in
Model 2

The model uses the same fracture energy model as in
[16] proposed by Hillerborg [35] for concrete in tension.

Finally, Han suggested constant values for the concrete
plasticity parameters in the CDP model. Dilation angle (i),
flow potential eccentricity (e), the ratio of the second stress
invariant on the tensile meridian to that on the compressive
meridian (K.), a ratio of the compressive strength under

biaxial loading to uniaxial compressive strength (f”°) and

viscosity parameters are taken as 30°, 0.1, 1.16, 2/3 and 0,
respectively.

2.2.2.3 Concrete material model by Ellobody [26]

The third considered concrete material model is an
idealised uniaxial response for the compressive stress-strain
curve for confined concrete proposed by Ellobody. It
originates initially from the model proposed by Mander [36]
for confined concrete but is adjusted for application in
modelling CFST columns. The main inputs to be determined
are the confined concrete compressive strength f,, and
corresponding confined strain ¢, in the equations (23-24)
proposed by Mander.

fee = fd +kifi (23)
fi
& _g”<1+k2f:> (24)

where f, is the unconfined concrete cylinder compressive
strength. The corresponding unconfined strain &, is taken as
0.003 for plain concrete as the ACI Specification
recommends [31]. f; is the lateral confining pressure
imposed by the steel tube and obtained from the empirical
equation (25):
Ugt
_J6" 25

fi=F (25)
Where a4 is equal to 0.1f, by Mander [36]. The factor k, is
taken as 4.1, and factor k, 20.5.
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Figure 6. Stress-strain model for confined concrete used in
Model 3

The uniaxial stress-strain curve consists of three parts,
as shown in Figure 6. The first part considers elastic concrete
behaviour until the proportional limit stress, which is taken as
0.5f.. as per Hu [37].Recommendations also take the initial
Young’s modulus of confined concrete E.. from the ACI
Specification [31]. Poisson’s ratio of confined concrete v, is
taken as 0.2.

E.. = 4700,/f.[MPa] (26)

The second part of the curve between the proportional
limit of 0.5f,. and confined concrete strength f.. is the
nonlinear branch defined by the relation provided in (27).

E..-¢

1+(R+RE—2)-(;—C)—(2R—1)-(E)Z+R-(:—f)3 (27

cc

o=

where R and R; were computed using the following
equations (28-29):

Ecc&cc

= 28
Re=—7. @8)
Rp-(R,—1) 1
Rk =17 R, @9)

In equation (29), R, and R, are equal to 4,as
recommended by [38]. The dilatation angle of 20°is used in
the CDP model, while for the default viscosity parameter,
zero value is used. The Poisson coefficient is 0.2 [26].

2.2.2.4 The proposed extended EC2 model

The final considered concrete material model is the EC2
stress-strain relation for the nonlinear structural analysis for
short-term uniaxial loading shown in Figure 7. When
performing the general nonlinear analysis method for
composite columns according to EC4, this is the material
model that the engineer is referred to.

The curve in compression is described by the
expressions (30-35):

o.  kn-n?
f_c’_1+(k—2)17 (30)

Building Materials and Structures 66 (2023) 2300004N



Numerical modelling of concrete-filled steel tubular short columns under axial compression

[

0.4 A -
1

i Ecur £

Figure 7. Schematic representation of the EC2 stress-strain
relation for nonlinear structural analysis

Eem = 22+ 103 (f,/10)°33 (32)
T (33)
gc1[%0] = 0.7f 3! < 2.8 %0 (34)

Eeu1 = 3.5 %o, fem < 58 MPa (35)
where f; is the mean cylinder compressive strength, E,, is
the secant modulus of elasticity, ¢, is the strain at peak
stress and ¢.,,; is the nominal ultimate strain.

However, according to EC2, the stress-strain relation in
(30) is only valid for ¢, < &,,; = 3.5 %o, which is insufficient
to simulate the increased ductility and the softening
behaviour of the CFST column. Therefore, this paper
proposes a simple extension of this curve following the
recommendations for the numerical modelling of CFST
columns provided in [39].

D
chl? <24
D D
Ores =4 Oeu (1.6 - 0.025?) 24< <64 (36)
D
0 64 <?

The residual stress g,..scalculated from expression (36)
depend on the D/t ratio and concrete stress value o, at
&1 =3.5%0. According to [39], the concrete stress
decreases with increasing compressive strain to a residual
value (o,.;) at 15%o strain. Here, it is proposed that the
concrete stress g, decreases linearly beyond the strain limit
of 3.5%o to this residual value g,.,; at 15%o strain. Further, this
stress value remains constant until 20%e. strain, as illustrated
in Figure 8.

a

f;r
Gt

&l Ecul 15%o 20%0 £

Figure 8. Proposed stress-strain model for confined
concrete used in Model 4
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Model 4 has the same characteristics for concrete in
tension as adopted for Model 2. The plasticity parameters
are also taken as for Model 2: 30° 0.1, 1.16, 2/3 and O,
respectively.

2.2.3 Material modelling of steel tube

Structural steel properties required for ABAQUS are
provided within a uniaxial stress-strain relationship ¢ — ¢.
Key input parameters for defining the curve are yield strength
fy, modulus of elasticity E, and the plasticity parameters that
depend on the chosen curve. Researchers have investigated
different stress-strain constitutive models for carbon steel,
such as elastic-perfectly plastic, bilinear, and multilinear with
hardening [40], [41].

This paper considered three different constitutive models
for steel, schematically illustrated in Figure 9 for specimen
3HN. The first stress-strain curve is proposed by Tao et al. in
[13] and consists of an elastic branch until the yield strain «,,
a perfectly plastic branch until 15¢, and hardening until the
ultimate strain ¢,. Hardening is defined by strain-hardening
exponent p.

The second is the five-stage elastic-plastic stress-strain
model presented by Han et al. in [16]. It consists of elastic,
elastic-plastic, plastic, hardening and fracture defined with
g =0.8f, [E, €01 = 1.5, €65 = 1061, &,3 = 100¢,, respecti-
vely, where ¢, is the yield strain and E modulus of elasticity.

The third constitutive model presented is an elastic-
perfectly plastic o — ¢ relationship for structural steel given in
EC3 [27]. Steel material properties used in tests are provided
in Table 2. Poisson's ratio is taken as 0.3.

1.50
1.00 atzoir Tl
&

0.50 - --Taoetal. [13]
- - - Han et al. [16]
——EC}27]

0.00

0 20 0 80 100

40 6
& [%0]

Figure 9. Steel models used illustrated for material
properties of specimen 3HN [30]

However, this study showed that the choice of the steel
stress-strain  model does not significantly impact the
numerical results. The same observation was previously
reported in the literature [5].

3 Validation of the proposed 3d models

Proposed models have been validated based on test
results provided in the literature. Here the validation is
presented on eight short circular specimens with test results
from various studies for columns with L/D < 3to minimise
the member slenderness effects. Table 2 lists the material
properties of specimens and their references. The
specimens are gradually loaded in all selected experiments
with increasing axial loading. The loading is simultaneously
applied to the whole cross-section.
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Table 2. Details of specimens with material properties for concrete and steel

Specimen details Concrete Steel
No. Specimen and D t L D/t L/D £ X f, E Poi_s.
reference ratio
[mm] [mm]  [mm] - - - [MPa] [MPa] [GPa] -

1 3HN [30] 150.0 3.20 450.00 46.88 3.0 1.05 28.7 74 2000 0.30
2 CC-0[11] 1391 279 420.00 49.86 3.0 0.92 41.2 388.5 203.8 0.28
3 cfst8-L35-0-a[22] 140.0 2.74 420.00 51.09 30 0.72 40.8 309.0 181.0 0.27
4 cfst12-L35-0-b[22] 140.0 3.90 420.00 359 3.0 1.15 40.8 336.3 205.0 0.27
5 310-60-3.6 [24] 1140 360 250.00 31.67 22 0.83 60.0 310.0 200.0 0.30
6
7
8

310-60-5.6 [24] 114.0 560 250.00 2036 22 1.36 60.0 310.0 200.0 0.30
310-60-3.1 [24] 167.0 3.10 250.00 53.87 1.5 047 60.0 310.0 200.0 0.30
C1-178-40-C00 [23] 178.0 6.55 548.33 27.18 3.1 1.91 40.0 403.0 209.6 0.30

Figures 10-19 show the axial load—axial strain (N — ¢) shortening (N — A) relations, they are converted by dividing
relations for specimens from Table 2. Diagrams contain axial shortening A with the column initial length L to obtain
results obtained numerically using presented FE Models 1-4 (N — ¢) relations [9], [13].

compared to the results obtained from experiments. When
results in the test were originally reported as axial load—axial
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Figure 10. N-¢ diagram for specimen 3HN Figure 12. N-¢ diagram for specimen cfst8-L35-0-a
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Figure 11. N-¢ diagram for specimen CC-0 Figure 13. N-¢ diagram for specimen cfst12-L35-0-b
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Figure 14. N-¢ diagram for specimen 310-60-3.6
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Figure 15. N-¢ diagram for specimen 310-60-5.6
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Figure 16. N-¢ diagram for specimen 310-60-3.1

Figures 10-17 show that, in general, a satisfactory
agreement between the numerical and test results is
achieved with all four models regarding the ultimate column
capacity. In tests shown in Figures 14, 16, 17, and slightly in
Figure 10, the numerical results missed matching the
experimental results during the initial elastic stage. This is
due to differences in the actual value of the elastic modulus
of concrete and the calculated values used in the numerical
models. Since the measured values of the elastic modulus of
concrete are not reported in all tests, the elastic modulus of
concrete is calculated from the corresponding expressions
described in Section 2 in all numerical models. Regarding the
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Figure 17. N-¢ diagram for specimen C1-178-40-C00

full N — ¢ curves, the differences between models are more
pronounced. Model 1 has been shown to be the most
accurate in this analysis. It successfully simulated CFST
column behaviour for most specimens regarding ultimate
capacity and the N — € response curve. The results obtained
by Model 2 have also shown a good correlation with the
experimental results for the specimens with a D/t ratio
higher than 30. One possible reason for the different
behaviour of specimens with a lower D/t ratio is an
overestimation of the confinement effect and the
strengthening of columns with a ticker steel tube in the post-
peak stage. Model 3 gives results that agree well with the
experimental results for specimens with concrete strengths
higher than 40 MPa. It comes from the Mander concrete
material model in Model 3, which considers the increase in
concrete ductility and peak strength due to confinement
effects. This is not the case for the concrete material models
in Models 1 and 2. Finally, the results of Model 4 are in very
good agreement with the experimentally obtained results for
all tests. These results are similar to those obtained by Model
1. Therefore, the extension of the concrete material model
from EC2 enabled Model 4 to capture well the peak and post-
peak behaviour of the CFST column.

The shape of the N —¢ response depends on the
confinement factor ¢ [42][43], equation (16), which varies
based on the cross-sectional shape of the column. For
different types of CFST’s cross-sections, different critical
values &, are defined. Circular CFST columns are estimated
to be around 1.01 to 1.21 [43]. When the actual confinement
factor is less than &, the N —¢ response has a “strain
softening” shape. When it is equal to &,, the response is
“perfectly plastic”, while for values of ¢ higher than &, the
response is of the “strain hardening” type. The value of ¢ for
each of the analysed specimens is calculated in Table 2.
Clearly, this factor is the smallest for specimen 310-60-3.1
(equal to 0.47); therefore, its response exhibits the most
noticeable strain-softening shape. The numerical models
also predict this softening branch, but due to previously
discussed differences in the initial stiffnesses, there are
discrepancies between the numerical and experimental
responses.

In addition, it should be noted that nonlinear static
analysis in ABAQUS using the CDP model is sensitive to the
variation of plasticity parameters. Moreover, it should be
underlined that the presented specimens belong to different
experimental studies. Test data were carefully reviewed to
understand the test setup, instrumentation and results,
especially in describing the test, steel and concrete material
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properties. However, not all necessary data is reported, and
the missing values are calculated from the available
expressions.

Finally, as mentioned in the introductory part of the paper,
one significant advantage of the detailed 3D model is its
ability to predict the failure modes correctly. All selected
specimens experienced very similar drum-like failure modes
with or without local buckling of steel tubes near column
ends. It should be emphasised that the concrete core within
the steel tube postpones or even completely prevents local
buckling of the steel tube. All analysed specimens have a
D/t ratio well below the limit value according to EC4 (equal

310-60-5.6

310-60-3.6

4 Ultimate column compression capacity and
comparison with EC4 design code calculations

In this section, the numerically obtained column axial
compression capacity N, ;from Models i = 1,2,3,4 for each
specimen is compared with the ultimate strength
N, tesefeported in tests. The value N, ; is determined in the
following way. For the specimen with a noticeable peak
(maximum) value that is achieved for strains lower than 1%,
that value is taken as the ultimate capacity N, ;. For
specimens that have hardening-type behaviour, the ultimate
capacity N, is taken to be equal to the force value
corresponding to the strain value of 1%,as suggested by[6].
It should be noted that the test values N,, ... are taken to be
equal to the values reported by the corresponding authors,
although, in some tests, these ultimate strengths correspond
to unrealistically high strains (e.g., in test C1-178-40-CQ0,
the ultimate strain is 140 %o). Also, for each specimen, the
ratio N,, ; /Ny, ¢es¢is calculated, and these values are reported
in Table 3. The results show that the average ratios are 93%,
98%, 106% and 91%, respectively, for Models 1 to 4. The
corresponding standard deviations are 6%, 5%, 11% and
4%, respectively, for Models 1 to 4. These results lead to
similar conclusions as previously derived regarding the
whole N —¢ response. Here, Model 2 gives the best
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to 90-235/f,) and can be considered not prone to local
buckling. Therefore, local buckling effects were not dominant
in these tests. Figure 18 shows the numerically obtained
failure modes for all analysed specimens. Here, for each test,
the figure on the left side (in green) shows the deformed
shape in the last calculation step, while the figure on the right
side (in colour) shows the vertical displacements (Z direction)
for the middle cut of the corresponding specimen. There is a
good correlation between the experimental evidence and
numerically obtained failure modes.

cfst8-L35-0-a

cfst12-L35-0-b

310-60-3.1

C1-178-40-C00

Figure 18. Deformed shapes of circular stub specimens under axial load

predictions with an average ratio of 98% and a standard
deviation of 5%. Model 1 and the proposed Model 4 have
slightly lower average ratios but still give good predictions of
the column's ultimate capacity. The results of Model 3 are
the least accurate, with an average ratio of 106% for the
Ny,i/Nytese @nd the highest standard deviation.

According to EC4, the resistance to axial compression of
a doubly symmetrical and uniform composite cross-
section Ng, can be determined using a simplified method of
design. The plastic resistance to compression of a
composite-cross section should be calculated by adding the
plastic resistances of its components, steel tube and
concrete core. In the case of concentric loading on concrete-
filled tubes of circular cross-sections, Ngc, may take into
account the decrease in steel strength by a factor n, and the
increase in the strength of concrete by a factor . due to
confinement effects, equations (38-39). This confinement
effect can be taken into account only if the relative
slenderness 1 defined by equation (40) does not exceed 0.5.
The effective buckling length of the column [,was taken as
0.5L, corresponding to the fixed-ended boundary conditions
reported in the tests. The values of the N, are calculated
with material data reported in tests without applying the
partial factors for material properties or any other safety
factors in the expression (37).
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Table 3. Summary of ultimate axial strength Ny results

test Model 1 Model 2 Model 3 Model 4 EC4
data
Specimen Nya Ny Ny 3 Ny Ngca
Nugest Ny Ny test Nz Ny test N Ny test N Ny test Neca Ny test
[kN] [kN] [%] [kN] [%] [kN] [%] [kN] [%]  [kN] [%]
3HN 1001 1027 103% 1053 105% 1233 123% 980 98% 1175 117%
CC-0 1212 1178 97% 1164  96% 1470 121% 1112 92% 1340 111%
cfst8-L35-0-a 1143 1051 92% 1043  91% 1129 99% 1012 89% 1182 103%
cfst12-L35-0-b 1511 1260 83% 1408  93% 1400 93% 1269 84% 1476  98%
310-60-3.6 1095 1030 94% 1039  95% 1100 100% 1044 95% 1186 108%
310-60-5.6 1365 1220 89% 1402 103% 1303 95% 1235 90% 1464 107%
310-60-3.1 1873 1805 96% 1804  96% 1967 105% 1738 93% 2091 112%
C1-U840- 2781 2579 93% 2005 104% 3050 110% 2465 89% 3134 113%
Mean value 93% 98% 106% 91% 109%
St dev. 6% 5% 11% 1% 6%
, tfy The values of N, are compared with the experimental
Neca =NaAsfy + Acfc {1+ Tep s (37) data N, in the last column of Table 3. The results show
that this ratio's mean value and standard deviation are 109%
_ 7 and 6%, respectively. However, the results are not on the
Mo =0.253+24) < 1.0 (38) safe side, and EC4 overestimates the ultimate strength
_ - capacity of the column when calculated with data from the
Ne=49-1851+17(1)* =20 (39) tests. Figure 19 presents a comparison of N, , /Ny, tes: ratios
obtained for the proposed Model 4 and EC4 predictions. On
_ Ny the other hand, the predictions of the column's ultimate axial
A= 15 (40) capacity obtained by Model 4 are on the safe side for all
cr specimens.
Npl = Aafy +AfC (41) L4
";: 1(2) ) b & b L . by
El 8 - i . = . e .
= nz# (42) < 0.8 -
\2 0 4 INECH * Yy test
. ° ‘Mu.q’/jvt«!uﬂ
(EDesf = Eqlg + 0.6Ecpl, (43) 0.2
00~ 3§ 5 © © = g
where: T 0 S %9 %8
Ny, zi is the characteristic value of the plastic resistance A %I %' %' S
to compression Specimen 2 I = 2 2 &
’ f (o] ~ ~ ~ =
N,, is the elastic critical normal force for the relevant 2 3 I
buckling mode, calculated with the effective flexural stiffness A O

(ED gy,

1,,1, are the moments of inertia of the steel section and

the concrete section.

Building Materials and Structures 66 (2023) 2300004N

Figure 19. Model 4-to test and EC4 prediction - to test
ultimate strength capacity
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5 Conclusion

The paper investigates the numerical modelling of CFST
columns' behaviour in ABAQUS software. The presented 3D
finite element models simulate the behaviour of circular
CFST stub columns under axial compression with high
accuracy. The selected four models are validated on a set of
experimental tests and have been shown to predict well both:
the full N- ¢ diagrams and the failure modes. Models 1, 2
and 3 are the most commonly applied models for the
nonlinear analysis of CFST columns. Model 1 is proven to
simulate the actual behaviour very well for all specimens.
Model 2 describes the N- ¢ relations very well for specimens
with a D/t ratio higher than 30 due to overestimating the
confinement of the ticker steel tube. Model 3 is the most
complex of the selected models regarding consideration of
the confinement effects. It provides a good prediction of the
full N-¢ column response for specimens with concrete
strengths higher than 40 MPa.

The proposed Model 4 is a simple model that shows good
agreement with test results regarding the full-range N — ¢
diagram. This model overcomes the current limitations of the
EC4 and EC2 design guides referring to the limitation of the
stress-strain relation by EC2 for concrete in compression to
3.5%0 strain and the absence of a suggested relation for
concrete in tension. Also, it considers the concrete core
confinement effects. Finally, according to the results of this
study, the simplified method of the EC4 for the determination
of the short column ultimate compression capacity gives
ultimate compression values close to the test values.
However, for most of the selected specimens, these values
are not on the safe side. The ongoing study investigates this
issue in detail on a much larger data set.
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Notation list

D outer diameter of a circular column

L length of a column

t wall thickness of the steel tube

Y dilation angle

e flow potential eccentricity

K ratio of the second stress invariant on the tensile

aQ

meridian to that on the compressive meridian

fro/f! ratio of the compressive strength under biaxial
loading to uniaxial compressive strength

fe cylinder compressive strength of unconfined
concrete

fek characteristic strength of the concrete

feu cube strength of the concrete

e confined concrete compressive strength

fi lateral confining pressure

& concrete strain

£co concrete strain at cylinder compressive strength of
unconfined concrete

Ecc concrete strain at peak stress

&y steel yield strain

&y ultimate strain of the steel

E modulus of elasticity of steel tube

E, modulus of elasticity of the unconfined concrete
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E.. modulus of confined concrete

fs confining stress

fy yield strength of the steel tube

fr residual stress

Ag cross-sectional area of the steel tube

A cross-sectional area of the concrete core

& confinement factor

Gr fracture energy

A max maximum coarse aggregate size

& confinement factor

E.m secant modulus of elasticity

&1 concrete strain at peak stress

Ecul concrete nominal ultimate strain

o, concrete stress

Ores concrete residual stress

A column shortening

Ny column axial compression capacity from Models
i=1234

Ny tese  COlumn test ultimate strength

Ngcs resistance to axial compression by EC4

factors related to the confinement of concrete

column relative slenderness

Ny g Characteristic value of the plastic resistance to
compression

N, elastic critical normal force for the relevant buckling
mode
Io, 1. moments of inertia of the steel section and the

concrete section
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ABSTRACT

In the past few decades, demountable connectors have often been used for
connections in composite and mixed steel-concrete structures to reduce
construction time and costs. Furthermore, the application of demountable
connectors enables the reuse of structural elements in these structures, which leads
to sustainable design and a circular economy. In this paper, the demountable
connector is made out of two parts: (1) mechanical coupler and rebar anchor placed
in formwork before casting the concrete element, and (2) steel bolt used for
connecting steel to the RC element. Although this connector is increasingly being
used in contemporary building structures, its behaviour in composite connections is
still insufficiently defined. The paper presents the results of experimental tests and
numerical analysis of the connector with a mechanical coupler, focusing on the local
behaviour of the tapered threaded connection between the mechanical coupler and

rebar anchor.

1 Introduction

The combination of structural steel and reinforced
concrete elements in composite and mixed civil engineering
structures arose from the desire to reduce costs and shorten
construction timelines. The behaviour of such structures
significantly depends on the behaviour of the connection
between the steel and RC components which is realised by
the use of mechanical connecting devices, i.e., connectors.
These connectors are most commonly loaded with shear,
tension, or combined loads.

Traditionally, headed studs continuously and uniformly
welded along the flanges of steel profiles have provided the
connections between structural elements made of steel and
reinforced concrete (see Figure 1(a)). The reason lies in the
quick execution using automatic welding and their adequate
and reliable behaviour under shear, tension, and their
interaction, which has been proven by numerous
experimental and numerical studies [2,3]. In contrast to
welded studs, demountable connectors enable relatively
simple disassembly and reuse of structural elements and
even entire structures after the “first service life”. Over the
past few decades, several experimental and numerical
studies on the performance of various types of demountable
connectors have been performed, the most common of
which are shown in Figures 1(b)-1(d). In terms of shear
behaviour, it was concluded that these connectors have a
comparable load-bearing capacity to welded-headed studs
but significantly lower stiffness as well as ductility. It was
observed that the stiffness of the connector increased with

" Corresponding author:
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the addition of one or two embedded nuts. In terms of tensile
behaviour, it was concluded that the failure modes and load
capacities of demountable-headed connectors are similar to
those of welded studs [1].

Over the last few years, different research groups have
analysed the application of demountable shear connectors
with bolts and mechanical couplers, which are most
commonly used for rebar splicing in RC structures. These
connector types are shown in Figures 1(e) and 1(f). The
connection between the steel and RC element is achieved
on the construction site by screwing the short bolt into the
coupler, which was previously embedded in the RC element.
The connector can be anchored to the RC element by
connecting the coupler with another longer bolt [4,5] or by
connecting it with the rebar anchor [6,7]. According to
research results, the shear behaviour of these connectors
was similar to that of bolts with embedded nuts. It was
pointed out that under the action of longitudinal shear,
regardless of the connector anchoring method, deformation
predominantly occurs in the short bolt. At the same time,
mechanical couplers provide a flat surface for the RC
element at the place of the connector, making disassembly
easier compared to other demountable connector solutions.

In the case of tensile force, connectors with mechanical
couplers have a more complex behaviour compared to other
connectors shown in Figure 1. The reason lies in the fact that
connectors with mechanical couplers are, in general, formed
by joining three elements of different mechanical and
geometric characteristics (see Figures 1(e) and 1(f)).
Therefore, their behaviour in tension, and thus under
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combined load, depends on the behaviour of the “weakest
link” in the connector. For example, during the tensile tests
conducted on the connectors used by Yang et al. [4]
significant deformation occurred in the mechanical couplers.
On the other hand, in connectors with mechanical couplers
and rebar anchors, the rebar anchor can be the weakest link
if high-strength bolts are used [7].

This research aims to analyse the local tensile behaviour
of the connector formed by connecting the bolt, mechanical
coupler, and rebar anchor (Figure 1(f)). For this purpose, the
tensile test was conducted on the connector itself using the
tensile testing machine, continuously measuring the load and
deformation of the connector at characteristic zones. Based
on the load test results, a nonlinear finite element analysis
(FEA) analysis of the connector with a mechanical coupler
was carried out by the Abaqus software, with an emphasis
on modelling the connection between the mechanical
coupler and the rebar anchor.

2 Experimental analysis

2.1 Experimental program and material properties

To study the tensile behaviour and determine the
corresponding load-bearing capacity of the threaded splice
connection between bolt and rebar anchor, tests were
performed on a 300 kN capacity Shimadzu tensile testing
machine. The connectors were formed by M20 bolts and @16
rebar connected to the coupler by ISO coarse metric thread
and conical thread, respectively (see Figure 1(f)). The tested
mechanical properties of demountable connector
components are presented in Table 1.

|,/ / D/ % I | <> / <l
| < // a ’ | | > / xl < I
| > // | |/ ¢ . ‘
4 S ) S X
k O R [R5
1 L |/ | (XX
I 1 ] g | I
| I I = | | |
(a) Welded headed studs (b) High-strength friction grip  (c) Threaded headed studs and
bolts bolts without nuts

I
p
1)
%
\d

|

11

(d) Bolts with single and
double-embedded nuts

|
|
|
|
|
|

(e) Connectors consisting of
short bolt, embedded coupler
and long bolt

|
| |
| |
| |
\ |
| |
| |
(f) Connectors consisting of short

bolt, embedded coupler and
rebar anchor

Figure 1. Examples of different types of connectors

Table 1. Tested mechanical properties of demountable connector components

Component rrlfcl)?isutllﬁs Og{?:;éltild Tensile strength Ultimate strain
E (GPa) f52 (MPa) fu (MPa) €u (%)
Bolt M20 204.3 855.2 930.6 16.19
Mech. coupler 206.6 7701 846.0 6.94
Rebar @316 193.3 554.7 668.4 19.65
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2.2 Test set-up and measurement procedure

The tensile test layout with measuring point arrangement
is presented in Figure 2. In total, two samples were tested.
The bolts were preloaded to around 20% of the full preload
force, according to [8]. The specimens were loaded in
displacement control mode with a 1.0 mm/min stroke rate.
Global and local deformation were measured in two ways:
(1) measurement at discrete points using inductive
displacement transducers, strain gauges, and extensometer,
and (2) measurement by Digital Image Correlation, DIC.

In the first case, the rebar elongation was measured by
an extensometer with a gauge length lexx = 100 mm. The
displacement of specimens along the loading axis (labelled
as d), was measured by inductive displacement transducers
at 6 points, relative to the fixed position. Rebar-coupler slip
values 617 and 012 were estimated as the subtraction of
measured values d1.7and dr.2and d1.3 and d1.4, respectively.
The mean of rebar slip values 6+.1 and 61.2 was labelled as
61. Similarly, separation between the coupler and bolt grip &2
was estimated. This separation was used for estimation of
bolt strain &, along the 24 mm grip length. Coupler strain &co
was measured by strain gauges at the weakest section —
between bolt and rebar, as shown in Figure 1(f).

In the DIC method, digital images of the front side of the
connector were captured at different deformation states and
post-processed by matching the same points (or pixels)
between the two images recorded before and after
deformation. The front side of the connector was painted with
white paint. Random speckle pattern was achieved with
black paint by hand spraying using the small pipe on the
spraying can lid. The acquisition of the digital images during
the experiment was performed with a full frame Canon 6D
(sensor 36x24 mm, resolution 20.2 megapixels) with a

/

W

d s

|
|
|/ |
|
1

]L"J\‘ ]
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Rebar

—7 F“ \ Mechanical coupler
! \

| /| Washer

M20 (EN 28738)
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|
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|

Rebar clongation Ao /

\
detail A-A|~| g

separation of grips A

M20...8.8 (ISO 4017)

Fixture

AN

§ A-A
P B }F__—‘__"‘if ‘

Canon EF 24-105 mm f/4L IS 1l USM telephoto lens. The
focal length was fixed at 105 mm with f/8 aperture. The
camera was placed on a tripod at 0.96 m from specimen
which resulted in an average spatial resolution of 0.06
mm/pixel. The camera was triggered automatically at time
increments of 10 s. DIC analysis was done using an open-
source 2D MATLAB program — Ncorr [9].

2.3 Results of tensile tests

The appearance of the connector before, during and after
the tensile test is shown in Figure 3. Both specimens failed
due to the stripping of taper threads on the end of the rebar.
As the coupler and bolt deformation were negligible, they
could be easily demounted after testing (Figure 3(c)).

Experimental test results are graphically presented in
Figure 4. The maximum force of samples 1 and 2 subjected
to the tension was Tu,7 = 128.7 kN and Tu,2 = 129.9 kN, which
is about 4% less than the load capacity of the control rebar.
In Figure 4(a) stroke Ast and rebar elongation within free
length Aat are presented as a function of tensile force T.
Rebar elongation Aaswas obtained by scaling the elongations
measured by an extensometer. On graphs, four
characteristic points can be identified as:,Y* —yield point, ,S*
— beginning of rebar strain hardening, ,U" — the ultimate load
of the rebar and connector as a whole and ,R* — connector
failure. By observing the graphs, it can be concluded that the
displacements Ast and Aa differ significantly in the rebar’s
elastic region due to the wedging of wedge grips into the bar
and the bolt fixture. The elastic elongation of the bolt and the
mechanical coupler contribute far less to that difference, as
confirmed by the small, reversible strains of these two
elements (Figure 4(b)).

B-B
| (-’11 II"" |
T 2 + T t%
|\ i | 7
1,
| l strain gauges d'"'l ‘ li |

Figure 2.Tensile test layout of threaded splice connection between bolt and rebar — the physical quantities of interest are
displayed in red
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P
.

(a) Before loading (b) During loading

L
(c) After the test

(part U-R on Figure 4)

Figure 3. Connector appearance before, during and after the tensile test

After that, the difference between Astand Aatis practically
negligible until the connector's load-bearing capacity is
reached. Test results showed that the behaviour of the
connector as a whole corresponds to that of the control rebar
(Figure 4(d)). Reaching the ultimate load of the connector
coincides with the onset of stripping of the taper thread on
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(c) Force-slip diagram for rebar-to-coupler connection

the rebar inside the mechanical coupler. The result was the
rebar anchor slipping out from the mechanical coupler and
the increased measured values 67 on the U-R part, as shown
in Figure 4(c). In this area, there is no additional increase of
rebar anchor strain, which is illustrated by the line U-R' in
Figures 4(a) and 4(d).
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(d) Force-strain diagram for rebar

Figure 4. Tensile test results of the connector with a mechanical coupler
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Measurement results of 67 and &2 in the elastic region
deviated to a certain extent from the theoretically calculated
values of the corresponding stiffnesses, as can be seen in
Figures 4(b) and 4(c). These deviations are especially
emphasised in the case of slip 2, i.e., bolt strain along the
grip length &». This can be attributed to the distance of the
displacement transducers from the corresponding
connections of the connector components, which can be
seen in Figure 2(b). As shown in Figures 4(b) and 4(c), the
results of DIC measurements matched much better with the
theoretical values since the measurements were made at the
surface of the connector.

3 Numerical analysis
3.1 Geometry of numerical model and boundary conditions

Numerical analysis of the threaded splice connector was
performed in Abaqus finite element analysis (FEA) software
[10] using the three-dimensional (3D) model shown in Figure
5. During the model's development, some geometry
simplifications were made as opposed to the real geometry
of the connector parts. These simplifications are based on
the conclusions from the experimental analysis. Due to the
elastic behaviour of the bolt during the test, the bolt thread
was not explicitly modelled. A constant circular cross-section
equal to the nominal stress area in the threaded part was
adopted. In addition, the bolt-coupler connection was
modelled as rigid, using the ,Tie“ constraint. The contact
between the bolt, washer, and fixture is modelled as ,Hard
contact® in the normal direction and ,Penalty friction in the
tangential direction with a friction coefficient of 0.14,
according to [11]. The rebar anchor and mechanical coupler
threads were also excluded because of the complex taper

U2>0
U1=U3=R1=R2=R3=0

emmmmpm=m===T 1

R1=R2=R3=0

Figure 5. Numerical model geometry and boundary conditions of the connector with a mechanical coupler
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o

<t

thread geometry on the ribbed rebars (see Fig. 3(c)). The
connection between the rebar and mechanical coupler was
modelled by an idealised conical contact surface, as shown
in Figure 5. The contact length of 25 mm was assigned,
which is less than the total length of the rebar inside the
coupler. The reason for this was the absence of a complete
thread on the upper part of the rebar anchor. The rebar-
coupler connection was modelled in two ways: as a rigid
connection (,Tie“ constraint) and by ,Cohesive contact"
formulation, according to [10].

3.1.1  Modelling of rebar-to-coupler contact

For modelling rebar-to-coupler contact, the cohesive
contact formulation was used. According to [10], cohesive
contact between two surfaces was defined by the relation
between the nominal traction stress t as a function of the
separation (slip) of the surfaces 0, as shown in Figure 5. The
behaviour of this connection includes four characteristic
parts: 0-i — elastic part, i — damage initiation, i-f — damage
development and f — connection failure. The uncoupled
stress-separation relationship defines the elastic behaviour
of the contact:

tn Kil 0 0 5’1
t=qt =10 K 0 |<7 (1)
£, 0 0 K ||f
whereby:
th, s, t  normal, tangential and longitudinal nominal

traction stress,
on, 0s, &t normal, tangential and longitudinal separation,
Kn, Ks, Kt normal, tangential and longitudinal stiffness.

Rebar-coupler contact:
(1) ,,Cohesive contact*
(2) ,,Tie constraint*

!

,,Cohesive contact* [10]

1-D)7
ingar damage
olution

exponential. |
damage evolution

N f(D=1)

5 s 6
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Degradation and failure of the contact between two
surfaces are defined by the damage initiation criterion, the
damage evolution function (law), and the maximum
separation. Damage initiation criteria can be defined by the
corresponding maximum stress (f) or maximum separation
(8") from Equation (1). In general, the damage development
function can have an arbitrary form. As an example, linear
and exponential damage evolution functions are shown in
Figure 5. Regardless of shape, the damage evolution
function depends on the scalar quantity named damage
parameter D, which represents the main input parameter
during the definition of degradation and failure of contact in
Abaqus software [10]. The damage parameter has a value of
D = 0 at the maximum stress and a value of D = 1 at the
maximum separation of the connection. As can be concluded
from equation (1), all three components have different
behaviours in the elastic region. However, after fulfilling the
damage initiation criteria for any of the components
(directions) of the connection, damage occurs in all three
directions in line with the same damage evolution law.

In this study, the properties of the cohesive contact
between the rebar and coupler were defined based on the
experimentally determined force-slip relation (7-61), as
shown in Figure 4(c). Considering the small inclination of the
conical thread generatrix (see Figure 5), the main
parameters for defining the behaviour of the contact are the
longitudinal stress t:and the longitudinal separation &: The
value of Ks = Kn = Kt = 10000 MPa/mm was determined
iteratively and adopted for connection elastic stiffness to
match the test result obtained by DIC method. The initiation
criteria was defined by maximum longitudinal stress t/ = 128
MPa. The value of this stress is approximately equal to the
value obtained by dividing the connector load capacity T. by
the contact area and by the projection on the generatrix, as
shown in Figure 5. The linear damage evolution with the
maximum longitudinal traction &/ = 2.0 mm was considered
and adopted based on the test results (part U-R). For the
other two directions, the same connection properties were
used. Figure 6 shows the adopted cohesive contact
characteristics.

140 r 14

i (D=0) Stress-separation curve
120 Damage parameter D L 12
= O
SOH <
z g
£ 80 08
] I
= =
£ 60 0.6 ¢
= 40 043
.= Q
E 20 0.2
z 1)
0 0.0
0 0.5 1 1.5 2

Separation J (mm)

Figure 6. Cohesive contact for modelling rebar-to-coupler
connection

3.2 Material models

The Poisson’s ratio of 0.3 and a density of 7850 kg/m?3
were set for all steel materials. The material model of the bolt,
coupler, and rebar anchor was adopted following the
properties shown in Table 1. For the bolt, mechanical
coupler, fixture, and washer the modulus of elasticity Eo =
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210 GPa was adopted. Taking into consideration negligible
permanent deformation of couplers and bolts during loading,
a bilinear elastoplastic stress-strain relation was adopted,
while completely elastic behaviour was adopted for the
fixture and washer. For reinforcement, the modulus of
elasticity Eo = 200 GPa was adopted. The behaviour of the
rebar anchor was modelled based on the stress-strain curve
of the control rebar without taking into account the
descending branch. Figure 7 shows the adopted stress-
strain relationships for the bolt, mechanical coupler, and
rebar anchor.

1000
_ 800 /
Z
: 600 /
= 400
£
g
z
200 Bolt
Coupler
Rebar
0
0 5 10 15 20

Nominal strain ¢ (%)

Figure 7. Stress-strain curves for bolt, mechanical coupler
and rebar anchor

3.3 Finite element mesh and analysis procedure

Tetrahedral finite elements (C3D4) were adopted for all
connector components. The bolt, washer, mechanical
coupler, and rebar anchor were modelled with 1.5 mm finite
elements, while the bolt grip was modelled with 3 mm finite
elements. A sensitivity analysis of FEA model's global
behaviour was performed by using the 1 mm, 1.5 mm, 2 mm
and 3 mm finite elements representing the connector.

For nonlinear quasi-static anaysis, the Abaqus/Explicit
solver was used [10]. The displacement U2 was applied at
the top of the specimen (Figure 5) at a time interval of 100
s.The mass scaling method with a desired time increment of
0.002s was used to increase calculation speed.

3.4 Result of FE analysis

Nonlinear FEA results of the threaded splice connector
subjected to tension are shown in Figure 8. Considering the
failure mode identified during the connector tensile test, a
comparison was made between the rebar force-slip and
force-strain curves. Modelling the rebar-coupler contact with
a rigid connection (,Tie* constraint) describes relatively well
the connector behaviour until the yield point (Y) of the rebar
anchor, as shown in Figures 8(a) and 8(b). After the rebar
yield point, there are clear differences between the
experimental and FEA results. In the latter, the connector
failure was caused by rebar tensile failure (see Figure 8(b),
part U—R). As can be seen from the figures, a good match
between the test results and FEA results of the model with
cohesive contact was achieved in the rebar-to-coupler slip
branch up to 0.7 mm (up to the maximum load). At larger
values of slip 87, contact damage occurs in accordance with
the adopted linear damage evolution (part U-R), which is
characterised by a faster drop in tensile force compared to
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the experimentally obtained results. Although a better model
behaviour on the descending branch of the force-slip curve
can be obtained by defining a more accurate damage
evolutionlaw (trilinear, parabolic, etc.), the presented model
well describes the global behaviour of the connection. In the
case of the FEA model with cohesive contact, rebar pull-out
failure mode occurred due to contact failure. Also, as can be
seen from the graphs, the behaviour of the connection had
low sensitivity to changes in the size of finite elements.
Figures 8(c) and 8(d) show a comparison of von Mises
stress distribution in the connection of a mechanical coupler
and a rebar anchor at various levels of tension load, based
on FEA models with ,Tie“ constraint and a ,Cohesive
contact model, respectively. The tensile force levels
corresponding to the yielding point of the rebar anchor and
the load capacity of the connector were analysed. It can be
concluded that with a rigid connection, the tensile force is
dominantly transmitted in the upper part of the mechanical
coupler, regardless of the load level. On the other hand, by
modelling the connection with cohesive contact, rebar-
coupler force transmission is more uniform up to the rebar
yield point. After that, the thread damage occurs in the higher
part of the rebar, and the force transmission zone moves
towards the lower part, i.e., the free end of the rebar. This
fact is supported by the distribution of von Mises stress at the
maximum tensile force, presented in Figure 8(d). Similar to

140 1yR U
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20 ———-FEM_Coh_1.0 mm
————— FEM_Coh_2.0 mm
FEM_Coh_3.0 mm

0 0.5 1 1.5 2 2.5 3

Rebar-to-coupler slip ¢, (mm)

(a) Force-slip diagram

5, Mises
(Avg: 75%)
853.55
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675.00
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300.00
225.00
150.00
75.00
0.00

the experimental analysis, the failure of the connector was
caused by the loss of contact between the coupler and the
lower part (end) of the rebar.

4 Conclusions

In this paper, the tensile behaviour of a demountable
connector consisting of a bolt, mechanical coupler, and rebar
anchor was analysed. Tensile test results showed that the
behaviour of the rebar, as the weakest component, has a
significant influence on the behaviour of such a connector as
a whole. The tensile load capacity of the tested samples was
approximately equal to that of the control rebar (7, = 129.3
kN). Both samples failed due to rebar pull-out from the
mechanical coupler, as a result of the conical thread stripping
on the rebar anchor.

The connector's nonlinear three-dimensional finite
element model was created and calibrated using the results
of experimental tests. Particular focus was placed on
modelling the connection between the mechanical coupler
and rebar anchor. It was shown that the complex behaviour
of this connection, up to the connector load capacity, can be
adequately represented by applying the cohesive contact
model in Abaqus software [10], whose application and
parameters are described in detail.
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(c) Connector stresses in case coupler-rebar (d) Connector stresses in case of coupler-rebar

connection modelled with , Tie“ constraint

connection modelled with ,Cohesive contact”

Figure 8. Tensile FEA results of the connector with mechanical coupler
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ABSTRACT

Risk is involved in the whole lifecycle of a structure: design, construction, utilization,
and demolition. There is a close connection between reliability and risk.
Contemporary building codes introduce consideration of reliability in structural
design. Here, the concept of risk takes into account the level of consequences of a

failure. Structural engineers, who are used to deterministic calculation procedures,
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paper.

1 The concept of risk

Risk can be seen as a concept invented by humans to
help them understand and deal with the dangers and
uncertainties of life [1]. In general, the concept of risk is
considered in ISO 31000:2009 [2, 3], where risk is defined
as “the effect of uncertainty on objectives”. ICE/ISO 31010
[4] summarizes a number of techniques that can be used to
improve the understanding of risk and how uncertainty is
taken into account. The document also provides references
to other documents where particular techniques are
described in more detail.

Risk analysis supports decision making in various
activities. In 2010, the European Commission published a
Working Document - "Guidelines for Risk Assessment and
Mapping for Disaster Management", which sets a general
framework for disaster prevention and proposes measures
to minimize the impact of disasters. The guidelines take into
account existing EU legislation and Eurocodes. The
document contains research results in the field of risk
assessment and risk mapping of major natural and man-
made disasters, based on existing good practice in Member
States at the time. In 2019, a report [5] was published, based
on the aforementioned guidelines, with the aim of providing
scientific support to EU Member States in the preparation of
a National Risk Assessment. The document provides tools
and methods for risk assessments related to specific hazards
and assets: drought, earthquake, flood, terrorist attacks,
biological disasters, critical infrastructure, chemical
accidents, nuclear accidents and Natech accidents (Natural
Hazards Triggering Technology Accidents).

" Corresponding author:

E-mail address: smasovic@grf.bg.ac.rs
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are often unfamiliar with the uncertainties associated with risk analysis. An overview
of the basic principles of risk management in civil engineering is presented in this

Structural engineers predominantly use deterministic
calculation procedures and feel uncomfortable with the fact
that risk analysis in practice can mean different things
depending on the professionals doing the analysis and the
client's requirements [6]. In this regard, the book [7], intended
for both engineers and students, provides clear definitions
and instructions for conducting risk analysis and is a useful
text for structural.

Risk R is often estimated by the expected value E(L) of
the consequences L (i.e., losses):

R =E(L)=3Xp(L;)-C(L;) (1)

Here Lirepresents a particular loss i related to something
valuable to humans, p(Li) is the probability of L;, and C(L;) is
the measure of that loss (commonly expressed in monetary
units). The event of loss is a random variable (for example,
the number of affected people), and it is conditional on the
event designated as the failure. The failure is “non-
conformance to some defined performance criterion”, [8].
There may be a number of failure modes F; corresponding to
the established performance criteria.

The probability p(Li) is obtained by conditioning on the
failure modes:

p(L;) = p(F;)- p(Li|F;) 2)
J

where p(F;) is the probability of a failure mode F;, and p(Li |Fj)
is the related conditional probability.
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Each failure mode is a result of an event Hx - hazard (a
single initiating event). Introducing conditional probabilities
p(Fj|Hk), expression (1) is extended to:

R=E(L)= %p(Hk)-Zp(Flek)Zp(Lile)-C(/—,-)
J i
where p(Hk) is the probability of hazard Hk occurrence.

Hazards 1, 2 (Hy, H,)

@)

[N u U

L i

SFHZ - Flood level 2

ﬂih - Flood level 1

settlement and

otation of the pier

r ",

p(FiH,) (k=1,2)

u

p(FalHy) (k=1,2)

settlement and rotation of _-
the abutment

R=E(L) = §:1p(Hk)- ip(F,-\Hk)-ip(leF,)-C(L;)

p(H,)
o)

Ly
Fatalities, injuries

S L,
Damage to the structure

=\ Ly
Environmental damage

Figure 1. Example of the risk assessment

An example of the risk assessment is illustrated in Figure
1 [9]. A bridge structure is exposed to two hazardous
situations that may cause two failure modes (related to local
scour at substructures), leading to four types of losses.

Civil engineers are constantly facing risk in their practice
(in conceptual design, construction, and maintenance),
which is due to diverse uncertainties related to loads, design
models, material properties, construction procedures, and
environmental impacts. Risk cannot be avoided, given the
uncertainties of future events, but it can be reduced by risk
mitigation measures. Rational measures require adequate

116

risk assessment. Risk assessment provides a basis for
rational decision-making in the context of uncertain and/or
incomplete information [10].

2 Framework for risk management

ISO 31000 [2, 3] provides general framework for risk
management. General principles on risk assessment of
systems involving structures are presented in ISO 13824
[11]. The risk management process, applicable in civil
engineering, is presented in Figure 2.
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Figure 2. Framework for risk management (adapted from [2])

2.1 Establishment of the scope

The essential step within risk management is the
establishment of the scope (context). It comprises:

— definition of the system (Figure 3);

— setting the time frame;

— setting the level of risk analysis (qualitative, semi-
quantitative, quantitative, or probabilistic);

— identification of stakeholders (e.g., investor, designer,
contractor, owner, user, society, etc.) and their
responsibilities;

— setting the acceptance criteria.

The system to be considered is the totality of all objects,
events, consequences, assumptions, agreements, and
constraints that are necessary for a particular risk
assessment. Within the system, the definitions of all
elements are provided, and all relevant facts are collated
(information, data, expertise, models, etc. [12].

The definition of the system is essential to establishing
exposure, vulnerability and robustness. Due to the properties
of the considered system, specific sequences of events
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(scenarios) arise that direct and indirect
consequences [13].

Direct consequences refer to the losses related to
individual elements of the system and their vulnerability.
Vulnerability (Vjx) can be interpreted as the conditional
probability of a specific failure mode as a result of a specific
hazard:

Vi = P(Fj|H)

cause

(4)

Several systems with different levels of complexity are
presented in Figure 3 with examples of direct/indirect losses.
Narrowing the boundaries of the system (1 — 4) enables
detailed modelling of system properties. The use of detailed
models followed by expansion of the system boundaries (4
— 1) results in a significant increase in the complexity. The
complexity is also significantly affected by the selected time
frame and the level of risk analysis (see section 2.2). Within
risk management, “the level of complexity should be tailored
to the decision at hand and the quality of data that supports
the decision analysis” [14].

Figure 3. Systems with direct/indirect losses and the level of complexity
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A system can exhibit various failure modes. They can be
related as a series, while some of them may comprise the
simultaneous (parallel) occurrence of certain failure events.
An example of possible structural failure modes for a
restrained beam is shown in Figure 4.

Indirect consequences refer to losses beyond the direct
consequences and are usually associated with the loss of
system functionalities. A structural system is said to be
robust if the structure will not lose its functionality at a rate or
extent that is not proportional to the cause of structural
damage [13]. Robustness represents the ability to withstand
the propagation of losses throughout the system, and is a
function of system properties like redundancy, ductility and
load redistribution, but it also depends on failure
consequences [15].

Consequences are categorized in classes which relate to
cost bearer (internal, e.g. owner, and external, e.g. users or
society) and by tangibility (tangible, e.g. material loss, and
intangible, e.g. fatalities). Categories are obtained combining
classes of losses that are presented in Figure 5 (category
“direct-external-intangible” is marked for example).

Risk acceptance criteria denote acceptable limits to the
probabilities of certain consequences of an undesirable
event and are expressed in terms of annual frequencies.
Risk acceptance criteria are generally determined by the
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specialists but may reflect the risk attitude of a particular
decision-maker. “These criteria are normally determined by
the authorities to reflect the level of risk considered to be
acceptable by people and society”, [16]. Rational risk
acceptance criteria should be based on socioeconomic
considerations.

The problem with making decisions about risk
acceptance is that the group that pays for safety measures
frequently differs from the group that benefits from them.
Those who do not directly pay for the safety measures want
very strict rules, and vice versa [17]..

Societal risk criteria are presented as curves on F-N plots
(usually log-log scales) that show the relationship between
the annual frequency F of accidents with N and more
fatalities. These curves have been developed for various
industrial fields. The mathematical expression for an F-N
criterion curve contains the risk aversion factor a, and may
be expressed as:

F=k-N* (5)

where k is the constant and the risk aversion factor a =1 +
2, [14-16]. Value a = 1 denotes a risk-neutral attitude. An
example of F-N curve is shown in Figure 6.

Awm Cy Ay
BM

- Mindicates bending moment failure
- Vindicates shear failure

Figure 4. lllustration of some structural failure modes: a) structural system, b) corresponding failure modes and c) block
diagram for systems reliability analysis
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>

Figure 5. Categorization of losses
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Figure 6. Example of F-N criterion lines (adapted from [7])

2.2 Risk assessment

Risk assessment involves three steps: identification,
analysis, and evaluation of risks. Identification of relevant
hazards and consequent losses is performed within the
established context (Section 2.1). Risk analysis is carried out
by an appropriate method in accordance with a defined level.
A risk matrix is usually used for a qualitative or preliminary
analysis. The modified risk matrix, involving pre-defined
failure mode probabilities, is used for semi-quantitative
analysis [21]. For quantitative and probabilistic risk analyses,
the event tree, the fault tree, or the Bayesian network [4, 7,
8] are commonly applied. The last step of a risk assessment
is evaluation, which is necessary for a decision about the risk
treatment.

Identification of hazards (i.e., initiating events) and
hazard scenarios, followed by identification of the type and
extent of related consequences (losses), is an essential
prerequisite for the risk analysis. Hazard scenarios establish
the chain of events leading to specific losses.

The hazards may originate from various causes:

— natural (e.g., earthquake, flood, landslide);

— human activities (e.g., impact of vehicles, overload,
fire);

— malicious attacks (e.g., bomb explosions, vandalism);

— human errors (e.g., design or construction errors,
misuse);

— negligence (e.g., lack of inspection or maintenance).

Hazard identification procedures may vary from the
simple use of a list of threats or extensive tables for a formal
identification process to a detailed expert study as an
interdisciplinary process. Selected hazards should be
documented as a part of the risk assessment, and
explanations should be provided for the omitted ones.

Design codes and recommendations address in detail
only some of the abovementioned hazards (e.g., earthquake,
fire, impact, etc.). Human errors and negligence are also
acknowledged, but besides general requirements for quality
control and supervision, the codes usually do not provide
detailed instructions. Inaccuracy in design models and
uncertainty in input data are partially covered by safety
factors.

These factors are calibrated based on target values of
the reliability index # which is the ratio of the expected value

Building Materials and Structures 66 (2023) 2300003M

to the standard deviation of the performance function [10, 22-
25].

Consequences (losses) may be related to various
domains:

— human safety (e.g., fatalities, injuries, damage to
important facilities);

— property (e.g., damage to structures, contents, and
surroundings);

— economics (e.g., loss of income, cost of detours or
delays);

— environmental (e.g.,
damage);

— social (e.g., loss of reputation, increase in public
fears).

The method of risk analysis is selected in accordance
with a defined level: qualitative, semi-quantitative,
quantitative, or probabilistic.

A qualitative risk assessment is the starting point for any
risk analysis, providing a risk ranking and identification of
credible event scenarios for further, detailed analysis. It is
based on the comprehensive experience or studies of
experts and does not involve mathematical calculations.
Results are commonly expressed in a risk matrix Figure 7.

In Fig. 7, consequences are classified as “low”, “medium”
and “high”, similarly to CC1, CC2 and CC3 in Annex B of
EN1990 [21]. The time frame has to be specified within the
selected context. For example, the occurrence of a scenario
that is “occasional” in 50 years might be “remote” in a single
year. The classification presented in Fig. 7 is the starting
point for decision making. If the risk is “intolerable”, risk
mitigation measures are mandatory, or the planned activity
is to be cancelled. In the case that the risk is “broadly
accepted”, no action is required. Between these regions,
there is the wide zone referred to as ALARP (“As Low As
Reasonably Practical’). The words “Reasonably practical’
refer to the costs of risk mitigation measures. Only general
risk mitigation measures (i.e., verified in common practice)
can be suggested by the qualitative risk assessment.

In the simplest quantitative risk assessment, the
occurrence rate of the initiating event, conditional
probabilities, and the corresponding value of losses, are the
point estimates. The effects of the uncertainties in inputs and
their interdependency should be assessed in sensitivity
analyses. A quantitative approach with point estimates can

pollution,  environmental
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Consequences classes
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be used in cases where uncertainties have no significant
influence on decision-making. Probabilistic risk assessment
is used when the sensitivity analyses indicate that
uncertainties in the input estimates cannot be neglected. The
events (including losses) are treated as random variables.

Available historical data can be used for the selection of
probability distributions and the estimation of distribution
parameters, but a high amount of reliable data is required.
Reliability analyses of elements and systems are the next
steps in the probabilistic risk assessment. The most complex
risk assessment involves time-dependent reliability analysis
of various limit states and time-dependent modelling of
losses related to the spectrum of consequences.

Switching from qualitative to quantitative risk assessment
is suitable only where it is reasonable and feasible.
Reasonable means that the cost of doing a quantitative
analysis is not high compared to the value of solving the
problem. Feasible refers to the availability of computing
tools, information, and data.

The simplest way of evaluating risk is qualitative: high,
medium, or low risk (risk matrix, Fig. 7). A more
comprehensive result of the risk analysis provides the
spectrum of losses with estimated probabilities in the
prescribed time frame.

2.3 Decision making

There are four basic options to deal with risk: acceptance,
transfer, avoidance, and risk reduction (i.e. mitigation). If all
of the prescribed performance goals (e.g., Dutch risk- driven
concept named RAMSSHE€P comprises Reliability,
Availability, Maintainability, Safety, Security, Health,
Environment, Economics (€) and Politics [26-28]) are
fulfilled, then the risk is accepted. Risk transfer is a measure
that involves the contractual shifting of a particular loss from
one stakeholder to another (e.g., insurance company).
Avoidance is the act of staying away from a risky situation.
Acceptance, transfer, and avoidance are already decisions.
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Figure 7. Example of risk matrix and impact of the reference period

The combination of decision theory and risk assessment
enables consideration of alternatives to reduce risk.
Basically, risk mitigation measures aim to reduce the
probabilities of a scenario and/or the probabilities of losses.
The spectrum of measures ranges from knowledge
improvement to changes in system characteristics.
Knowledge about statistical characteristics (i.e., adequate
probability distribution and its parameters) of hazards and/or
the state of the system is updated by research and/or
inspections (i.e., risk mitigation through improvement of
knowledge).

Risk mitigation through changes in the system’s
characteristics may be achieved by:

— limiting the use of the structure (avoiding overload and
reducing the probabilities of losses);

— strengthening the components of the structure
(reducing vulnerability) and/or

— increasing the redundancy of the structural system
(increasing robustness).

Every risk mitigation measure incurs costs. Optimization
should be supported by data concerning efficiency of
measures and related costs. Within the framework of
optimization, losses can be expressed in monetary units. In
this context, the monetisation of fatalities is a particularly
delicate issue. There are several approaches: Societal Value
of Statistical Life (SVSL), Societal Willingness to Pay
(SWTP), Implied Cost of Averting a Fatality (ICAF), Societal
Life Saving Cost (SLSC), compensation to be paid for death
by accident...[29-32] . A systematic review is given in [33].

2.4 Communication, monitoring, and revision

Communication, monitoring, and revision are ever-
present activities in risk management. Communication and
discussion are continuous and iterative processes that are
conducted to provide, share, or exchange information about
risk between the decision-maker and other stakeholders.
Communication procedures are of essential importance
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when high probabilities of large social losses are anticipated,
in order to prevent or reduce such consequences.

Monitoring and revision imply constant feedback of
information from the considered system in order to evaluate
the efficiency of the risk mitigation measures and propose
modifications if necessary.

3 Structural reliability and risk mitigation measures

Contemporary design standards and codes follow the
principle that the more severe the consequences, the lower
the failure probabilities should be accepted. Risk-informed
decisions are incorporated into the codes.

3.1 Structural design codes

Statistical analysis of load and material data resulted in
the concept of partial safety factors. Safety factors for
individual failure modes of structural components are
calibrated using an appropriate failure probability related to
the accepted risk. It is usually suggested that structures
should be designed with sufficient robustness (e.g., by
strengthening key elements, selecting ductile materials, or
providing sufficient redundancy) [16]. The reliability of a
robust structural system is expected to be at least equal to
the reliability of system components.

The main tool proposed in Annex B of EN 1990, [21, 22]
for the management of structural reliability is modification of
partial factors depending upon:

— consequences of a failure;

— design supervision differentiation;

— quality control and inspection during execution.

The purpose of reliability differentiation is the socio-
economic optimization of the resources required for a
construction project, taking into account all expected
consequences of failure and the cost of construction [21].

3.2 Risk over the life cycle of the structure

The comprehensive decision process covers all aspects
of the life cycle of structures:

— planning (conceptual design);

— design;

— construction;

— service (including inspection, maintenance, and repair
or rehabilitation) and

— demolishing.

A decision-maker can apply risk mitigation measures that
are inherent to a particular phase of the life cycle to reduce
risk. However, the best effect is achieved when it is applied
at the strategic level and during conceptual design. Different
hazards, losses, or risk mitigation measures are specific for
each phase of the life cycle [34].

3.2.1 Risk in design

“Good engineering practice involves looking beyond
minimum prescriptive code requirements and considering
the risk from low-probability, high-consequence events,
regardless of whether the event is an ‘accidental’ or ‘normal’
load.” [35]

In the design phase, it is necessary to consider all
subsequent phases in the life cycle of the structure.

These phases are implicitly considered in design codes
through the chosen reference period for the design loads and
general guidelines: ‘The structure will be adequately
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maintained’ and ‘The structure will be used in accordance
with the design assumptions’, [21]. This implies that the
designer should recommend a maintenance regime and
emphasize the loads anticipated in the design to the owner.
The owner or user should provide appropriate maintenance
and prevent overloading or misuse of the structure.

A number of studies of failures in structural engineering
have shown that most of the failures producing economic
consequences originated in the planning phase, while the
failures and errors leading to fatalities and injuries are
connected to the construction phase [32].

Designers and practitioners should recognize safety
hazards during the design phase. The review paper [36]
refers to the various possibilities of considering the safety of
workers during the construction or maintenance of civil
engineering works in the context of registered accidents at
work.

Planning in the early phases of a project is the best way
to control risk in design and construction. That includes:

— preliminary investigations for conceptual design
(reducing the uncertainties related to site conditions,
environment, ground condition, etc.);

— expected utilization of the structure and anticipated
loads;

— anticipated construction method;

— supervision requirements, and

— quality control requirements.

3.2.2 Risk during construction

Risk analysis is incorporated into well-established project
management. Risk management is currently considered a
mandatory and integral part of successful project
management [37], which must be continuously implemented
during the entire execution of the project [38].

Within the framework of project management, the project
life cycle ends when the final structure is handed over to the
owner.

The construction phase is a complex activity that is
frequently the most critical phase in project management due
to the uncertainties that might lead to additional design and
planning activities during project implementation, with
negative effects on costs or schedule. Besides, the
construction could be adversely affected by environmental
changes, natural disasters, and/or unforeseen geological
conditions. It is estimated that a large percentage of projects
(more than 70 %) fail to be realized on time, within budget or
with the expected level of quality [39].

A review of the literature on construction project risk
management reveals that force majeure risks and those
related to workers are rarely studied, according to [38].
However, many cases of failure involving injuries and
fatalities were recorded during construction: “It is estimated
that there are around 60,000 construction fatalities occurred
worldwide each year (ILO 2006)" [40] The construction
sector employs about 6-10% of the workforce in
industrialized countries, but 20-40% of fatal accidents at
work occur in this sector. This trend is even worse in
developing countries [41]. A recent review paper [42]
provides a systematic overview and detailed analysis of the
content of published studies related to risk identification in
construction over the last three decades.

Temporary works, e.g., scaffolding or shoring for
excavations, often receive less attention than permanent
works. Loading on temporary structures may be
inadequately foreseen. Furthermore, most structures are
more susceptible to instability in the assembly stage than
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when completed. A combined effort of designers,
constructors, and adequate supervision, including quality
control, is required to ensure that proper sequencing of
construction works is achieved while material weakness,
temporary structural instability, or overload are avoided [34].
These actions, together with compliance with health and
safety regulations during construction work, are risk
mitigation measures in the construction phase.

3.2.3 Risk during the service life of a structure

The service phase is the longest period in the life cycle of
a structure.

During the service life, structural failures usually do not
occur due to ageing processes since they may be, to some
extent, controlled by maintenance. More frequently, the
effects of extreme events (earthquake, flood, extreme wind,
landslide, etc.), or their combination, result in partial failures
or total collapse. Intensities and occurrence probabilities of
extreme events, as well as direct and indirect losses, mostly
depend on the geographic location of the structure. There is
abundant literature on risk estimation due to extreme events,
usually involving case studies [14, 18, 35, 43-55]. Multiple
hazards were considered in [56-60].

If the functionality of the structure is reduced, indirect
losses may in some cases, exceed the value of the structure.
To avoid such losses, inspections, maintenance, and, if
necessary, repair or rehabilitation actions are to be carried
out during the service life of the structure. Inspections can be
of various types: visual, direct measurement, non-destructive
testing, response measurements, or even a proof load. They
are aimed at detecting damages, but the probability of
damage detection depends on the type of inspection and the
type of damage or hazard that has caused the damage. For
example, damages caused by accidental actions or natural
disasters will probably be detected, while corrosion of an
inaccessible component may not be. The methodology for
maintenance management and risk management is the
same.

Risk-based inspection planning implies frequent and/or
more reliable inspection of elements that have a high failure
probability and elements whose failure may cause excessive
consequences. It is assumed that if damage is indicated,
particular action will be taken either to reduce the
consequences (e.g., evacuate the structure or restrict its
use) or to reduce the probability of failure (e.g., make
repairs). “Reliability analysis, coupled with economic
decision theory, has been recognized as one of the most
effective tools for assessment of optimal inspection and
maintenance plans” [61]. An overview of several procedures
for the reliability assessment of existing structures may be
found in [62].

The prioritization of inspection and maintenance activities
can be based on quantitative risk analysis. Probabilistic,
time-dependent analysis can be used to evaluate and
optimize inspection and maintenance costs. Different
maintenance strategies may be compared using a risk-based
approach. Uncertainties about cost-related items may also
be included. Bayesian updating offers a suitable framework
for incorporating available information into risk-based
maintenance. The mentioned approaches are elaborated in
the literature [61, 63-78]..

4 Conclusion

The risk approach can be used to rank the structural
design alternatives, construction alternatives, maintenance
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procedures, or prioritize interventions on existing structures.
An advanced risk approach can be used for decision-making
regarding design and construction activities, for inspection,
monitoring, or maintenance to prevent structural
deterioration, and for disaster preparedness.

Risk management is not one man's job and requires a
multidisciplinary approach. It is also a continuous process
and usually requires a vast amount of reliable cost and
performance-related data, statistical operations, and, in
some cases, considerable computer simulation capabilities.

Contemporary design codes enable management of risk
in the design phase. The best effect on cost savings is
achieved when risk management is applied during
conceptional design. During construction supervision,
adequate quality control and compliance with health and
safety regulations are common risk mitigation measures.
After construction and for existing structures, risk-based
maintenance should be applied. Guidelines for risk-based
assessment of existing structures are envisaged in the
further development of the Eurocodes.
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ABSTRACT
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Recently, research into finding long-term solutions to CO, mitigation in the cement and
concrete sectors was initiated since commonly used supplementary cementitious materials
are not globally available in sufficient amounts. One of the possible solutions to that problem
is to develop concrete with a higher percentage of limestone in the powder phase. This work

presents a critical overview of the state-of-the-art in the field of the carbonation resistance of
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limestone powder concrete. Experimental research performed so far has shown that if the
simple replacement of cement with limestone powder is applied in the standard mix design, a
maximum of 10-15% of cement (clinker) could be replaced to maintain similar carbonation
resistance. It has also been proven that the dilution effect of weakly inert limestone powder
can be compensated for with several measures in the mix design of concrete. By adjusting the
cement, limestone, and water content and their particle size distribution, it is feasible to design

concrete formulations with up to 50% limestone in the powder phase that are comparable to
referent Portland cement concrete in terms of rheological and mechanical performance and
carbonation resistance. This is an environmentally significant reduction in the clinker content,
but it comes at the cost of a larger superplasticizer content. Prediction models for the
carbonation resistance of the limestone powder concrete are poorly developed. Amongst
them, the fib MC 2010 prediction model is considered relatively simple and robust; however, it
has not yet been proven that the model is applicable to concrete with a higher content of
limestone powder (>15-20% of the powder phase). The future research should be oriented
towards further optimization of the concrete mix design and implementing this model on the
middle- and high-content limestone concrete carbonation.

1 Introduction

Concrete is the most widely used construction material
today. The global production of concrete is extremely high —
roughly 33 billion tons of concrete are produced globally
each year, or over 4.7 tons per person annually [1]. Humanity
‘consumes’ only water, more than concrete. No alternative to
concrete as a major global construction material currently
exists that can be applied at sufficient scale. Other materials
can be substituted in some applications, but not for such
broad applications as current concrete use.

The production of concrete is responsible for 8-9% of
global anthropogenic greenhouse gas (GHG) emissions [2].
Cement, aggregates, water, mineral, and chemical
admixtures are used to manufacture concrete. Cement
(clinker) is, however, the primary driver of GHG emissions
from concrete production: emissions from cement production
make up 90-95% of total GHG emissions from concrete
production [2, 3]. Decarbonization of the sector is therefore
an important part of the CO; mitigation pathways towards
global temperature rise targets.

The obvious solution to this problem is to reduce the
amount of clinker in the cement that is used in concrete
production and other applications. To do so, part of the

" Corresponding author:
E-mail address: matija.marinkovic.1@gmail.com
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clinker is usually replaced by so-called supplementary
cementitious materials (SCMs) with low embodied CO». The
most common SCMs are reactive by-products (wastes) from
other industries or inert minerals, such as:

— fly ash (FA), the residue of the coal combustion in
power plants, which has pozzolanic properties if finely
ground — in the presence of water reacts with calcium
hydroxide to form compounds possessing cementitious
properties,

— ground granulated blast furnace slag (GGBS), a by-
product of iron and steel production in blast furnaces, which
has latent hydraulic activity — reacts with water to form
calcium silicate hydrates (C-S-H),

— fillers, inert or weakly reactive fine particulate
materials, the most commonly used is limestone powder.

The clinker content in concrete can also be reduced by
particle packing mix design methods [4, 5, 6]. The idea is to
minimize the void space to be filled with cement paste by
selecting appropriate amounts of aggregate of different
particle sizes in order to optimize packing. These methods
enable better concrete properties with a smaller amount of
cement paste.
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Generally speaking, reactive SCMs like GGBS and FA
have a lesser impact on the concrete’s mechanical and
durability-related properties compared to inert or weakly
reactive mineral admixtures such as limestone powder [7-
10]. This is a consequence of their pozzolanic or latent
hydraulic activity, which enables them to have not only the
filler effect but also a binder role in the concrete mix.
Therefore, a larger part of the clinker can be replaced with
reactive SCMs without significantly jeopardizing the
concrete’s performance at both the material and structural
levels. In other words, they are more efficient in reducing the
clinker content in the concrete mix if no other measure in
concrete mix design or technology is undertaken.

However, due to the high global production of concrete,
long-term solutions for CO> mitigation require that
alternatives for clinker replacement be abundantly available
everywhere in the world. According to an UN report [11],
there is not much future in replacing clinker with common
SCMs such as GGBS and FA because of their limited global
availability. The estimate is that quality sources of GGBS and
FA will be limited globally to only about 15-25% of cement
production by 2050 and are unlikely to increase. This amount
is hardly enough for the production of composite cement
(CEM 11), which contains up to 35% SCMs and is highly
utilized in structural concrete. For that reason, alternative
SCM systems that use calcined clays, ground limestone, or
other minerals and their combinations should be developed,
along with particle packing mix design methods. Since
minerals are available everywhere in practically unlimited
quantities and many of them can be used for such purposes,
this could be a more permanent solution to CO, mitigation
problems in all cement-based building and construction
materials. To pursue that direction, it is necessary to explore
and develop possible measures to overcome the negative
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dilution effect of inert mineral admixtures in concrete, i.e., to
increase their efficiency as SCMs.

The objective of this work is to systemize and critically
analyze the research performed in the field of concrete with
middle-to-high limestone powder content, specifically
research regarding the carbonation resistance of such
concretes. Based on this critical review, directions for future
research in the area are pointed out.

2 Current standards and applications

The use of limestone as a partial replacement for clinker
was introduced into cement standards during the 1980s
mostly for economic reasons. Currently, most national and
international standards allow a certain amount of limestone
in the limited range of cement compositions shown in Figure
1 [12]. For instance, the European EN 197-1 cement
standard [13] allows up to 35% of limestone substitution in
cements within CEM Il type.These are CEM Il/A (< 20% of
limestone) and CEM II/B (between 20% and 35% limestone).
Depending on the total organic carbon content (TOC) they
are classified as L (TOC<0.5% of the weight of limestone)
and LL type (TOC<0.2% of the weight of limestone) [14].
Limestone is introduced into cement by grinding it together
with clinker, which normally results in cements with a lower
strength class than the original pure clinker cement, despite
the limited reaction of limestone powder. Therefore, CEM II/B
cements typically belong to the lowest-grade strength class
(32.5 MPa), while CEM II/A is mostly of the 42.5 MPa class.

The actual application of limestone in cement is
significantly lower than the allowable limits in the standards.
According to the statistics given in WBCSD [15], the average
limestone amount in cement is globally below 7%, and that
has been observed only in the last decade (Figure 2).
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Figure 1. Maximum limestone powder (%) in cements according to standards (figures present the year of the first publication
of the standard), adapted from [12]
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Figure 2. Limestone powder content in cement, data from WBCSD [15]

3 Effects of limestone powder in concrete

Binder is defined as a mineral that hydrates. In modern
limestone cements, the clinker part represents the binder.
Limestone powder, on the other hand, is almost inert — it
partially reacts with aluminates, producing carbo-aluminate
and carbo-silicate hydrates [12]. This reaction is weak and
produces a low volume of hydrates, meaning that limestone
powder physically dilutes the binder phase in concrete. This
physical dilution of the binder is the major effect of
substituting clinker with limestone powder. It results in a
higher porosity of the binder paste and consequently leads
to a lower quality of concrete regarding mechanical and
durability-related properties that are directly connected to
porosity, such as resistance to carbonation, for instance.

Secondly, higher early-age strength is obtained due to an
increase in cement hydration rate as a combined effect of
dilution and nucleation - the formation of nucleation sites in
hydrating cement particles[16]. Besides, early production of
carbo-aluminates contributes to the strength of concrete.
However, this effect is lost with time — later strength is
reduced due to the dilution effect.

Finally, improved particle packing is attainable due to the
filler effect of the limestone powder. Finer limestone powder
can fill the space between cement particles and improve the
packing density of the paste and the interfacial transition
zone (ITZ) between paste and aggregates [7]. The
magnitude of all these effects depends on the content,
fineness, and morphology of the limestone powder.

Currently, several strategies to compensate for the
dilution effect of limestone powder are being investigated:

— optimizing the composition of the paste and lowering
the water content,

— paste replacement instead of cement replacement,

— particle packing improving,both at the paste and the
whole mix (including aggregates) level.

The first is the most efficient one; however, it causes
problems with the rheological behavior of concrete. Reduced
water content reduces porosity but also reduces the
workability of concrete. The second one is based on the
function that cement paste has in filing the voids between
the aggregate particles. The paste volume must be sufficient

Building Materials and Structures 66 (2023) 2300005M

to fill up the voids; otherwise, air will be entrapped in the
concrete mix, causing reductions in strength and durability.
So the idea is that by adding the limestone powder, the
cement paste volume can be reduced by an amount equal to
the limestone powder volume while maintaining the total
“powder” paste volume needed to fill up the voids. This is
equivalent to adding limestone powder to replace an equal
volume of cement paste [17]. According to authors [17], such
addition of limestone powder as a cement paste replacement
without changing the mix proportions of the cement paste
should have no adverse effect on the concrete properties but
would reduce the cement clinker consumption. Finally,
methods to improve particle packing are, in one way or
another, included in the previously mentioned strategies.

Therefore, the major research challenge in low-cement
(clinker) concrete mix design is how to combine these
measures to obtain the maximum possible compensation for
the dilution effect while providing the required rheological
behaviour. Since the water content required for adequate
workability is usually above the content needed for full clinker
hydration, the key strategy to improve the performance of
low-cement concrete is to keep this excess water to a
minimum. In order to obtain this goal, the composition of the
paste is optimized regarding the content of water and the
content and particle size distribution of clinker and limestone
(Figure 3).

According to John et al. [12], the proper combination of a
‘dilution powder’ that has approximately the same particle
size as the clinker, an ‘ultra-fine powder’ that reduces the
interparticle volume of pores, and a superplasticizer that
prevents particle agglomeration to disrupt mobility allows for
a significant reduction in water content compared to standard
mixtures, as experimentally proved in [18]. An additional
reduction in cement content can be realized based on the
optimization of aggregate grading and in the increase in total
volume of the “powder” paste [17]. However, increasing
packing density usually requires more mixing energy. On the
other hand, the type and amount of superplasticizer must be
chosen carefully to prevent problems with its stability over
time and possible retardation of hydration.
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Figure 3. Optimization of the paste composition: a) clinker particles only — high porosity; b) clinker is partially replaced with
‘dilution’ and ‘ultra-fine’ powder and superplasticizer added — improved packing, lower porosity, and lower water demand, and
c) without superplasticizer, agglomeration disrupts mobility and destroys packing — higher water demand, adapted from [12]

3.1 Effect on the carbonation resistance of concrete

The calcination process, necessary in cement
production, is a chemical reaction in which limestone (which
mainly contains calcium carbonate) is converted to calcium
oxide and carbon dioxide at high temperatures (CaCO; +
heat —» CaO + COj). When exposed to air, concrete
structures will over time reabsorb CO; from the atmosphere
in a process called carbonation. It is a physicochemical
reaction reversed to calcination in which atmospheric CO»
diffuses into concrete to react with hydration products
(calcium hydroxide and other calcium-rich hydrated oxides)
and form calcium carbonate again
(Ca(OH)2+C0O,—CaCO3+H-0). For this reaction to happen,
it is necessary that CO2 be dissolved in the pore solution.
Carbonation causes a reduction in the alkalinity of the pore
solution in the concrete (mainly because of the loss of
Ca(OH),). However, a highly alkaline environment inside
concrete is essential to form the passive film of ferrous oxide
at the surface of steel reinforcement, protecting steel from
active corrosion. When the carbonation front propagates,the
initially formed passive film is gradually destroyed, and
consequently, the steel reinforcement becomes more
vulnerable to electrochemical corrosion in the presence of
moisture and oxygen. On the other hand, carbonation
decreases to a certain extent the total porosity due to the
precipitation of CaCOs3 on the pore walls, slowing down the
carbonation process in that way. Carbonation is generally
considered one of the major causes of the deterioration of
reinforced concrete structures. Jones et al. [19] state that 2/3
of all structural concrete is exposed to environmental
conditions that favour carbonation-induced corrosion.

Since carbonation is a diffusion-controlled process, the
relationship between the carbonation depth dc and time t can

generally be described as d, = k-t . The carbonation rate

coefficient k is directly proportional to mass transport
properties or the permeability (p), which is related to the
porosity of the concrete (total volume of the pores, their size,
and interconnectivity), and it is inversely proportional to the
alkaline reserve (a):

kol (1)
a

The alkaline reserve depends on the chemical
composition and the number of hydrated phases. Therefore,
if cement is replaced with limestone while holding all other
variables constant, the carbonation rate -coefficient k
increases (carbonation is accelerated) because a
decreases. The content of Ca(OH); is reduced by dilution of
limestone, leading to less carbonatable constituents for
carbonation reactions in a low-cement paste [8]. In addition,
highly porous mixtures allow faster diffusion of CO,. The
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dilution effect is somewhat compensated by the filler and
nucleation effects of the limestone powder [20].

The chance to keep the carbonation rate similar to that of
concrete with only clinker paste is to reduce the permeability
of the limestone concrete and reduce the effective diffusivity
of CO; in that way. The permeability generally depends on
the porosity of hardened cement paste and the proportion
and density of ITZ, i.e., mainly on the quality and volume of
the paste and the separation between particles. By adjusting
the cement, limestone, and water content and their particle
size distribution, it should be feasible to design concrete
formulations that comply not only with rheological and
mechanical performance specifications but also with the
required carbonation resistance.

4 Experimental results on the carbonation of
limestone powder concrete

In a large part of previous research, the effect of
limestone powder on the concrete properties was
investigated on concrete made with limestone CEMII/A and
CEMII/B cements and keeping the same water content as in
the referent pure clinker (Portland cement) concrete [21, 22].
Therefore, concrete mixes contained up to 35% of fine
limestone powder as a cement replacement. Since limestone
is far easier to grind than clinker, joint grinding produces
limestone particles that are finer than clinker particles. It was
shown, however, in the previous research that this increased
fineness of the limestone powder compared to the clinker
fineness, is not efficient enough if the intention is to
significantly reduce the clinker content in concrete.

Different authors used different terms for the ratio
between the content of water and the content of cement
(clinker) + limestone powder. In this text, the original terms
(as reported in reviewed articles) are used, and an exact
explanation of these terms is given in each case of the
presented experimental campaigns.

Elgalhud et al. [21] in their recent study have analysed a
large number of experimental results on carbonation of
concrete made with Portland-limestone cement, where the
vast majority of results were obtained on concretes made
with limestone CEMII/A (6-20% of limestone) and CEMII/B
cements (21-35% of limestone). Analyzed test results point
to the conclusion that replacement of clinker with limestone
powder significantly increased the carbonation depth of
concrete; the higher the replacement percentage, the greater
the increase. Under natural exposure conditions, for 35%
limestone powder content, and at equal strength of limestone
and pure clinker cement concrete, an average increase of
32% was calculated. In the same case, but at an equal water-
to-cement ratio (where cement is understood as
cement+limestone) an average increase of 75% was
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reported. They have also reported from analyzed test results
that accelerated carbonation gave rise to higher carbonation
compared with natural exposure: up to 58% on an equal
concrete strength basis and 85% on an equal water-to-
cement ratio basis. The commonly used accelerated
exposure in tests consisted of a CO, concentration of up to
5%, a duration of less than 30 days, a temperature of 20-
30°C, and a humidity of 61-80%, whereas the natural indoor
exposure had a duration of up to 5 years.

Lollini et al. [23] investigated the effect of the percentage
of replacement of Portland cement CEM | 52.5 with ground
limestone, the water-to-binder ratio, and the cement content
on the carbonation resistance. They have experimentally
tested concrete mixes with 0, 15, and 30% replacement of
Portland cement with limestone powder, three different
water-to-binder ratios (binder understood as
cement+limestone) equal to 0.61, 0.46, and 0.42, and four
different binder contents equal to 250, 300, 350, and 400
kg/m? of concrete. Besides, the effect of curing time (1, 7,
and 28 days) was also investigated. The median particle size
(i.e., the particle sizes corresponding to 50% cumulative
passing) of about 7.5 uym for both Portland cement and
limestone was reported, indicating similar fineness, although
the Blaine surface area was 534 m?kg and 610 m?kg for
Portland cement and limestone powder, respectively. The
carbonation resistance was tested on 100 mm cube
specimens under accelerated conditions: 20°C, 65% RH
(relative humidity), and a 2% CO, for different times of
exposure. The minimum and maximum carbonation depths
were measured with the phenolphthalein test on 20 mm
diameter cores taken perpendicularly to the mould surface,
and the average value between the two was determined. The
accelerated carbonation coefficient Kacc was evaluated
according to the relationship d.= Kacc -V t where d.is the
average carbonation depth at time . At 30% replacement,
Kacce, i.e., carbonation depth was larger for limestone
concrete for all water-to-binder ratios and all binder contents.
At 15% replacement, Kacc was similar, slightly higher, or
slightly smaller compared to that of Portland cement
concrete for all water-to-binder ratios and all binder contents.
According to the authors, when concretes with equal
compressive strength were compared, they showed the
same carbonation resistance regardless of the amount of
Portland cement replaced with limestone indicating that,
provided the compressive strength requirement is
guaranteed, the resistance to carbonation is also achieved.
However, it is not clear what results support such a
conclusion since for all 30% limestone concrete mixes,
compressive strengths lower than the lowest strength of
Portland cement concrete were reported.

Khokhar et al. [24] tested two concrete mixtures with 40%
and 80% (by volume) replacement of Portland cement CEM
| 52.5 with limestone powder, keeping the same water
content (same powder paste volume). Blaine values were
405 m?kg and 397 mZ%kg for cement (0/100um) and
limestone powder (0/100um), respectively. The specimens
with dimensions of 7 x 7 x 28.4 cm were stored at 20°C and
50% RH for 18 months under natural conditions, and
carbonation depths were assessed with the phenolphthalein
test. Compared to reference Portland cement concrete, the
concrete incorporating limestone powder showed
significantly lower resistance to carbonation - four to eight
times larger carbonation depth for 40% and 80%
replacement, respectively. According to the authors, a
possible reason is the dominating effect of the reduction in
calcium hydroxide over pore refinement.
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Collepardi et al. [25] tested concrete mixtures with 15%
and 25% replacement of Portland cement CEM | 52.5 and
four different water-to-cementitious ratios equal to 0.4, 0.5,
0.6, and 0.7 (cementitious in this work means
cement+limestone). Blaine fineness of cement and
limestone powder was 530 m?kg and 550 mZkg,
respectively. Concretes (shape and size of samples not
reported) were exposed to natural conditions at 20°C and
60% RH for a year after 28 days of curing at 20°C and 95%
RH. Carbonation depths were assessed with the
phenolphthalein test as usual. Similarly to Lollini et al. [23],
they obtained that at the same water-to-cementitious ratio,
the carbonation depth of limestone concrete was larger
compared to Portland cement concrete, the increase being
larger with a larger replacement level. At the same
compressive strength in the range of 40 — 45 MPa (on a 150
mm cube at 28 days), differences were much smaller. For
instance, measured carbonation depths after 360 days were
4.8mm, 4.7mm, and 6.9mm for Portland cement concrete,
15% limestone concrete, and 25% limestone concrete,
respectively. However, similar compressive strengths were
in fact obtained with similar water-to-cement ratios, and since
the water content was practically kept constant, the cement
content also had to be similar. In other words, no reduction
in cement content was obtained with this methodology if
similar carbonation resistance is expected.

Another example of tests performed on Portland cement
and limestone concrete mixes with different replacement
ratios but constant water content was found in Meddah et al.
[26]. The percentage replacement was 15, 25, 35, and 45%
(by weight), and for each percentage, the water-to-cement
ratio (cement understood as cement+limestone) varied from
0.79 to 0.45. Blaine fineness of Portland cement CEM |
42.5and limestone powder was 381 m?kg and 638 m%kg,
respectively. So, in this experiment, limestone powder was
significantly finer than clinker. Accelerated carbonation
testing was performed on cubes of 100 mm size that were
wet cured during the first 28 days. The specimens were then
pre-conditioned by drying in the laboratory for 14 days and
exposed to 4% COz at 20 £ 2°C and 55 + 5% RH in the
carbonation chamber. The carbonation depths were
measured by applying a phenolphthalein test. Measured
carbonation depths were reported for water-to-cement
ratiosequal to 0.52 and 0.65. At a water-to-cement ratio
equal to 0.65, carbonation depths varied from 15 mm for
Portland cement to 42 mm for 45% limestone concrete. At a
water-to-cement ratio equal to 0.52, increase was smaller,
and carbonation depths varied from 12 mm for Portland
cement to 27 mm for 45% limestone concrete. The larger the
replacement percentage, the greater the increase in
carbonation depth. For 15% replacement, the increase was
relatively small (about 3 mm at 0.52 and about 6 mm at 0.65
water-to-cement ratio), which led these authors (as well as
many others) to conclude that 15% replacement of clinker
with limestone powder is acceptable regarding carbonation
resistance. At any replacement ratio, it was necessary to
decrease the water-to-cement ratio to decrease the
carbonation depth. If the water content is kept constant, this
means that the content of clinker must be increased. Again,
it was shown that such a mix design philosophy couldn’t
reduce the cement (clinker) content in the concrete, so the
environmental goal could not be achieved.

It is obvious from the presented experimental results that
desirable carbonation resistance cannot be achieved with
higher replacement percentages (>15-20% by weight)
unless something is changed in the mix design. All the
previous experimental work based on the simple

131



Carbonation of limestone powder concrete: state-of-the-art overview

replacement of cement with limestone powder and standard
mix design showed that a maximum 10-15% of cement
(clinker) could be replaced to maintain similar carbonation
resistance [23-27].

As mentioned in Chapter 3, one possible measure is to
reduce the water-to-cement (clinker) ratio. This procedure
suggests the use of a high-performance superplasticizer.
Furthermore, the optimization of the packing density is
advantageous. The particle size distribution and the fineness
of limestone powder play a key role in that sense. According
to Palm et al. [28], parts of the limestone should be ground
finer than clinker to serve as nucleation sites and therefore
enhance the progress of hydration. Other parts of the
limestone should be ground coarser than clinker to provide a
broader particle size distribution and, therefore, a better
packing density and a lower water demand [28]. This allows
the reduction of the water demand and therefore the
simultaneous minimization of the clinker content in the
cement, as mentioned in Chapter 3.

This strategy of lowering the water-to-cement ratio in
concrete mix design was thoroughly investigated and
developed by a group of authors at the Technical University
in Darmstadt, Germany [18, 28]. Some of their tested
concrete mixture proportions and experimental results
reported in [18] are presented in Table 1. Exact values of
table-test flow were not reported, but it was stated in the
article that the target value of table-test flow diameter of 550
mm was fulfilled in all mixtures.

The Blaine value of the limestone powder was 310 m?/kg
while this value was not reported for the used Portland
cements. Carbonation resistance was tested under
accelerated conditions. After 28 days of curing (7 days in
water and 21 days at RH 65% and a temperature of 20°C),

concrete samples (prisms 100x100%x500 mm) were exposed
to 2% CO2, RH65% and a temperature of 20°C in the
carbonation chamber. Carbonation depths were measured
using the phenolphthale test.

It can be observed from Table 1 that not only the lowering
of the water content was applied in the concrete mix design
but also the measure of increasing the total powder paste
volume, since the content of applied limestone powder was
much larger than the content that corresponded to simple
cement replacement. It can also be observed that limestone
concretes had similar strength and carbonation resistance to
Portland cement concrete with a water-to-cement ratio of
0.75 and a cement content of 240 kg/m?3. Although these
concretes can be characterized as low-strength concretes, a
reduction in clinker content of 37.5% was achieved. Thisis a
significant reduction from an environmental point of view.

The same authors [18] also tested the influence of the
limestone powder fineness, with the idea of enabling a
further reduction in the water content. So they substituted
successively the ‘ordinary’ limestone powder (limestone 1 in
Table 2) with the Blaine value of 310 m?kg and dso=15.4pm
with very fine limestone powder with the Blaine value of 1600
m?/kg and dso=1.8um (limestone 2 in Table 2).

Substitution of the ordinary with very fine limestone
powder from 0-100% resulted in a compressive strength
increase from 32 to 46 MPa. However, the lowest concrete
viscosity and consequently the lowest demand for
superplasticizer were obtained with a replacement ratio of
30%. These tests showed that particle size distribution and
the fineness of the powder significantly affect the packing
density, workability, and strength of concrete. The
carbonation depths of the concrete mixes in Table 2 were not
reported.

Table 1. Mixture proportions and measured carbonation depths [18]

cement flyash limestone water aggregate SP  wic’ f;7, 28 days de
concrete kg/m?3 kg/m?3 kg/m?3 kg/m?3 kg/m?3 kg/m? / MPa mm
CEMI 52.5 270 10 - 165 1890 2.8 0.61 53.9 29
CEMI 42.5 270 10 - 165 1896 1.9 0.61 40.8 2.8
CEMI 32.5 270 10 - 165 1896 3.0 0.61 34.7 5.6
CEMI 52.5 240 - - 180 1887 - 0.75 33.6 6.1
CEMI 32.5 240 - - 180 1887 1.3 0.75 24.0 111
C150L289w145 150™ - 289 145 1781 51 0.97 27.6 12.3
C150L289w125 150™ - 289 125 1829 6.5 0.83 37.8 8.4

" water-to-cement ratio (cement refers to the amount of Portland cement)

" 150 mm cubes

" CEMI 52.5
Table 2. Effect of the limestone powder fineness [18]

CEM152.5 limestone 1 limestone2 water SP wic’  f;7, 28 days
concrete kg/m?3 kg/m?3 kg/m?3 kg/m®  kg/m? / MPa
C150L289/0 150 289 0 142 25 0.96 32.0
C150L246/43 150 246 43 142 25 0.96 36.8
C150L202/87 150 202 87 142 1.8 0.96 40.3
C150L159/130 150 159 130 142 2.2 0.96 40.1
C150L116/173 150 116 173 142 3.0 0.96 442
C150L72/217 150 72 217 142 3.0 0.96 46.3
C150L0/289 150 0 289 142 3.1 0.96 457

) water-to-cement ratio (cement refers to the amount of Portland cement)

“) 150 mm cubes
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The effect of particle size distribution and the fineness of
the limestone powder was also investigated in Palm et al.
[28]. This effect was investigated on concretes with 50% (by
weight) replacement of cement (clinker) with three different
limestone powders, LL1, LL2-1 and LL2-2 (Table 3).
Limestone cement CEMII/A-LL 32.5 was adopted as the
referent concrete. The terms cement and designation c in the
w/c ratio in this work refer to the amount of CEMII/A-LL, and
to the amount of cement+limestone in concretes with 50%
replacement, respectively (designation of these concretes is
CEM in Table 3).

Blaine values of limestone powders were: 420 kg/m? for
LL1, 1050 kg/m%or LL2-1 and 270 kg/m%for LL2-2. The
Blaine value of CEMII/A-LL was 365 kg/m?2. It should also be
noted that the clinker part in CEM concretes was in fact CEMI
52.5 with a Blaine value of 551 kg/m?2. Each tested concrete
mix was prepared with only one type of limestone powder.

Carbonation resistance was tested on 100x100x500 mm
prisms under accelerated conditions: (2%CO,, temperature
equal to 20 + 2°C and RH equal to 65 + 5%) for 28 days.
Before testing in the carbonation chamber, concrete samples
were cured for 6 days in water and for 21 days at a RH of
65% and a temperature of 20°C. Carbonation depths were
measured using the phenolphthalein test.

Let us choose CEMII/A-LL 32.5 with w/c equal to 0.5 as
a reference middle-strength concrete with reasonably good
carbonation resistance. It can be seen from Table 3 that
concrete with 50% clinker replaced with limestone powder
LL1 and w/c equal to 0.45 has significantly lower
compressive strength and carbonation resistance. However,
if the w/c is reduced to 0.35, all concretes with 50% limestone
powder, regardless of the limestone type, have comparable
or even higher strength and resistance to carbonation. The
clinker part in CEMII/A-LL 32.5 ranges between 80 and 94%,
in this case between 256 and 300 kg/m3. Since the clinker
part in CEM concretes with w/c equal to 0.35 was equal to
190 kg/m?, the reduction in clinker content ranges between
25 and 37%, which is important from an environmental point
of view. The cost is a significantly higher amount of
superplasticizer: 2.6-11.9 kg/m?, depending on the limestone
powder fineness, instead of 1.6 kg/m3.

Zhang et al. [7] have also experimentally shown that this
approach in the mix design - lowering the water content —
can have a positive effect on the carbonation resistance of
limestone concrete, as well as on other properties. They
tested two concrete mixes with the same amount of Portland
cement CEM | 42.5 (240 kg/m?) and limestone powder (160
kg/m?3) but different water contents equal to 160 kg/m? and
136 kg/m3. Therefore, the replacement percentage was 40%
in both mixes, while the water-to-binder ratios were equal to

0.4 and 0.33, respectively (binder is understood as
cement+limestone). Since the water-to-binder ratios were
low, relatively high amounts of superplasticizer were applied
(6.36 and 8.18 kg/m?3, respectively), although measured
slumps were not reported. Actual Blaine fineness was also
not reported, but from the figure showing the particle size
distribution, it can be concluded that limestone powder was
significantly finer than cement. The carbonation tests on 100
mm cubes (after 3 and 28 days of standard curing) were
conducted with a constant temperature and humidity
(20£1°C, 60%+10% RH) in natural conditions for 1 year. For
both periods of curing, measured carbonation depths were
significantly lower for the mix with lower water content, i.e., a
lower water-to-cement ratio: at 3 days of curing, carbonation
depths were 9.8 mm and 6.7 mm, and at 28 days of curing,
4.5 mm and 2.7 mm for the mix with higher and lower water
content, respectively. Since the total (cement and limestone)
powder content was the same in both mixes, lower water
content resulted in a lower water-to-cement ratio, which
resulted in lower porosity and permeability of the concrete.
No reference concrete with Portland cement was tested.

The strategy of “paste replacement’, promoted by Chen
et al. [17], is presented in the following text, although the
authors did not investigate the carbonation resistance itself
but compressive strength, water permeability, and sorptivity,
as well as permeable porosity. However, these concrete
properties are connected to carbonation resistance and
therefore can indicate the effectiveness of this strategy. The
authors tested three groups of concrete mixtures in which the
volume of limestone powder was 0, 4, or 8% of the concrete
volume. Within each group, three water-to-cement ratios (the
term cement refers to the amount of used Portland cement,
CEM | 52.5) were tested: 0.4, 0.5, and 0.6. In all concrete
mixtures, the powder paste volume (cement paste +
limestone powder), expressed as a percentage of the
concrete volume, was kept constant at 34%. The mean
particle sizes (dsp) of Portland cement and limestone powder
were equal to 11.4 ym and 14.5 ym, respectively (similar
fineness).

Mixture proportions and some of the experimental results
are presented in Table 4. From these results, it can be
concluded that the addition of limestone powder as a cement
paste replacement, at a constant water-to-cement ratio
increased the compressive strength and reduced the water
penetration depth and permeable porosity. According to the
authors, this indicated that the added limestone powder,
which had a similar fineness as cement, was capable of filling
into pores in concrete to reduce the porosity. The cost is, as
before, the larger required amount of superplasticizer, which
was almost doubled for the 8% addition of limestone powder.

Table 3. Mixture proportions and measured carbonation depths [28]

cement’ w/c SP table flow f.", 28 days de
concrete kg/m?3 / kg/m?3 mm MPa mm
CEMII/A-LL 32.5 280 0.6 0 485 26.3 8.9
CEMII/A-LL 32.5 320 0.5 1.6 565 38.8 6.3
CEM(50% LL1) 335 0.45 NA NA 26.7 11.5
CEM(50% LL1) 380 0.35 2.6 620 49.1 6.3
CEM(50% LL2-1) 380 0.35 5.7 515 52.1 3.9
CEM(50% LL2-2) 380 0.35 11.9 550 36.8 6.1

) amount of CEMII/A in CEMII concretes, and amount of CEMI 52.5+limestone powder in CEM concretes

" 150x300mm cylinder
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Table 4. Mixture proportions and experimental results [17]

cement limestone water cement SP, by mass sump " Penetration Perme_able

powder paste, vol. of powder depth porosity
concrete kg/m?® kg/m®  kg/m? % % mm MPa mm %
C-0.4-0 470 0 188 34 0.98 225 748 31.0 10.1
C-0.44 415 106 166 30 1.23 245 80.5 19.5 8.4
C-0.4-8 359 211 144 26 1.94 255 85.1 18.5 7.8
C-0.5-0 413 0 207 34 0.89 230 56.0 56.0 14.3
C-0.54 364 106 182 30 0.98 235 62.0 26.5 10.4
C-0.5-8 315 211 158 26 1.57 255 68.7 23.0 8.8
C-0.6-0 368 0 221 34 0.48 210 443 75.0 16.2
C-0.6-4 325 106 195 30 0.79 230 49.2 36.0 12.5
C-0.6-8 281 211 169 26 1.05 230 515 29.0 10.9

7 C-w/c-%of limestone powder
") 150 mm cubes at 28 days

™ the volume of pores that can be filled by water, expressed as a percentage of the concrete volume

Figure 4 presents the relationship between the
carbonation depth and mean compressive strength of
concrete, for Portland cement concrete (OPC) and limestone
powder concrete (LS) with 15-65% (by weight) of limestone
in the powder phase, calculated on a larger database. In
total, 45 experimental results on the carbonation depth
measured under accelerated conditions were taken from [18,
23, 25, 26, 28-32]. Since the concentration of CO2 and the
exposure time were different in the analysed research, the
results on measured carbonation depth were converted to a
CO, concentration equal to 2% and an exposure time equal
to 28 days. As already mentioned in Chapter 3.1, the
carbonation process can generally be described with the
following equation:

d, =kt =K-,JCO, -+t )

where carbonation rate coefficient k can be expressed as
K~NCO2, K being a coefficient that depends on the concrete
properties, curing, and environmental conditions, and CO:
being a concentration of CO. in %. Considering the fact that

16

the coefficient K does not depend on the CO2 concentration,
the previous equation allows us to compare the two
carbonation depths (d.+ and d2) from different test
conditions (CO2 concentrations ([CO2]1 and [CO2].) and
exposure times (t1 and t2)) for the same concrete type in the
form:

dc,1 NP2y C02 \/_ 3)
~ Jico,1, 1, J_Z

=2% and t4

J2 28 A
2 icots @

Reported compressive strengths of concrete were
converted to the strength of a 150 mm cube and were
considered as the mean compressive strength fem.

For [CO2]4 = 28 days, it follows:
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Figure 4. Relationship between the carbonation depth and mean compressive strength of concrete for Portland cement
concrete (OPC) and limestone powder concrete (LS) with 15-65% (by weight) limestone in the powder phase
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Figure 4 shows, as expected, that limestone powder
concrete has a lower resistance to carbonation compared to
OPC concrete. Experimental results were best fitted with
exponential functions; however, the scatter is large for both
types of concrete. In order to find out whether there is a limit
in the limestone content where carbonation resistance
similar to that of the OPC can be expected, the limestone
concretes were divided into 3 groups with different limestone
contents, as shown in Figure 5.

If we compare the carbonation depth of analyzed
concrete mixes at equal strength, concrete with 15-25%
limestone powder in the total powder phase performed even
better than Portland cement concrete. With increasing
limestone content, the resistance to carbonation decreased.
Concrete with 26-35% limestone powder in the total powder
phase had slightly lower carbonation resistance, while
concrete with 45-65% limestone powder in the total powder
phase showed significantly lower carbonation resistance;
carbonation depth was on average doubled compared to
Portland cement and 15-25% limestone concrete. Again, the
experimental results were best fitted with exponential
functions. It should be kept in mind that these relationships
were obtained from a limited amount of experimental data,
which may be the reason for the relatively high scatter of
results. What is interesting, however, is that the scatter
obtained for Portland cement concrete was higher than the
scatter obtained for 15-25% and 26-35% limestone concrete.
It can also be observed from Figure 5 that the results
obtained by Palm et al. [28] are more of an exception than a
general rule, pointing to a need for further experimental
investigation into concrete mix design optimization.

5 Prediction models

The basic factors that influence the carbonation of
cementitious materials are mixture proportions and related
material quality, stress state (whether compression or
tension [33], existence of cracks [34, 35]), environmental
exposure (relative humidity, temperature, concentration of

CO,, and eventual coupling with other exposures such as
chloride ingress [36]), and curing conditions.

Generally, mathematical models of the carbonation
process are established by understanding the basic
influential factors and quantitatively correlating these
parameters with carbonation depth. Essentially, these are
empirical models, and the vast majority of them are based on
Fick’s first law: the carbonation process is considered a
diffusion of CO2 through capillary pores under a
concentration gradient (2):

d, =kt (5)

The kinetics of carbonation, however, also depend on the
kinetics of the hydration process and pore structure
modification over time, which are mostly related to the type
of SCM. Some researchers therefore proposed a value of
exponent n different from 0.5 in the equation (2), modifying
the relationship between d: and time while keeping the
carbonation rate coefficient k constant [37, 38]:

d, =k-t" (6)

So far, many prediction models of different complexity
have been developed for Portland cement concrete and
concrete with blended cements with FA and GGBS [39] or
recycled aggregate concrete [37]. These models do not take
into account other deterioration processes that can act
simultaneously with carbonation or the effects of stress
states and cracks. However, only a few models that can be
applied to the concrete with limestone powder were found in
the literature.

Wang [40] developed the hydration model that includes
the dilution effect and the nucleation effect of limestone
powder during the hydration of cement. From this model, he
was able to calculate the carbonatable material contents and
porosity, and considering the environmental conditions, the
CO, diffusivity and carbonation depth of concrete. Starting
from this model and the model proposed by Papadakis [41],
Wang recently [16] proposed the following model for the
carbonation depth of concrete with limestone powder:
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Figure 5. Relationship between the carbonation depth and mean compressive strength of concrete for Portland cement
concrete (0%) and limestone powder concrete with different percentages of limestone in the powder phase
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_ \/ 2D-(CO,) |
°Y0.33-CH +0.214 -CSH )
where
de is the carbonation depth

D is the CO, diffusivity

(CO3) is the concentration of CO, in the exposure
environment

CH is the mass of calcium hydroxide hydrate

CSH is the mass of calcium silicate hydrate

The CO;, diffusivity depends on the concrete porosity and
exposure conditions and author purposed the following
equation:

3

g

= . _6. —m—m—m
D=6.1-10 c IS W
+—+

Pc PLs Pw (8)

)

where
gzm_ 025-C-a 1.62-LS-q5 - Ae
Pw Pcw Pcw 9

is the porosity of carbonated concrete
W, C,and LS

are the contents of water, cement and
limestone powder, respectively

pc, pLs,pw, and pcware the densities of cement, limestone
powder, mixing water, and chemical
combined water, respectively

a, ais are the degrees of the reactions of
cement and limestone powder,
respectively

RH is the relative humidity of the
environment

P =4270 is the activation energy of the CO;
diffusion

T = 293K is the reference temperature

T is the environmental temperature

The equations for the calculation of the amounts of
carbonatable compounds, CH and CSH, and degrees of
cement and limestone powder reactions, a and ars were
provided in the paper [16]. This rather complex model takes
into account the reduction of concrete porosity due to the
hydration of cement, the reaction of limestone powder, and
carbonation (second, third, and fourth terms in equation (9),

respectively). The reduction due to carbonation A, can be

evaluated using the change in the solid volume of reactants
and products of carbonation [41]. The model was tested on
limestone concretes with a 10% and 20% replacement ratio,
and a good correlation with the experimental results was
obtained.

Shah and Bishnoi [8] developed the empirical equation to
predict carbonation depth in Portland cement and various
blended cement concretes. They used the concrete strength
and water-to-cement ratio instead of porosity in computing
diffusion coefficient D, arguing that the properties of ITZ also
have an impact on carbonation resistance. On the other
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hand, their model did not take into account the changes
occurring in the microstructure due to carbonation that could
alter the diffusion characteristics significantly. The model
was tested against the experimental results obtained on
several binary and ternary blend compositions (FA,
limestone, and two types of clay at 45% joint replacement),
and a reasonable correlation was obtained.

Beside Papadakis’ models for carbonation of Portland
cement and blended cement concrete [42, 41], Yang’s model
[43] is also often referred to. However, the correction factors
for the substitution of cement with SCMs are given for FA,
GGBS and silica fume and not for the limestone powder in
this model.

It is obvious that such mathematical models are
extremely time- and cost-consuming for every-day
engineering practice and that simpler models are needed.
One such simpler and more robust model, which considers
the concrete quality, curing conditions, and environmental
conditions, is given in the fib Model Code 2010 [44]. The
Model Code 2010 equation has already been applied in
practice for the assessment of carbonation depth dc with time
t

d, = k-W(t)-t (10)

where

k:\/z'ke'kC'RKLZ\C,O'Cs (11)

is the carbonation rate coefficient

ke is the environmental function [-]

ke is the execution transfer parameter [-]

R,(;\C,O is the inverse effective carbonation resistance of
concrete under natural conditions
[(mm?/years)/(kg/m?)]

Cs is the CO2 concentration in the air [kg/m?3]

Ww(t) weather function [-]
The inverse effective carbonation resistance of concrete

under natural conditions R,I,J\C,o is a property of concrete that

depends mostly on the water-to-cement ratio and binder
type. The determination of this concrete property would,
however, take years. For that reason, Code purposefully
applied the inverse effective carbonation resistance
measured under accelerated carbonation conditions

R;Q;C,O and established the relationship between them:

-1 -1
Rnaco =Kt -Racco + &t (12)

where

R;CC,O is the inverse effective carbonation resistance of

dry concrete, determined at a certain time tousing

the accelerated carbonation test
ACC[(mm?/years)/(kg/m?)]

R,(;\C,O is the inverse effective carbonation resistance of

dry concrete (65%RH) at a certain time fo using
the normal (natural conditions) carbonation test
NAC [(mm?/years)/(kg/m?)]

ki is the regression parameter for the test effect of
the ACC test []

&t is the error term for inaccuracies which occur
conditionally when using the ACC test method
[(mm?3/years)/(kg/m?)]
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For further instructions, MC 2010 refers to fib Model Code
for service life design [45] in which all the required

parameters are given. R;cc,o is to be determined

experimentally and conditions for the ACC test are defined:
100/100/500 mm prisms are to be exposed to CO2 2% vol.,
temperature equal to 20°C and RH equal to 65% for 28 days.
If no test data is available, fib Model Code for service life

design offers R;\éc,o values for several cement types (CEM

I, CEM I+FA and CEM lll) and several water-to-cement
ratios. So, the model should be valid for all binder types and

water-to-cement ratios, only the chc,o has to be measured.

However, some researchers have proven that for some
binder types, for instance, binders with high amounts of FA,
this doesn’t have to be true [37]. There is, of course, the
question of the capability of the ACC tests to represent the
real natural conditions. Some researchers have pointed out
that the kinetics of carbonation can be significantly changed
under accelerated conditions, especially for high (>4%) CO.
concentrations [37, 46, 47]. Moreover, this effect is different
for different types of SCM, probably depending on their
different reactivity, whether being inert or having pozzolanic
activity. Lollini and Redaelli in their recent study [9] showed,
however, that the ACC conditions in [45] were chosen well,
at least for the outdoor sheltered conditions. They compared
the measured carbonation rate coefficient of concretes with
various types of SCM, including concretes with up to 30%
limestone powder, under natural (outdoor sheltered for 12
years) and accelerated conditions according to [45] and
obtained reasonable agreement. They also concluded that
the type of binder had the greatest effect on the quality of the
modelling of NAC with ACC conditions.

Although relatively simple, the application of this model

requires an experimental determination of R,Z\1cc,0- In that

way, this property gets the same importance as the
compressive strength of concrete in practical applications: it
has to be experimentally determined. Aside from the time
needed for the ACC test, proper laboratory equipment
(carbonation chamber) is also required. Finding alternatives,

for instance, by connecting empirically R;\E;C’O to the

compressive strength of concrete, would significantly
improve the practicability of the model.

6 Conclusion

From the analysis of the experimental and theoretical
work in the area of the carbonation resistance of concrete
with limestone powder, the following conclusions are drawn:

— replacing the clinker with up to 15% limestone powder
practically does not affect the resistance to carbonation,

— replacing the clinker with a higher content of limestone
powder significantly reduces the carbonation resistance, if no
other measure in the concrete mix design and technology is
undertaken; the decrease is larger with a larger replacement
ratio,

— several measures in the concrete mix design were
experimentally proven to be effective in compensating the
dilution effect of limestone powder: lowering the water
content, increasing the powder paste volume, and improving
the particle packing by combing the powders with different
fineness,

— concrete with 50% of limestone in the powder phase
can be designed to have satisfactory carbonation resistance
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(in comparison to the pure-clinker concrete), enabling the
environmentally significant reduction of clinker; however, this
comes at the cost of a significantly larger superplasticizer
content,

— several complex mathematical prediction models of
the carbonation resistance of limestone concrete, based on
Fick’s first law, can currently be found in the literature,

— it is not yet proven that the fib MC 2010 prediction
model is applicable to concrete with a higher content of
limestone powder (>15-20% of the powder phase).

The fib MC 2010 prediction model for concrete
carbonation is relatively simple and robust and therefore
recommendable for practical applications. The future
research should be oriented towards advancements in mix
design optimization and implementing this model on middle-
and high-content limestone concrete carbonation. Further, in
order to avoid the experimental determination of the ACC
inverse effective carbonation resistance, finding the empi-
rical relationship to the compressive strength of concrete
would significantly improve the practicability of the model.

In general, research on the new SCMs, such as calcined
clay or calcined sand, is recommended. It is necessary to
find and investigate long-term solutions to CO, mitigation
that can replace commonly used FA and GGBS, keeping in
mind that these SCMs are not globally available in sufficient
amounts.
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Stepenisni toranj

Skele za poslovne objekte

Skele za stambene objekte
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of drainage.
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CENTAR ZA PUTEVE | GEOTEHNIKU

U okviru centra posluju odeljenja za geotehniku, nadzor i
terenska ispitivanja, projektovanje saobracajnica,
laboratorija za puteve i geotehniku. Znacajna aktivnost
centra usmerena je ka terenskim i laboratorijskim
geolosko - geotehnickim istrazivanjima i ispitivanjima
terena za potrebe izrade projekno - tehnicke
dokumentacije, za razlicite faze i nivoe projektovanja
objekata visokogradnje, niskogradnje, saobracaja i
hidrogradnje, kao i za potrebe prostornog planiranja i
zastite Zivotne sredine. Struc¢ni nadzor, kontrola kvaliteta
tokom gradenja, rekonstrukcije i sanacije objekata

razlicite  namene, izrada  studija, ekspertiza,
konsultantske usluge, kompletan konsalting u oblasti
geotehnickog inZenjeringa, neke su od delatnosti centra.

Ispitivanje Sipova

= SLT metoda (Static load test)

= DLT metoda (Dynamic load test)

= PDA metoda (Pile driving analysis)

= PIT (SIT) metoda (Pile (Sonic) integrity
testing)

= CSL - Crosshole Sonic Logging

UHemumym UWIMC a.d — byneeap sojeode Muwuha 43, beozpad
LleHmap 3a nymese u eeomexHuUKy — 00esbeH-€ 3a 2e0MEXHUKY
www.institutims.rs
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e |Ispitivanje Sipova

o Geotehnicka istrazivanjai ispitivanja—in situ
= | aboratorija za puteve i geotehniku
e Projektovanje puteva i sanacija kliziSta
o Nadzor

Uncmumym UMC a.d — Byneesap eojeode Muwuha 43, beoegpad
Llenmap 3a nymeese u 2e0mexHUKy — 00e/beH-€ 3a 260MeXHUKY
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Continantal Plus Natura je premium crep u natur
segmentu! Dobro poznatog oblika, trajan | veoma
otporan, a povrh svega pristupacan, naprosto
oduzima dah svima. Cak | vasim komé&ijamal

Continental Plus Matura crep potrazite kod
oviascenih Tondach partnera.
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PUT INZENJERING

[ FUT INZENJERING

Put inZenjering d.o.o punih 25 godina
radi kao specijalizovano preduzece za
izgradnju infrastrukture u niskogradniji i
visokogradniji, kao i proizvodnjom
kamenog agregata i betona. Preduzece
se bavi i transportom, uslugama
gradevinske mehanizacije i
specijalne opreme.

Koristedi inovativne tehnike i kvalitetan

gradevinski materijal iz sopstvenih resursa,

spremni smo da odgovorimo na mnoge zahteve
. nasih klijenata iz oblasti
| niskogradnje.

e

Osnovna prednost prefabrikovane konstrukcije |
jeste brzina kojom konstrukcija moze biti
== projektovana, proizvedena, transportovana i
namontirana.

Izvodimo hidrogradevinske radove u izgradnji
kanalizacionih mreza za odvodenje atmosferskih,
otpadnih i upotrebljenih voda, izvodenjem
hidrogradevinskih radova u okviru regulacije
re¢nih tokova, kao i izvodenjem hidrotehnickih
objekata.

"
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Povrsinski kop udaljen je 35 km od Nisa. Savremene
drobilice, postrojenje za separaciju i sejalica
efikasno usitnjavaju i razdvajaju kamene agregate
po veli¢inama. Tehnicki kapacitet
trenutne primarne drobilice

je 300 t/h.

T s o Y s L B

Za spravljanje betona koristimo drobljeni
kre¢njacki agregat sa naseg kamenoloma,
deklarisanih frakcija, kontrolisane vlaznosti.
Kompletan proces proizvodnje i kontrole kvaliteta
vrdimo prema vazecim

standardima.

Obradu armature vrsimo brzo, stru¢no i
kvalitetno, sa kompjuterskom precizno3¢u i
dimenzijama po projektu.

Nasa kompanija u oblasti visokogradnje
primenjuje sistem prefabrikovnih betonskih
elemenata koji u odnosu na klasi¢nu gradnju
ima brojne prednosti.
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Prednapregnute Suplje ploce su konstruktivni
elementi visokog kvaliteta, proizvedeni u fabri¢ki
kontrolisanim uslovima.

Izradujemo betonske "New Jersey profile" koji se u
svetu koriste za preusmeravanje saobracaja i
zastitu pedaka u toku izgradnje puta, kao i
Betonblock sistem betonskih
blokova.

o . At e e
Uslugu transporta vr§imo automikserima,
kapaciteta bubnja od 7 m* do 10 m® betonske
mase. Za ugradnju betona posedujemo
auto-pumpu za beton, radnog utinka 150 m*/h,
sa duzinom strele
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Kao generalni izvodac radova, vrsimo koordinaciju
svih ucesnika na projektu, planiranje, pracenje i
nabavku materijala, kontrolu kvaliteta izvedenih
radova, postujuci zadate vremenske rokove i
finansijski okvir investitora.
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Osnovi princip naseg poslovanja zasniva se na
individualnom pristupu svakom klijentu i
pronalazenje najoptimalnijeg resenja za njegove
transportne i logisticke
potrebe.

Usluge gradevinskom mehanizacijom vrsimo
tehnicki ispravnim masinama, sa potrebnim
sertifikatima kako za rukovaoce gradevinskim
masinama tako i za same masine.

Raspolazemo opremom i masinama za sve
zemljane radove, kipere i dampere za rad u
teskim terenskim uslovima, automiksere i
pumpe za beton, autodizalice, podizne
platforme.

Sakupljanje i privremeno skladistenje otpada
vriimo nasim specijalizovanim vozilima i
deponujemo na nasu lokaciju sa odgovaraju¢om
dozvolom. Kapacitet masine je 250 t/h

g8 gradevinskog neopasnog

NIS

Knjazevacka bb, 18000 Nis - Srbija
+38118 215 355
office@putinzenjering.com

BEOGRAD

Jugoslovenska 2a, 11250 Beograd — Zeleznik
+3811125 81111
beograd@putinzenjering.com
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ZI\VOT JE LEPSI
_ KADA BIRATE
. KVAL NO

Mapei proizvodi i reSenja su izbor onih koji znaju da prepoznaju kvalitet, posve¢enost svakom
detalju i viSedecenijsko iskustvo u gradevinskoj industriji.

Zato birajte pazljivo. Birajte kvalitet.

Mapei, svetski lider u proizvodnji gradevinskih lepkova, hidroizolacija
i masa za fugovanje.

MAPEI

S ISR AN

Saznaj vise na www.mapei.rs ZIVI KVALITETNO
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MATEST "iT TECH" KONTROLNA JEDINICA

JEDNA TEHNOLOGILJA
MNOGO RESENJA

IT Touch Techlogy je Matestov najnovijl koncept kali ima za cilj
da ponud] inovativma i user-friendly tehnologiju za kontrolu i
upravijanje najmodernijom opremom u domenu testirenja
gradevinskih materijala

Ova tehnologija je srz Matestove kontrolne jedinice, software
baziran na Windows platformi | touch screen sistem kol jo
medularan, fleksibilan | obavija mnoge opcije

iT TECH pokriva | INOVATIVNOST
| INTERNET KONEKCUA
| INTERFE!S SA IKONICAMA
| INDUSTRUALNA TEHNOLOGUA

SISTEM JEDNOG RAZMISLIANJA JEDNOM SHVATIS - SVE TESTIRAS

NAPREDNA TEHNOLOGLA ISPITIVANIA ASFALTA

| GYROTRONIC - Gyratary Compactor

| ARC - Electromechanical Asphalt Holler Compactor
ASC - Asphalt Shear Box Compacton

SMARTRACKER™ - Multiwhesls Hamburg Wheel Tracker,
DRY + WET test environment

| SOFTMATIC - Automatic Digital Ring & Ball Apparatus

| Ductilometers with data acquisition system

MULTIFUNKCIONALNI RAMOVI ZA TESTIRANIE
| CBR/Marshall digital machines

| Universal multispeed load frames

| UINITRONIC bOKN or 200kN Universal multipurpose

pompressionlesural and tensile frames

OPREMA ZA GEOMEHANICKO ISPITIVANJE

| EROTROMIEG - Autamatic Consolidation Apparatus

| SHEARLAB - AUTOSHEARLAB - SHEARTRONIC
Direct / Residual shear testing systems

| Triaxial Load Frame S0KN

MIXMATIG - Automatic Programmabie Mortar Mixer

INELAS ERECO D.O0.0O
Todin bunar 274a, 11070 , Novi Beograd tel. +381 11 2284 574 email. info@inelasereco.rs
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