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Fibre-reinforced post-tension anchoring zone

An experimental comparison of reinforcement configurations
Ludwig Bengtsson

Anton Nordek

Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract

Prestressed concrete enables the design and construction of long-span, slender, and
economical concrete structures. In post-tensioned concrete structures, the anchor-
age zones are critical details, which normally end up both heavily reinforced and
labour-intensive while following the manufacturer’s European Technical Assessment
(ETA) approval for additional reinforcement and applicable design procedures. The
upcoming Eurocode will permit the design of these regions using steel fibre rein-
forced concrete (SFRC). This master’s thesis presents an experimental comparison
of three different post-tensioned anchorage zones: a conventionally designed anchor-
age zone made of reinforced concrete and ETA-approved helical bursting, an SFRC
anchorage zone equipped with ETA-approved helical bursting reinforcement, and an
SFRC anchorage zone.

The anchorage zones are designed according to the applicable Eurocode, upcoming
Eurocode and course literature. The final design of the specimens, representing
anchorage zones, was validated by a non-linear finite element analysis in the soft-
ward Diana 10.8 to ensure the desirable structural response. Two specimens of each
anchorage design were constructed and equipped with 3D-printed plastic spirals to
support the distributed optical fiber sensors (DOFS). The specimens were tested
experimentally by subjecting them to centric compressive loading. The configura-
tions were evaluated and compared by analysing the data obtained from the DOFS,
Digital Image Correlation (DIC), and load-deformation response.

The comparison between DOFS measurements and DIC has shown that the pro-
posed fiber optics arrangement enabled the assessment of the specimens’ structural
response with high accuracy. According to the results, the plain SFRC configuration
exhibits the largest strains and crack widths of the three configurations. Incorpo-
rating helical bursting reinforcement in SFRC significantly improved the structural
response by decreasing the measured strains and crack widths. The reference con-
figurations exhibited the lowest strains and smallest crack width while maintaining
the highest consistency in the structural response.

The findings in this master’s thesis will likely provide further knowledge and en-

hance the contemporary design for post-tensioned anchorage zones.

Keywords: Post-tensioned concrete, Anchorage zone, Steel fibre reinforced concrete,
Distributed optical fiber sensing, Digital Image Correlation, DIC, Crack monitoring
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1

Introduction

1.1 Background

Prestressed concrete enables the design and construction of long-span, slender and
economical concrete structures. Concrete can be prestressed by either pretensioning
or post-tensioning methods. In post-tensioned concrete structures, the anchorage
zones are critical details, which normally end up both heavily reinforced and labour-
intensive while following the manufacturer’s European Technical Assessment (ETA)
approval for additional reinforcement and normal design procedures for global and
local crushing and splitting failures. In the currently applicable version of Eurocode
(European Committee for Standardization, 2004), it is only allowed to use regular
reinforcement in anchorage zones. However, the upcoming Eurocode will permit the
use of steel fibre reinforced concrete (SFRC) in anchorage zones. The incorporation
of SFRC is believed to reduce the amount of regular reinforcement required in the
anchorage zones, leading to savings in labour hours and improved working conditions
during construction.

1.2 Purpose and objectives

The purpose of the thesis is to experimentally compare and evalutate the struc-
tural response of a post-tensioned anchorage zone of three different reinforcement
configurations:
1. a design following the manufacturer’s ETA approval, including additional re-
inforcement, referred to as the Reference configuration.

2. a design following the manufacturer’s ETA approval, excluding additional re-
inforcement but with fibre reinforcement, referred to as the SFRC + Helix
configuration.

3. a design with only fibre reinforcement, referred to as the SFRC configuration.

The following objectives define the purpose:
o Investigate the design procedure for a fibre-reinforced anchorage zone.
» Develop a solution for Distributed Fiber Optical Sensing (DOFS) monitoring
to evaluate the structural response of an anchorage zone.

e Analyse and compare the experimental results of the test with different con-
figurations.
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1.3 Scope and Limitations

1.3.1 Scope

The scope of the master’s thesis is to perform a comparative experimental analysis
of the structural response of anchorage zones constructed with concrete of strength
class C30/37 and with the steel fibre of type Dramix 4D 65/35 BG with a fibre
volume fraction of 0.5%. The experimental testing includes six specimens, two of
each reinforcement configuration, with the same geometry.

1.3.2 Limitations

The master’s thesis results were limited to six specimens. A square cross-section
was chosen to facilitate the design and construction of the anchorage zones. The
load cell of the testing machine was limited to 1 MN. As a result, the failure of the
designed specimens could not be investigated.

1.3.3 Method

The procedure of the master’s thesis was divided into four phases: Initial phase,
Design phase, Construction phase and Testing phase. The following chart provides
an outline of the presented phases along with their respective activities.

INITIAL PHASE

Litterature review Testing conditions

DESIGN PHASE

Preliminary sizing FEA simulation
A

CONSTRUCTION PHASE

Assembly DOFS StOCh?;:IBE‘ttern

TESTING PHASE

. Retrievi d : .
Load Testing - rleylng A Material testing
analysis of data




1. Introduction

The master’s thesis was initiated with a literature review regarding post-tensioning,
anchorage zones, concrete and SFRC characteristics, and finite element modelling.
The initial phase also included retrieving test limitations, which were used as bound-
ary conditions for the design phase. The design was an iterative process, initiated
with preliminary sizing, where the geometry of the specimens was determined. Based
on the geometry and boundary conditions, the anchorage zones were dimensioned
accordingly. As a final step, the designs were simulated in finite element analyses
(FEA) in DIANA FEA to ensure the desirable structural response. The procedure
was repeated until satisfactory results were obtained.

When the final design was determined, the construction phase was initiated. The
construction phase involved assembly of formwork, mounting of reinforcement and
anchorage system, installation of DOFS and casting of specimens. The installation
of the DOF'S included the design and assembly of the support structure, as well as
mounting and calibration. After casting, a design technique was found to obtain
the selected stochastic pattern for monitoring the specimens’ surfaces using Digital
Image Correlation (DIC).

The testing phase, which included load test of the specimens and material testing,
was initiated 28 days after casting. The materials were characterised by perform-
ing cube tests and wedge splitting tests. The load testing was conducted with a
hydraulic compression machine. During load testing, data retrieved from DOFS,
DIC and load-deformation response were collected. The load was applied until the
test machine’s and load cell’s maximum load capacity were reached. After testing,
the test data was post-processed and analysed using MATLAB and GOM Correlate
2018.
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Theory

2.1 Prestressing

Concrete is a material that is prone to cracking when subjected to tensile stresses.
Tensile stresses can appear in a structural concrete member through various means,
such as bending moments, pure tension forces, or highly concentrated compression
forces in an anchorage zone of a post-tensioned member. According to Engstrom
(2011), structural concrete members tend to crack under small loads already in the
service state. Prestressing can be used to prevent cracks or limit the cracking pro-
cess in a structural member. By introducing prestressing forces, a structural member
undergoes compressive stresses to reduce the tensile stresses, which may arise due
to additional loading. Hence, cracks could be totally prevented or limited in terms
of crack widths. The prestressing is applied by tensioning of wires, and as a result,
compression force is introduced into the member when released (Engstrom, 2011).

According to Engstrom (2011), prestressing of a structural member can be done in
two different ways, either by post-tensioning or pre-tensioning. The two methods
differ regarding how and when the wires are tensioned in the production process. In
a post-tensioned structure, the pretension steel wires are tensioned after the concrete
has been casted and hardened. In comparison, the wires are tensioned before the
concrete casting in a pretensioned structure. The steel wires are put inside ducts
in post-tensioned structures, which are grouted after the tension. The tensioned
steel wires are anchored to load-transferring units restrained by the concrete. In
pre-tensioning, the wires are detensioned after the concrete has hardened and is
restrained by bonding interaction to the concrete (Engstrom, 2011).
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2.2 Dimensioning of anchorage zone in reinforced
concrete

In a post-tensioned structure, concentrated forces will be transferred into the con-
crete by anchoring of post-tensioned steel wires to load-transferring units. The zones
where highly concentrated forces develop due to prestressing are referred to as dis-
continuity regions, in which ordinary beam theory does not apply (Engstrom, 2015).
Instead, the stress fields propagating from concentrated forces are investigated, and
specific dimensioning methods must be conducted.

Due to the high concentrated compression forces in an anchorage zone, transverse
tensile forces develop to reach force equilibrium. As a consequence of the transver-
sal tensile stresses, also referred to as bursting stresses, there is a risk that cracks
are formed in these regions (Breen et al., 1994) (Engstrom, 2015). Transverse rein-
forcement must therefore be designed for traditional reinforced concrete structures
to transfer tensile forces across the cracks (Engstrom, 2015). In addition, tensile
stresses near the surface of the member will develop, which Breen et al. (1994) refer
to as spalling stresses. Figure 2.1 presents a visualisation of tensile stresses in an
anchorage zone subjected to centric loading.

==

Figure 2.1: Visualisation of tensile stresses in an anchorage zone, adapted from
(Engstrom, 2011).

Further away from the anchorage plate, the compressive stresses gradually distribute
evenly while the transversal tensile stresses decrease (Breen et al., 1994). Stress
trajectories and developed lateral stresses due to centric loading are visualised in
Figure 2.2. Breen et al. (1994) states three critical regions within an anchorage
zone, where the first one appears directly behind the anchorage plate, in which high
bearing and compression forces are present. The second critical section appears in
the anchorage zone some distance away from the point of force introduction, where
transverse tensile stresses develop. The last critical section arises at the end surface
parallel to the load-transferring plate, in which spalling stresses appear.

6
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(a) Stresses trajectories (b) Lateral stresses

Figure 2.2: Stress distribution for a centric loaded anchorage zone, adapted from
(Breen et al., 1994).

Studying Pham et al. (2021), it seems that the same critical zones described by
Breen et al. (1994) appears for a square anchorage system equipped with a circular
duct. The critical zones identified by Pham et al. (2021) are presented in Figure 2.3.
In the critical zones, the concrete undergoes different damage procedures during the
centric loading.

11
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Figure 2.3: Anchorage zone divided into critical zones, adapted from (Pham et al.,
2021).
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According to the numerical analysis performed by Pham et al. (2021), tensile hoop
stresses were developed in Zone 1 directly behind the anchorage plate and localised
around the duct with decreasing magnitude towards the corners of the specimen.
The maximum tensile hoop stresses were found at the top surface around the duct
hole, and the second maximum was found at a distance of 0.28W from the top
surface. This region is also aligned with the maximum tensile bursting stresses.
According to the numerical analysis, the largest vertical compressive stresses were
found directly behind the anchorage plate, gradually decreasing further into the
specimen. Pham et al. (2021) states that the failure mode of this zone would be
crushing of the concrete material. The compressive stresses reached a constant value
at the distance 0.82H from the anchorage plate along the duct, where the tensile
bursting stresses also became zero.

In Zone 3, Pham et al. (2021) also localised high tensile spalling stresses, similarly
to Breen et al. (1994). The peak spalling stresses were found along the edge of the
anchorage plate. The maximum bursting stresses were located at the interface of
Zone 1 and 2, propagating horizontally towards the side surface of the specimen with
decreasing magnitude. According to the experimental testing performed by Pham
et al. (2021), the tensile bursting stresses caused internal cracks close to the duct
that propagated towards the side surface of the specimen. The cracks were oriented
vertically at the surface, perpendicular to the orientation of the bursting stress field.

To manage the concentrated compression forces that deviate directly behind the
anchorage plate, (Breen et al., 1994) asserts that specialised anchorage devices are
commonly used in anchorage zones. These devices facilitate increased strength in
these areas by confinement of concrete by incorporating local reinforcement and em-
bedded ribs distributed downwards in the concrete. This approach mitigates local
stresses and distributes the concentrated force more effectively. An example of such
an anchorage system, equipped with embedded ribs and local reinforcement, is pre-
sented in Figure 2.4.

Figure 2.4: Anchorage system equipped with embedded ribs and local reinforce-
ment, retrieved from (CCL, 2017).
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2.2.1 Strut and tie method

The strut and tie method can be used to analyse stress fields in regions where
ordinary beam theory does not apply, typically in zones with concentrated forces
or geometrical discontinuities. The method can be applied for cracked reinforced
concrete, mainly in the ultimate limit state and is governed by the theory of plas-
ticity (Engstrom, 2015). Although Engstrém (2015) recommends that a strut and
tie model should be adopted on a basis similar to a linear elastic stress field of a
reinforced member due to the need for plastic redistribution and to achieve certain
service state requirements. Too extreme assumptions for the chosen stress field may
result in insufficient plastic redistribution. One way to develop a strut and tie model
for a structural member is to analyse the stress field pattern, so called The load path
method. The strut and tie model is conducted by inserting struts and ties represent-
ing the resultant of the compressive or tensile stress fields, respectively. If the strut
and tie analysis is executed on the basis on equilibrium conditions with sufficient
strength of the materials, a lower bound solution is found. Consequently, for every
loading scenario where the stress state does not exceed the yield conditions, it does
not exceed the ultimate load of the member.

Apart from the strut and tie model should represent a reasonable stress field and
fulfil equilibrium, Engstrom (2015) states that geometrical application rules need
to be adopted in a strut and tie model, which are governed by ensuring sufficient
ductility and reasonable service state behaviour. Within the framework of this
thesis, the following rules apply:
o Struts under concentrated forces should be spread out with an angle of 30
degrees.
o The angle at which a strut connects a single tie should exceed 45 degrees, and
it is recommended to choose 60 degrees.
o Choosing an angle of 45 degrees for struts connecting two perpendicular ties
is recommended, and it should not be less than 30 degrees.

In addition to geometrical application rules, nodes need to be structurally verified
(Engstrom, 2015). In the framework of this master thesis, verification of the nodes
underneath the anchorage plate is only applicable; see Figure 2.5.
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Figure 2.5: Compression nodes underneath the anchorage plate, retrieved from
(Engstrom, 2015).

The nodes underneath the anchoring plate are subjected to a multiaxial stress state
and are verified for local crushing according to (European Committee for Standard-
ization, 2004) as the following (Engstrom, 2011):

Opd < Opd =V " fek, (2.1)

where v = 3.

Engstrom (2015) states that the structural capacity of nodes are only governed by
o och o.. According to (European Committee for Standardization, 2005), an
anchorage zone with highly concentrated compression forces should also be struc-
turally verified for highly concentrated forces behind the anchorage plate using a
representative concrete prism.

The following geometrical requirements apply to the representative concrete prism:

/ /

mam(g,c—) <1.25- -
a’ a a-a

(2.2)

1?

where a, a’ and ¢, ¢ are the dimensions of the force transfer unit and the concrete
prism, respectively. The structural verification is done accordingly:

< 0.6 fu, (2.3)

c-c

where P is the prestressing force.

Additionally, the reinforcement must be dimensioned to verify sufficient structural
capacity in the assumed ties. Ties, representing a distributed stress field, should
be designed with a distributed reinforcement arrangement around the level of the
prescribed tie. Ideally, the reinforcement should be distributed in a region smaller
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than the length of the connecting strut. To ensure the sufficient capacity of the tie,
the following equation apply(Engstrom, 2015):

T
S Z R
fyk

where T is the force in the tie and A, is the reinforcement amount.

A (2.4)

European Committee for Standardization (2005) prescribes additional minimum
surface reinforcement for an anchorage, according to Equation 2.5. The surface
reinforcement prevents spalling of concrete near the surface.

P
Agsury > 0.03 =, (2.5)
fyk

where Ajg gurp is the minimum surface reinforcement amount.

Minimum tensile reinforcement is also specified according to European Committee
for Standardization (2005), governed by the following equation:

P
Ag>0.15- —. (2.6)
f yk
European Committee for Standardization (2005) also prescribes that minimum re-
inforcement should be provided according to the European Technical Assessment
(ETA) approved bursting reinforcement for the specific anchorage system.

2.3 Concrete material model

Concrete is a composite material made up of aggregates, cement, and water. It is
a heterogeneous material with the characteristics of relatively low tensile strength
compared to its compressive strength. The material has non-linear behaviour, and
in the following chapters, different material models for the concrete are presented.

2.3.1 Non-linear behaviour of concrete

The non-linear repsonse of the concrete becomes more pronounced as the ultimate
state is reached (Kotsovos, 2015). The non-linear response reflects the fracture
process under stress, and the cause of the response is the propagation of flaws or
micro-cracks within the concrete. Micro-cracks and flaws can exist even before load-
ing due to discontinuities in the cement paste matrix, voids from the casting, and
discontinuities in the interfacial transition zone. When stresses and strains are ap-
plied to the boundaries of a concrete element, they induce the formation of a strain
field within the element The characteristics of this strain field are influenced by
the distribution of aggregates and cement paste, the element’s geometry, and the
distribution of and sizes of flaws within the material. Local strain concentrations
develop throughout the material due to the incompatible deformation of the ag-
gregates, cement paste and flaws. It results in strain concentrations, particularly

11
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at flaws, which are considered to be the potential source of load-induced cracking.
The spontaneous crack extension propagates if the strain concentrations exceed the
strain capacity. The crack propagation is in the direction of the maximum applied
compressive stress or orthogonal to the maximum principal tensile stress. Cracking
occurs when an excess amount of strain energy needs to be released.

2.3.2 Uniaxial tension

When concrete is subjected to tensile stress, cracking is initiated when the tensile
strength is reached (Plos et al., 2021). Once the cracking process starts and forms
a fracture zone, stress transfer depends on the opening of the crack. The behaviour
of concrete in tension can be determined by conducting a uniaxial tensile test. The
crack development during the uniaxial tensile test can be divided into five stages,
illustrated from stages a) to e) in Figure 2.6 (Plos, 2000).

a) oc=0 b) O'<f, c) o-=ft
(w=0)

RN O

Libl TLLLL

d) o =filw) e) o=0
(0<W<Wu) (W2Wu)

N

L+el+w L+w

ULy

Figure 2.6: Different stages of the fracture process of uniaxial tensile stress, re-
trieved from (Plos, 2000).

The first stage (a) occurs when no load is applied to the specimen (Plos, 2000). In
the second stage (b), tensile stresses in the concrete are below the tensile strength,
and micro-cracks begin to form at some locations in the specimen. In the third stage,
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stress reaches the tensile strength, causing micro-cracks to localise at the weakest
section of the specimen, but no crack opening occurs. After reaching peak stress,
shown in Figure 2.7, the specimen enters the fourth stage as crack opening initiates
(d). In the fourth stage, the specimen undergoes strain-softening behaviour, and
micro-cracks develop into macro-cracks (Hillerborg, 1985). As the material outside
the fracture zone unloads, deformations increase as stress decreases. The amount
of stresses transferred through the fracture zone depends on the crack opening w
(Plos, 2000). In the fifth and final stage (e), the fracture zone is separate, and no
stresses are further transferred through the fracture zone.

A stress-displacement relation for concrete, presented in Figure 2.7, can be ob-
tained by conducting a uniaxial tensile test. According to Plos (2000), the stress-
displacement results from a uniaxial tensile test cannot be directly translated into a
general stress-strain relationship for concrete. Hence, the stress-displacement results
are size-dependent. To convert stress-displacement into a general material property,
it must be separated into an elastic stress-strain relationship for the material out-
side the fracture zone and a stress-crack opening relationship, illustrated in Figure
2.7. The area enclosed by the stress-crack opening relation represents the energy
absorbed, referred to as fracture energy (Gr) (Hillerborg, 1985).

AL &

Figure 2.7: The stress-displacement relationship in a uniaxial tensile test of con-
crete (left), and how it is converted into an elastic-strain relation (middle) and a
stress-crack opening relation (right). Adapted from (Plos et al., 2021).

2.3.3 Uniaxial compression

Figure 2.8 illustrates the stages for concrete cylinders subjected to uniaxial com-
pression. In the first stage (a), the initial size of the specimen is depicted, as no
loads are applied to the boundaries (Kotsovos, 2015). In the second stage (b), loads
are applied to the horizontal boundaries of the specimen, causing lateral expansion
without cracking. The expansion occurs due to the deformation of the concrete and
the Poisson effect. In the third stage (c), cracks are formed in the central zone, in
the loading direction. The lateral expansions at the cracked zone are incompatible
with the lateral expansion at the uncracked zones, which induces internal forces.
These internal forces restrain and increase the lateral expansion at the central and
end zones, respectively. In the fourth stage, at least one of the end zones experiences
a tensile principal stress component, resulting in crack propagation towards the end
zone.
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—_— <« - —
a) b) c) d)
Figure 2.8: The behaviour of a concrete cylinder in uniaxial compression, adapted
from (Kotsovos, 2015).

The compressive stress-strain relationship of concrete, as illustrated in Figure 2.9,
can be obtained through a cylindrical test. The stress-strain relation in a cylindri-
cal test is size-dependent, meaning that it cannot be regarded as a pure material

property.

The compressive fracture energy and post-peak softening behaviour are influenced
by the crack development during loading. Macrocracks initiate before the peak stress
and localise after the peak stress is reached. At the steeper part of the descending
branch of the stress-strain relation, the macrocracks extend towards the specimen’s
centre. At the flatter part of the descending branch, the macrocracks congeal. In
the softening region, concrete within the damaged zone continues to strain while
concrete outside the damaged zone unloads elastically. The undamaged zone only
exists if the height of the specimen is greater than the damaged zone length.

fe

/ Softening

fresidual Z{
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Figure 2.9: The characteristics of a stress-strain relation for Concrete in a com-
pressive cylinder test, adapted from (Samani & Attard, 2012).

According to Markeset and Hillerborg, 1995, the formation of longitudinal cracks is
accompanied by energy absorption in a similar manner as a pure tensile crack. A
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portion of the fracture is absorbed by the formation of microcracks, and the rest is
absorbed when longitudinal cracks open.

2.3.4 Multiaxial concrete behaviour

Multiaxial stress states often occur in strut-and-tie models, slabs, shells, and plates
Geel (1998). In those areas, the uniaxial material models reach limits, and it is
advantageous to utilise the multiaxial properties of concrete, due to increased load-
bearing capacity and allowance for larger deformations. Figure 2.10 presents the
strength surfaces of concrete, which can be obtained by performing a triaxial cell
test. The figure presents the three compressive meridians and one of the three tensile
meridians. It can be observed that the meridians open in the negative octants and
the tensile meridian lies below the compressive meridian. Theoretically, there is no
upper limit to the strength in triaxial compression.

01<0
01 = 0 = 03

O'2<0

U3<0

Figure 2.10: The strength surfaces formed by the compressive (blue) and the
tensile meridian (green). Only one of the three tensile meridians is illustrated.
Adapted from (Haussler-Combe, 2022).

2.3.4.1 Biaxial strength

The biaxial strength of concrete can be obtained from the triaxial strength, shown
in Figure 2.10, when one of the principal stresses is zero or in a plane stress state
(Héussler-Combe, 2022). Figure 2.11 presents the biaxial strength of concrete il-
lustrated when the principal stress 0y = 0. The graph illustrates how the concrete
strength increases or decreases depending on the applied stresses. It can be observed
in the figure that the strength of concrete increases when subjected to compressive
loading in both directions. The tensile strength remains almost the same as in the
uniaxial case when subjected to tensile loading in both directions. However, the
compressive and tensile strength both decrease when the concrete is subjected to
combined compressive and tensile loading.
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Figure 2.11: The biaxial strength of concrete, adapted from (H&ussler-Combe,
2022).

The same observation was also made in the experimental investigation performed
by Kupfer et al., 1969. In their study, they tested concrete in different biaxial load-
ing and found that the strength increases in biaxial compressive loading. However,
the compressive stress at failure in compressive-tensile loading decreases, and the
strength of concrete in biaxial tension is approximately equal to its uniaxial tensile
strength.

2.4 Steel fibre reinforced concrete

Concrete is a quasi-brittle material with relatively high compressive strength com-
pared to tensile strength. By adding steel fibre to the concrete mix, the ductility of
the concrete can be improved (Singh, 2017). Steel fibres are distributed randomly,
occupy space in the interparticle space around coarse aggregates, and become em-
bedded in the mortar mix. Steel fibers transfer tensile stresses, while concrete trans-
fers both tensile and compressive stresses. The addition of steel fibres improves the
mechanical properties of the concrete as the fibres can arrest the opening, widening
and extension of micro-cracks. However, the fibres do not prevent the formation of
microcracks and are not active at stresses when microcracks extend from the inter-
facial transition zone to the mortar. Consequently, the plain concrete and SFRC
first crack occurs at nearly the same stress level.

After the first crack is formed, internal cracking in plain concrete and SFRC oc-
curs in a similar manner (Singh, 2017). The crack extension is delayed between the
aggregates since the fibres transfer both internal tensile stresses and tensile stress
across existing cracks. The fibres can transfer the tensile stresses due to their high
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tensile strength and anchorage in the mortar matrix. The additional capacity of
tensile transfer enhances the tensile strain capacity of SFRC compared with plain
concrete.

According to Lofgren (2005), the mechanical behaviour of SFRC depends on the
volume fraction of fibres, the orientation of the fibres, and the pull-out resistance
of the indiviual fibres. The pull-out resistance of the fibre depends on the type of
fibre, its mechanical properties, the geometry and the mechanical properties of the
fibre-matrix interface, the orientation of the fibres with respect to loading, and the
mechanical properties of the matrix. The bonding of the fibre and matrix allows for
the transmission of forces.

2.4.1 Steel fibres

According to Lofgren (2005), the mechanical and geometry of the fibre influence the
behaviour of the SFRC. Steel fibres can either be made of carbon steel or stainless
steel and the tensile strength can vary from 200 to 2600 MPa. Steel fibres are often
made of high-strength steel. The steel fibres can be produced from deformed cold-
drawn wire, deformed cut sheet, melt extracted, shaved cold-drawn wire, and fibres
milled from blocks.

The performance of the steel fibre depends on the aspect ratio, fibre shape and
surface deformation, and the surface treatment (Lofgren, 2005). Fibres can attain
several cross-sections, and the most common is the circular cross-section. The fi-
bres commonly vary in diameter from 0.2 to 1 mm and length from 10 to 60 mm.
Roughening the surface of fibres or adjusting the shape of the fibres can improve
the bonding between them and mortar. The shape of fibres can, for example, be
straight, bow-shaped, crimped, twisted, or irregular. To increase anchorage, the ends
of fibres can be designed as hooks or given shapes like paddles, end knobs, cones, etc.

2.4.2 Compressive behaviour

According to Lofgren (2005), the addition of fibres affects the behaviour of concrete
under compression. If the volume fraction is less than 1%, the pre-crack properties
is not affected. However, it does affect the post-peak behaviour by increasing the
strain at crack localisation and ultimate strain. Figure 2.12 schematically shows
how the volume fraction affects the post-peak behaviour of the SFRC, while Figure
2.13 schematically shows how the aspect ratios affect the post-cracking behaviour of
concrete. The aspect ratio is the ratio of length to diameter of the steel fibre, and
a higher aspect ratio improves the post-peak behaviour of the SFRC.
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Figure 2.12: The typical stress-strain relationship for normal and high strength
concrete and how the fibre dosage affects the post-peak behaviour. Retrieved from
(Lofgren, 2005).
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Figure 2.13: Typical stress-strain relationship for plain concrete and SFRC with
different aspect ratios under compressive loading, adapted from (Singh, 2017).

2.4.3 Tensile behaviour

In tensile loading, adding steel fibers improves post-peak behavior, either by strain-
softening or strain-hardening (Lofgren, 2005). The difference in the tensile post-peak
behaviour of plain concrete and SFRC is schematically presented in Figure 2.14. If
the volume fraction is low to moderate, the post-peak behaviour can be considered
strain-softening. As discussed earlier in chapter 2.4, the fibres do not significantly
affect the tensile strength and modulus of elasticity of the concrete before reach-
ing the peak stress. However, the fibres affect the tensile fracture behaviour, the
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fracture energy, and, therefore, the stress-strain relationship. The stress-crack and
stress-strain relationship of SFRC must be determined through experimental testing
such as the bending notch beam, uniaxial tensile test, wedge-split tests, etc.

Figure 2.14 presents the stress-strain relations for plain concrete and SFRC. The
localisation of a single crack occurs at the peak-stress when ¢ = ;. The post-
peak behaviour of SFRC is either strain-softening or strain-hardening, depending
on whether the stress decreases or increases. After the localisation, the fibres are
activated and transfer tensile forces across the crack (Singh, 2017). In case of strain
hardening, new cracks continue to form, and the already-formed cracks grow and
widen with increasing load. Fibres start to pull out after the peak stress is reached,
leading to failure.
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Figure 2.14: The tensile post-peak beaviour of plain concrete and SFRC, retrieved
from (Lofgren, 2005).

2.5 Concrete and reinforcement interaction

The main concern when studying the interaction of concrete and reinforcement is
how the stresses are transferred between the two materials. When there is a rela-
tive displacement between the concrete and reinforcement steel, bond stresses are
generated (International Federation for Structural Concrete, 2013). Relative dis-
placement often occurs in regions where tensile stresses are present, such as cracked
regions. In those regions, the tensile stresses are transferred by the reinforcement
across the cracks. In between the cracks, the tensioned concrete surrounding the
reinforcement lowers the steel stress by the bonding interaction (Al-Emrani et al.,
2011). This is called the tension-stiffening effect and is most pronounced immedi-
ately after crack formations.
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There are two main approaches to describing the interaction between embedded
reinforcement and concrete. One approach is to assume full interaction between
the embedded reinforcement and concrete, whereas the other introduces a bond-
slip relation between the concrete and embedded reinforcement. By assuming full
interaction, the concrete closest to the reinforcement and the reinforcement will al-
ways have the same strain. When considering bond-slip, the bonding interaction
is dependent on the reinforcement slip. Several models to describe the bond-slip
relation of reinforced concrete exist. International Federation for Structural Con-
crete (2013) provides relations that described the local bond vs local slip for ribbed
reinforcement bars, which satisfies the classification of high bond. The relations
concern either pull-out or splitting failure, presented in Figure 2.15, where the last
mentioned is divided into confined (Stirrups) or unconfined concrete. The splitting
failure of unconfined concrete results from a sudden drop in bonding interaction
with no residual stress. In comparison, the splitting of confined concrete results in
residual stresses, represented by the plateau in Figure 2.15. During this plateau,
advanced shearing and crushing of the concrete occur. A concrete member can be
considered confined if there is a large concrete cover, dense transverse reinforcement
or transverse compression.
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Figure 2.15: Relation between slip and bond stresses for pull-out failure and
splitting failure for confined and unconfined concrete, respectively, retrieved from
(International Federation for Structural Concrete, 2013).

The peak local bond resistance, 7, spii.1, for good bonding conditions is determined
as following:

Tou.split.l = 7.0- (J;Cgl)OQS (27)

51 is the corresponding slip value to 7y, spiit.1 01 the reference curve which is described
as:

Ty = Tomaz * (i)a for 0< s < sy, (2.8)

S1
where a = 0.4 and Typay = Tpu.spiie.1 for unconfined concrete.
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2.6 Non-linear finite element analysis

Various material models, interaction models, and crack approaches can be used in
non-linear finite element analysis (NLFEA). Commonly used crack approaches in
NLFEA are the smeared crack approach and the discrete crack approach, which are
explained in the following sub-chapters. Additionally, a crack localisation technique
of the smeared approach, referred to as the weakened element technique, is explained.

2.6.1 Smeared crack approach

In the smeared crack approach, the crack discontinuity is smeared out over a con-
tinuum element using stress-strain relations. According to Plos (2000), the initial
isotropic stress-strain relation is replaced by an orthotropic stress relation when a
crack initiates. In the smeared crack approach, the crack localisation does not need
to be known beforehand, and it can only detect regions where cracking is distributed.
The localisation of individual cracks is not possible, but the crack orientation can
be obtained from the model.

Cracking is assumed to be initiated when the principal tensile stresses exceed the
tensile strength of the concrete. When cracking starts, orthotropy is introduced, and
the axes of the orthotropy are fixed with respect to the crack orientations. After
the initiation of cracks, the rotation of principal stress directions can cause cracks
in concrete, which do not necessarily form orthogonal (Plos, 2000). If the cracks
are fixed, and the incremental shear stiffness is positive, large shear stresses can be
built up due to the rotation of principal stresses after crack initiation (Plos, 2000).
However, new cracks can only form if the principal stress exceeds the tensile strength
and the direction of the crack is fixed. This can be avoided by using a rotating crack,
which allows the crack direction to co-rotate with the principal stress direction.

When modelling the smeared crack approach, the crack width is transformed into
equivalent crack strains, which are smeared over a distributed zone. The distributed
zone is defined as the crack bandwidth, denoted as h, depending on how the NLFEA
is modelled.

2.6.2 Discrete crack approach

In the discrete crack approach, the crack is treated as a geometrical discontinuity by
modelling a specific element where the crack is expected. According to Plos (2000),
those elements can be modelled with either non-linear spring elements or interface
elements. The interface element should be pre-defined at the location where crack
formation will occur. The concrete should be modelled with continuity elements
with non-linear material properties between the interface. Cracking is assumed to
be initiated when the stresses normal to the plane exceed the tensile strength of
concrete.
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2.6.3 Weakened element technique

The weakened element technique is a method where finite elements that coincide
with known cracks are assigned weakened material properties (Blomfors et al., 2020).
The purpose of assigning weakened materials is to induce crack localisation at a
predefined and expected location in the NLFEA. The weakened element technique
utilises the smeared crack approach; therefore, a crack bandwidth must be specified.

2.6.4 Reinforcement interaction

Mainly, there are two approaches to model the stress-transferring between rein-
forcement and concrete process, either by assuming full interaction or introducing a
bond-slip relation, which are further explained chapter ??. Depending on the stud-
ied structural phenomenon, either approach can be advantageous.Plos et al. (2021)
states that more localised crack patterns can be obtained if bond slip is included
in the analysis, although it requires more input data than assuming full interaction
between the materials. Modelling bond-slip is possible by inserting an interface
material between concrete and reinforcement containing constitutive relations that
describe the relation between stresses in the concrete and local deformations around
the reinforcement bar (Plos, 2000). Figure 5.19a, obtained from Plos (2000), graph-
ically describes the stress situation for a bar subjected to tension, where both shear
stresses and normal stresses are developed. Figure 5.19b presents this stress situa-
tion’s corresponding traction stresses and components on its mean contact surface.

(a) Stresses on a reinforcement bar (b) Tractions acting on the mean
subjected to tension. contact surface.

Figure 2.16: Representation of stresses and tractions on a reinforcement bar sub-
jected to tension, retrieved from (Plos, 2000).
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2.7 Optical fiber sensors

The use of optical fiber sensors has shown promising results in evaluating the condi-
tion of civil engineering structures (Barrias et al., 2016)(Berrocal et al., 2021). Over
the years, there has been a growing interest in using Distributed Optical Fiber Sens-
ing (DOFS) for Structural Health Monitoring (SHM) of structural components. The
traditional method of visually inspecting buildings, bridges and other engineering
infrastructure has certain drawbacks in achieving consistent quality of assessment
because different inspectors have varying levels of knowledge (Barrias et al., 2016).
Berrocal et al. (2021) states that providing an adequate SHM for structures can be
crucial for economic savings and effectiveness in terms of well-executed maintenance
actions.

The application of discrete sensors (Fibre Bragg Grating and Fabry-Perot sensors)
to measure strain and temperature in structural components constitutes a major
part of the use of optical sensors (Fernandez et al., 2023). Discrete sensors can only
measure strain in specific points along a fiber sensor. Consequently, uncertainties
associated with monitoring the detailed behaviour of structural components, such
as detecting cracks in reinforced concrete, may be present (Fernandez et al., 2023)
(Glisi¢ et al., 2013). Each discrete fibre also needs a connecting cable to a reading
unit, which complicates the procedure when a large number of measurement points
is desirable along a structural component. A distributed sensor, on the other hand,
consists of one cable that is sensitive along the entire length and enables measure-
ments based on its spatial resolution, the length between discrete points of which
the measured parameter is averaged. Therefore, the distributed sensor technique en-
ables the monitoring of larger regions without a large number of complex connection
devices, making it less difficult and more economically beneficial (Glisié¢ et al., 2013).

2.7.1 Application of DOFS

In the field of distributed sensors, three main techniques are available: Brillouin scat-
tering, Raman scattering and Rayleigh scattering. All of these techniques involve
studying changes in the backscattering light along a fiber, which in turn can be used
to detect changes in temperature or strain along a fiber. Each technique are applica-
ble for different fields as they differ regarding the properties of the scattering light.
Changes in temperature mainly induce Raman scattering, whereas Brillouin and
Rayleigh scattering technique can be applicable for measuring both strain and/or
temperature changes (Fernandez et al., 2023) (Glisi¢ et al., 2013). The main dif-
ference between Brilloiun and Rayleigh scattering principle is the spatial resolution
and available measuring distances, where the latter is applicable for ranges up to 100
m and provides a spatial resolution of less than a millimetre. Brillouin scattering
technique spans ranges up to 300 km, but the spatial resolution can not be less than
10 cm (Fernandez et al., 2023).
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The principle of using Rayleigh scattering to obtain information about a structural
component, such as detecting cracks in reinforced concrete, is based on Optical Fre-
quency Domain Reflectometry (OFDR). The technique is based on initially storing
the reference state of the scattering light along a certain fiber embedded or attached
to a structural component. The reference state is later compared to the optical
changes induced by external structural or thermal loading and by post-processing
of the results, enabling output of temperature and/or strain changes along a fiber
(Berrocal et al., 2021). A visualisation of the process is presented in Figure 2.17.
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Figure 2.17: Process of DOFS using Rayleigh scattering based on OFDR, retrieved
from Berrocal et al. (2021).
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2.8 Digital image correlation

Digital image correlation (DIC) is a non-contact optical method for localising and
measuring deformations and/or strains on the surface of a structural object (Omondi
et al., 2016). The method has been used for various purposes within the civil engi-
neering field, e.g., crack detection in reinforced beams, analysis of multiple-growing
cracks in reinforced concrete slabs, and multi-axial fatigue testing of polymer mate-
rials (Gencturk et al., 2014).

Similarly to the principle for optical fiber, the DIC method is based on initially stor-
ing information through a reference picture of the studied object. Simultaneously
as a load increment is applied to the structure, additional pictures are taken, and
the induced strains and/or deformation are compared to the picture of the refer-
ence case. Through numerical post-processing of the information, the DIC system

can provide the real-time structural behaviour of the studied structural component
(Gencturk et al., 2014) (Omondi et al., 2016).
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In order to properly execute a DIC, the studied object needs to be equipped with
a stochastic surface pattern similar to the presented pattern in Figure 2.18. The
stochastic pattern enables the localisation of pixels in the pictures, which are grouped
into overlapping facets. The displacements and strains of the structure are then ob-
tained by analysis of the deformed facets that distribute the studied surface (Gene-
turk et al., 2014). The appearance of the stochastic pattern has a great influence
on the results provided by DIC and is related to the resolution of the black spots
and their contrast level to the background. However, Gencturk et al. (2014) states
the process of achieving acceptable results must be based on practical experience.
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Figure 2.18: Example of a computer-rendered stochastic surface pattern.
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3

Design and construction of
specimens

The following chapter presents the working procedure for the final design of the
specimens. It is initiated with design conditions, which define the framework of the
design process. The chapter also presents the design procedure and choices for the
reinforced concrete and fibre-reinforced concrete specimens, followed by NLFEA of
the different configurations. Thereafter, the different steps of the construction pro-
cess are explained, such as the monitoring scheme, assembly procedure and surface
preparations.

3.1 Design conditions

3.1.1 Material

In European Committee for Standardization (2004) the recommended minimum
concrete class for typical exposure classes of a bridge is C35/45, concerning the
durability aspects of a bridge. However, a lower concrete class was chosen in order
to early cracking due to limitations in the testing facilities. The concrete class for
the reinforced concrete and SFRC was chosen to C30/37. The steel fibres used in
the SFRC were Dramix 4D 65/35 BG, shown in Figure 3.1.

Figure 3.1: Steel fibre Dramix 4D 65/35 BG, retrieved from (Bekaert, 2023).
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3. Design and construction of specimens

3.1.2 Anchorage system

The chosen anchorage system is a circular system in the XM-series provided by
the company CCL. The circular system was chosen to achieve a symmetric load
spreading in the concrete specimens. It was also desirable to have a system with
relatively low capacity to have margins to the maximum load capacity of the test
rig. The available anchorage system with the lowest capacity in the XM-series was
XM20, designed for a characteristic tendon force of 1116 kN. The product sheet of
the anchorage system XM20 is presented in Appendix I.

3.1.3 Geometry

A literature review was conducted to find a suitable initial geometry of specimens
by reviewing other studies that had investigated the failure of anchorage zones. In
the study by Lee and Kim (2019), an experimental investigation was conducted to
improve the bursting force equation force anchoring systems. The maximum load
in the experiment was approximately 750 kN and the specimen had the geometry
250x250x600 mm (width, depth, height). The maximum test rig used in this master’s
thesis was of the same magnitude and, therefore, was reasonable. However, since the
XM20 anchorage was larger, it was necessary to increase the cross-section slightly. It
was desirable to save material and to facilitate the construction and testing process.
A certain height for investigating the entire discontinuity region was needed. Thus,
the height-to-width ratio was chosen to 1.5, to ensure having a full discontinuity
region. Based on this, several linear elastic finite element analyses were conducted
to find a suitable geometry with the desired stress distributions. The linear elastic
analyses showed that the suitable dimensions of the specimen would be 300x300x450
mm (width, depth, height).

3.2 Design of transversal reinforcement

The reinforced concrete configuration was designed for the allowed characteristic ten-
don force for the chosen anchorage system XM20 provided by the company CCL. The
design is based on the strut and tie method described in chapter 2.2.1 with design
recommendations and structural verifications according to European Committee for
Standardization (2004) and Engstrom (2015).

3.2.1 Strut and tie model

To represent the resulting force flow in the specimen due to centric loading, a 3D
strut and tie model was developed for the specimen. To properly execute the design
procedure, it was assumed that no ducts were inserted in the specimen. Additionally,
the circular load transfer unit was assumed to be transferred to an equivalent squared
shape with the same area. The concentrated forces acting on the tendon head
were assumed to act in the quarters of the equivalent squared-shaped load transfer
plate, i.e. no concerns regarding potential load spreading due to the ribs on the
anchorage system were made. The concentrated forces were assumed to deviate
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3. Design and construction of specimens

with an angle of 30 degrees and were limited by the centre of gravity in each quarter
of the specimen. In the intersection between the deviation of the forces and the
centre of each quarter, the forces were tied back, and the flow was assumed to be
vertically straight downwards. The strut and tie model was first conducted for a
diagonal section, which facilitated that the deviating struts had the right angle. An
illustration of the designed strut and tie model is presented in Figure 3.2.

JES

by ' by
2 2

Figure 3.2: Adopted strut and tie model for the reinforced concrete specimens.

3.2.2 Structural verifications

Based on the adopted strut and tie model established from the characteristic tendon
force, the resulting tie forces were evaluated to 114 kN, see Appendix J. The capacity,
governed by Equation 2.4, was attained by inserting three 10 mm diameter stirrups
with a centre-to-centre distance of 50 mm, see Appendix J. The stirrups were ar-
ranged with their centre of gravity in the prescribed tie, which was determined to
90 mm from the top surface. The reinforcement amount was sufficient according to
the minimum reinforcement prescribed in European Committee for Standardization
(2005). According to European Committee for Standardization (2005), additional
surface reinforcement should be designed to avoid the spalling of concrete at the
surface parallel to the load-transferring plate. The amount of surface reinforcement
is governed by Equation 2.5, which was attained by inserting one 8 mm diameter
stirrup, see Appendix J.

The nodes underneath the load-transferring plate were verified according to Equa-
tion 2.1. The compressive forces were also verified according the prescription in
Engstrom (2015), described in Chapter 2.2.1. The equivalent prism behind the an-
choring plate was assumed to be equal size to the specimen, which was geometrically
verified according to Equation 2.2. The compression forces within the prism were
structurally verified according to Equation 2.3.
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3. Design and construction of specimens

3.2.3 Local bond-slip relationship

The local bond-slip relation in Chapter 2.5 was adopted to model the bond in-
teraction of the concrete and reinforcement in the NLFEA. It was assumed that
no pull-out failure would occur for the studied specimens. It was also assumed
that the specimens were unconfined, due to the small concrete cover and absence of
transversal compression and reinforcement. As unconfined concrete does not include
a constant bond resistance for which advanced shearing and splitting of concrete oc-
curs, sl = s2 in Figure 2.15. The slip corresponding to a stress free interaction
between concrete and reinforcement is determined as s3 = 1.2 - s;. Based on this,
along with « set to 0.4, the bond relation could be determined using Equations 2.7
-2.8. The resulting bond-slip relation is presented in Figure 3.3.

Bond Stress [MPa]

0 0.05 0.1 0.15 0.2 0.25 0.3
Slip [mm]

Figure 3.3: Bond-slip relation describing the interaction of concrete and reinforce-
ment for splitting failure.

3.3 Design steel fibre reinforced concrete

The properties of the steel fibre reinforced concrete depend on several parameters
such as the volume fraction of fibres, material properties of the fibre, the bond
between fibre and concrete, and the mechanical properties of the matrix. Galeote
et al. (2022) conducted a statistical analysis on a database of residual strengths of
SFRC and proposed performance equations. The analysis resulted in several re-
lations describing the residuals strength depending on different parameters of the
SFRC. Galeote et al. (2022) proposed equations describing how different fibre pa-
rameters correlate with the residual strength. Two of these relations for residual
strength and multiple hooked fibres are presented in Equations 3.1 and 3.2:
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where f., is the average compressive strength of the concrete, V; is the volume
fraction, A is the aspect ratio, f,s is the ultimate tensile strength of the fibres, and
E; is the modulus of elasticity for the fibres.

The relations in Equations 3.1 and 3.2 were used to estimate the residual strength
of the SFRC to be able to perform a NLFEA before the experimental testing of the
SFRC was performed. In the experiment, the fibres Dramix 4D 65/35 BG were be
used, and the fibre properties are presented in Table 3.1.

Table 3.1: Material properties of Dramix 4D 65/35 BG, retrieved from Bekaert,
2023.

Dimension Symbol Value
Youngs’s modulus Ey 210 GPa
Tensile strength fur 1 850 MPa
Strain at ultimate strength ¢, 0.8%
Length [ 35 mm
Diameter d 0.55 mm
Aspect ratio A=1/d 65

In practice, a volume fraction of 0.5% is often used to ensure proper workability of
the concrete and to provide enough fibre to influence the behaviour of the compos-
ite material. Therefore, the volume fraction was chosen to be 0.5% in the thesis to
illustrate a realistic scenario of what is achievable in the construction industry. By
incorporating the properties of the fibres, the concrete class and the volume fraction,
it was possible to estimate the residual strengths of the SFRC. The estimations were
derived from Equations 3.1 and 3.2, and Table 3.2 presents the resulting estimated
residual strengths of the SFRC.

Table 3.2: Estimated residual strength of the SFRC.

Dimension Symbol  Value
Characteristic flexural strength at CMOD 0.5 mm  fg; 3.71 MPa
Characteristic flexural strength at CMOD 2.5 mm  fg3 3.90 MPa
Analytical formula fri/frs 0.95
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According to Kanstad (2021), the post-cracking strength of an SFRC is classified
based on the residual strength and the fgri/frs-ratio. The fgri/frs-ratio, which
indicates ductility, is represented by a letter from a to e, depending on the ratio.
Based on the estimated residual strengths and the ratio presented in Table 3.2, the
theoretical class of the SFRC matrix was 4c.

Kanstad (2021) describes a constitutive law of SFRC which may be utilised in the
design. The constitute law is a tensile stress-strain relation of SFRC, and it is
presented in Figure 3.4. The stress-strain can be derived by employing Equations

3.3 through 3.9.
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Figure 3.4: Constitutive law for structural analysis of SFRC, adapted from
(Kanstad, 2021).
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In Equations 3.3 and 3.4, ko represents the orientation factor that adjusts the resid-
ual strengths based on the fibre orientations (Kanstad, 2021). Since the anchorage
zone is considered a discontinuity region, the orientation factor was set to ko = 0.5,
as recommended for ties in strut and tie models.

The stress-strain law for softening materials depends on identifying the crack width
and structural characteristic length (International Federation for Structural Con-
crete, 2013). The structural characteristic length, denoted as ., is a variable used

32



3. Design and construction of specimens

to transform the crack width (w) into the corresponding stress-strain relationship.
In Equation 3.5, the structural length is defined as the minimum of the average
crack distance (s,,,) and the depth to the neutral axis (k). Since these parameters
were unknown, the structural length was assumed to be ., = 125 mm, which is a
recommended simplification by Kanstad (2021).

In Equation 3.6, the ultimate tensile strain (egy,) of the stress-strain relationship
is defined. Since the ultimate crack width was unknown in the design phase, the
ultimate tensile strain was set to €py,, = 0.02, as recommended. By utilising Equa-
tions 3.3-3.9, the stress-strain relationship of SFRC was defined and is presented in
Figure 3.5. The stress-strain relationship shown in Figure 3.5 was employed in the
NLFEA in the design phase.
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Figure 3.5: Stress-strain relationship for SFRC obtained using Equations 3.3-3.9.
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3.4 Numerical simulation

To simulate the structural response of the different configurations, an NLFEA was
conducted using the commercial software Diana 10.8 developed by DIANA FEA.
The NLFEA was conducted to validate dimensions, material, and behaviour under
compressive loading. The employed modelling approaches are described in the fol-
lowing sections.

3.4.1 General modelling choices

The configurations were modelled as cuboids with a width and depth of 0.3 m and a
height of 0.45 m. The post-tensioning system was modelled as an empty cone, and
the duct was modelled as an empty cylinder matching the dimensions of the XM20
post-pensioning system, which are presented in Appendix I. The applied force was
assumed to act as a pressure load on the tendon head, transferring the force to the
concrete specimen through an embedded cylindrical load transfer plate. A strip of
0.035 m of concrete around the cylindrical load transfer plate was modelled as an
elastic material, which was done to prevent an unlikely failure mode. If the concrete
cylinder was modelled with non-linear material, cracks localised around the load-
transferring plate, causing the model to diverge at an unreasonably low load level.
The specimen was modelled using two element sizes: 0.02 m for the tendon head,
load transferring plate, elastic concrete cylinder, and strip of weakened elements;
and 0.04 m for the rest of the specimen. The overview of the specimen modelled
with the solids in Figure 3.6a is depicted along with the specimen with the elements
and mesh in Figure 3.6b.

(a) Three-dimensional model showing (b) Three-dimensional model showing
the geometry. the element mesh.

Figure 3.6: The three-dimensional model of the configurations consisting of solid
elements.

34



3. Design and construction of specimens

3.4.2 Material

Plain concrete and SFRC materials were modelled as non-linear materials, with
material models describing their non-linear behaviour in compression and tension.
Both plain concrete and SFRC utilize the ideal compression curve in compression,
presented in Figure 3.7a. The Hordijk curve presented in Figure 3.7b was used to
describe the tensile behaviour of plain concrete, while the tensile behaviour of SFRC
was modelled by implementing the constitutive law presented in Figure 3.5. The
reinforcement was modelled with von Mises plasticity without hardening, and the
interaction with the concrete was represented by a bond-slip relation, as described
in Chapter 2.5.
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(a) Ideal compression curve. (b) Hordjik tension softening curve.

Figure 3.7: Non-linear material models used in FEA, retrieved from (Ferreira,
2024).

3.4.3 Crack modelling approach

Chapter 2.6.1 through 2.6.3 describe various crack modelling approaches, including
the smeared crack approach and discrete crack approach. The smeared crack ap-
proach was chosen, and a vertical row with weakened elements was placed at the
centre of each side with reduced strength properties. The tensile strength and frac-
ture energy of the concrete was reduced by 10%, and the residual tensile strength
parameters of the SFRC were also decreased by 10%. The weak elements were in-
serted to induce crack localisation at the expected location for all configurations. It
was also assumed that a crack would localise within one element row. Therefore, the
crack bandwidth was chosen equal to the element size. The crack pattern obtained
from the NLFEA seemed reasonable, with a burst crack localised where expected
and realistic crack development throughout the specimen.

In DIANA it is possible to define the crack orientation as rotating, fixed, or rotating
to fixed. As described in section 2.6.1, the different crack orientation approaches
affect the cracking development. The rotating crack orientation was chosen for all
configurations. This was done to prevent unreasonable large crack widths in the
region surrounding the edge of the anchorage plate. Similar crack localisation occur
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around the elastic cylinder but with smaller crack widths. This caused the analysis
to diverge at a low load level. Using rotating crack orientation, the cracks around
the elastic concrete cylinder could rotate, allowing convergence for larger load levels.

3.4.4 Mesh

The element size of the weakened elements and the rest of the concrete was 0.02 m
and 0.04 m, respectively. Hexahedral elements were implemented to create a smooth
transition between the weakened element row and the rest of the specimen. Using
weakened elements with hexahedral elements resulted in a crack pattern and crack
widths that appeared reasonable for an anchorage zone.

3.4.5 Analysis

The structural non-linear analysis was performed for the different configurations,
considering the physically non-linear effects. The Newton-Raphson solution method
was used together with energy, displacement, or force as convergence norms. The
analysis was performed with a load step of 4 kN, and the maximum number of
iterations was approximately 450.
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3.4.6 Preliminary results and design of specimens

The purpose of the thesis includes studying the post-cracking behaviour of different
concrete anchorage zones. Studying the results from the NLFEA, it was numerically
verified that the three specimens cracked and reached the desirable structural be-
haviour for the maximum load of the test rig. The resulting design of the structural
components for each configuration is visualised in Figure 3.8
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Figure 3.8: Top view and side view of three different configurations (Reference,
SFRC + Helix and SFRC) along with their corresponding structural components.

Each specimen contained approximately 39 litres of concrete, and estimated rein-
forcement steel quantities for the different configurations are listed in Table 3.3.

Table 3.3: The calculated steel quantity used in the configurations.

Configuration Steel Quantity
Reference 3.6 kg
SFRC + Helix 2.8 kg
SFRC 1.5 kg

The load-displacement curve was obtained for the most centric node located on
top of the anchor head. The branches of the load-displacement curves presented in
Figure 3.9 indicate cracking of the specimens, which was also verified by studying
the crack and strain distribution in NLFEA.
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Figure 3.9: Load-displacement curve obtained from the FEA.

3.5 Design of fibre optics arrangement

The objective of the design of the fibre optics was to enable the monitoring of three-
dimensional effects during the loading procedure. To achieve this, the fibre optics
were arranged in a spiral shape, which enabled measuring of the tangential strain in
all levels in the specimens. From the strain measurements, the localisation of cracks
and crack widths could be evaluated. Two fibre spirals were desired in the specimen,
one at the helix reinforcement and one near the outer faces.

3.5.1 Fibre optic type

A robust DOFS type that could withstand impacts during casting and load testing
was desirable. The chosen type was Solifos” BRUsens DSS V9 grip with an outer
diameter of 3.2 mm. The fiber sensor has a protective steel tube with additional
ribbed cladding on the outside to increase its strain transfer. The fiber can measure
strain up to 10000 jue.
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3.5.2 Design of fiber optics support

The objective of supporting the fiber optics was to create a structure that maintains
the fiber optics in their intended position throughout the casting process. The sup-
port should be designed to minimise its contribution of reinforcing the concrete. It
was therefore chosen to construct the spiral using plastic material, which made it
possible to 3D-print parts and design the spiral with high accuracy. The design of
the support should facilitate the interaction between concrete and fibre optics such
that the measured strains in the fiber optics represent the strains in the concrete.
The spiral should also be designed to minimise the segregation of aggregates and
steel fibres during casting. To increase its interaction with the concrete and min-
imise segregation, the spiral was designed with equally spaced holes along its length
and with a certain pitch. To be able to build the spiral at the wanted dimensions,
the spiral was divided into quarters and printed individually. This was done due
to limited printing and avoiding an unreasonable amount of waste coming from the
printing process. Dividing them into quarters also facilitated an efficient assembly
of the spiral and room for height adjustments of the spiral later in the process.

The quarters were designed as a circle sector with an centre angle of 110°to ensure
a smooth transition of the fiber optics between the quarter parts. Figures 3.10a and
3.10b present 3D drawings with dimensions of a quarter part in the outer and inner
spiral presented, respectively. The outer and inner spiral were both supported by
threaded rods with a diameter of 5 mm. The threaded rods for the outer spiral were
attached with nuts and drilled through the form bottom, whereas the threaded rods
for the inner spiral were attached to the predrilled holes in the anchorage system.
The position of the quarters was kept in place by nuts at the specific height levels.
The pitch of the spiral was facilitated by distances made of plastic pipes between
each turn. The height of the distances was 25 mm and 20 mm for the outer and
inner spirals, respectively. Nuts were screwed on top of each rod to keep the spiral
stable and secure its dimensions.

To ensure the consistent pitch of the fiber optics, an embedded notch for the fiber
optics was designed in the spiral. The pitch of the fiber optics in the outer spiral
was set to 50 mm per turn. The inner spiral was designed with a pitch of 40 mm
to replicate the helix reinforcements. Consequently, the different pitches resulted in
different heights of the quarter parts. The height of the quarters of the inner and
outer spiral were 10 mm and 12.5 mm, respectively. The thickness of the quarter
parts was 5 mm for both spirals, and the spacing and width of the holes were 5 mm
and 2.1 mm, respectively. The height of the hole in the outer and inner quarter was
7 mm and 6 mm, respectively.
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(a) Outer quarter (b) Inner quarter

Figure 3.10: Dimensions of the plastic quarters in the outer and inner spiral.

3.5.2.1 3D-printing of the support structure

The plastic quarters were designed in Inventor Professional 2024 by Autodesk and
exported as STL files. PrusaSlicer 2.7.1 were used to convert the STL files to
G-codes with instructions for the 3D printing. The parts were 3D-printed on the
Original Prusa MK4 printer, which was equipped with an Input Shaper nozzle with a
diameter of 0.4 mm. E-PLA material with a thickness of 1.75 mm was utilized for the
printing process, and support material was only employed for support enforcement.

3.5.3 Attachement of the fiber optics

Both the last quarter and first quarter in the inner and outer spiral were designed
to stop the pitch and facilitate a perpendicular attachment to the form. Therefore,
these quarters were designed with a different notch that was kept horizontal from the
centre of the quarter. The fiber optics cables were tensioned by special anchorage
devices attached to the form. The anchorage devices consisted of a threaded cylinder
in which 3D-printed wedges with the same surface pattern as the optic cable were
placed. The cylinder was enveloped by a nut and by screwing it, the cylinder where
pushed out from the form resulting in tensioning the fiber optics cable. The wedges
in the cylinder prevented movement of the cable while tensioning. By tensioning the
cable, it could be ensured that the fiber optic was kept in place during the casting
of the concrete.
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3.5.4 Localisation of the fiber optics

To localise the fiber optics and, consequently, the strains, a Kanthal resistance wire
was wrapped around the fiber optics at every turn in the helix for both the inner
and outer spiral. The wire was pulled out from the form, making it reachable after
the concrete had hardened. By connecting the Kanthal wire to a power supply unit,
the wire was heated up. Consequently, the wire induced a strain peak along the
fiber optics in the output data, at their intersection points. The positions where the
Kanthal wire and the fiber optics intersected were documented beforehand, which
enabled to later orient the strains to the right position in the concrete specimen.

3.6 Construction

The specimens were constructed at the Structures lab at Chalmers. The spirals
for the fiber optics were 3D-printed at the FUSE lab Rapid Prototyping. The
construction phase included building the formwork, mounting the anchorage system,
assembling the 3D-printed spirals, installing the fiber optics, processing the data,
and casting.

3.6.1 Formwork and mounting of anchorage system

The final dimensions established during the design phase were 300x300x450 mm
(width, depth, height). The formwork was built using 18mm thick shuttering ply-
wood. The plywood was cut and assembled into a cuboid with the specified dimen-
sions. A 3 mm cut-out was made on the side where the anchor system was mounted
to ensure that the anchor head was slightly above the concrete surface, to facilate
the load testing. The anchorage system and the metallic rods supporting the 3D
spirals were both screwed into this side of the formwork. The metallic rods had a
diameter of 5 mm and a length of 430 mm. The rods were designed not to penetrate
the entire specimen. The bottom side of the formwork was chosen as the casting
side to simplify the casting process. The mould side with the anchor system and
metallic rods is shown in Figure 3.11.

Figure 3.11: Mould side where the anchor system and metallic rods were mounted.
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3.6.2 Assembly of 3D spirals and mounting of fiber optics

The 3D-printing of the quarters described in chapter 3.5.2 were 3D-printed in Fuse
lab Rapid prototyping. Two types of spirals were constructed: one large outer spiral,
made for all six specimens, and a small spiral to replicate the helix reinforcement
for two specimens. The large outer spiral was formed by stacking the 3D-printed
outer quarters, as shown in Figure 3.10a, to create a spiral with 7.75 revolutions.
The position of the first revolution was adjusted using nuts to place the underside
of the first quarter 25 mm above the bottom mould side. Between the revolutions, a
25 mm tube was stacked to maintain a 25 mm distance. Nuts were screwed on top
of the last revolution to keep the spiral intact. The same methodology was applied
to the inner spiral, to create a spiral with 4 revolutions, shown in Figure 3.10b. The
underside of the first quarter was placed 50 mm above the bottom mould. Between
the revolutions, a 20 mm tube was stacked to maintain a 20 mm distance. Figure
3.12a presents the stacking principle and the complete spiral from the side and top
views is presented in Figures 3.12b - 3.12c.

P ane!
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L

(a) Stacking of the first (b) Side-view of the (c) Top-view of the

revolution of the inner complete inner and outer complete inner and outer
spiral. spirals. spirals.

Figure 3.12: The assembly procedure of the 3D-printed spirals.
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When the helical reinforcement was installed, the DOFS were attached and kept in
position by using cable ties, see figure 3.13.

(a) Attachment of fibre optics on the (b) Attachment of the fibre optics on
anchorage reinforcement. the outer and inner 3D-printed sprial.

Figure 3.13: Attachment of fibre optics on the anchorage reinforcement and 3D-
printed spirals.

After the attachment of DOFS, a Kanthal wire were wounded around the DOFS at
each revolution. It was done for both the outer and inner spirals, as shown in Figure
3.14, to accurately locate the DOFS position, as described in chapter 3.5.4. A few
layers were taped with electrical tape to avoid a short circuit between the Kanthal
wire and the anchorage reinforcement, seen in Figure 3.14a.
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(a) Winding of Kanthal wire around the (b) Winding of Kanthal wire around the
anchorage reinforcement. 3D-printed spirals.

Figure 3.14: Winding of the thread for the fire pinching.
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3. Design and construction of specimens

3.6.3 Final design

Two specimens of each configuration were constructed to mitigate the potential
sources of error that would comprise the validity of the results. The model rendering
and the final design of one specimen of each configuration are presented in Figure
3.15-3.17.

(a) Model rendering (b) Final design

Figure 3.15: Comparison between model rendering and final design for reference
specimen.

(a) Model rendering (b) Final design without duct

Figure 3.16: Comparison between model rendering and final design for SFRC +
Helix specimen.
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(b) Final design without duct

Figure 3.17: Comparison between model rendering and final design for SFRC

specimen.

3.6.4 Casting of specimens

The specimens were cast with the anchorage system at the bottom mould side to
facilitate the casting and enable vibration. A lid was mounted on top of the casted
specimen to attain a flat surface after the concrete hardened. However, the lid
entrapped air from the casting process, resulting in an uneven bottom surface. This
was remedied by casting a thin layer of grout to even out the surface. The surface
of one specimen before and after grouting is visualised in Figure 3.18.

(a) Before grouting

(b) After grouting

Figure 3.18: Grouting of the uneven bottom surfaces.
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3.6.5 DIC surface preparations

It was decided to use Digital Image Correlation (DIC) to monitor strains, deforma-
tions, crack patterns, and crack widths on all faces of the specimens during load
testing. Therefore, stochastic patterns had to be applied to all faces. The de-
sired stochastic pattern was determined using the ARAMIS app and is based on
the monitored surface area of the specimens and the camera setup. The pattern
was conducted by first painting the specimens white. After drying, black paint was
splashed on the surface using a paintbrush to achieve a stochastic pattern, as Jack-
son Pollock did in the 1940s-1950s. Several paintbrushes were tested to replicate
the desired pattern properly. It was shown that the length, stiffness and amount of
straws on the paintbrush influenced the pattern and the amount of water that was
mixed into the paint. By adding more water, a more accurate shape and distribution
of the black dots were achieved. However, there was a limit regarding the dilution
as it caused less contrast in the pattern. A visualisation of the resulting pattern and
comparison with the desired pattern is presented in Figure 3.19.

Figure 3.19: Comparison between final stochastic pattern and desired stochastic
pattern for DIC monitoring of the surface of the specimens.
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Experimental testing

4.1 Material testing

The material properties of plain concrete and steel fibre reinforced concrete were
determined using the wedge split test method (WST) and the cube test method.
The tests were conducted on three specimens of plain concrete and three specimens
of fibre reinforced concrete respectively, for each test. The tests were performed
29 days after casting and one day after the centric load test of the specimens.
After 7 days of hardening, all specimens were stored in water until the test were
conducted. The dimensions of all test specimens were checked against the tolerance
levels prescribed in the description of the representative test.

4.1.1 Compressive strength

The compression strength of the materials was determined by performing a cube test
in accordance with EN 12390-3 (European Committee for Standardization, 2019).
In the test, the specimen is successively loaded to failure, and the maximum com-
pression strength is determined. The tests were conducted in a load frame for
compressive strength tests provided by Toni technik, model 2040. The loading rate
was set to 0.6 MPa/s. All specimens failed according to what is described in EN
12390-3 (European Committee for Standardization, 2019) as a satisfactory failure.
The load setup is presented in Figure 4.1. The obtained results from the cube test
are listed in Tables 4.1 and 4.2.

Figure 4.1: Cube test setup.
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Table 4.1: Results from cube test for concrete specimens.

Concrete Specimen nr  Density (p) Applied Load (F,,,) Applied stress (o,,)
1 2.42 g/cm? 895.32 kN 39.79 MPa
2 2.41 g/cm? 921.06 kN 40.94 MPa
3 2.42 g/cm? 911.03 kN 40.49 MPa
Mean value 2.42 g/cm? 909.14 kN 40.41 MPa

Table 4.2: Results from cube test for SFRC specimens.

SFRC Specimen nr

Density (p)

Applied Load (F},)

Applied stress (oy,)

1 2.42 g/cm? 783.35 kN 34.82 MPa
2 2.41 g/cm? 797.75 kN 35.46 MPa
3 2.42 g/cm? 789.07 kN 35.07 MPa
Mean value 2.42 g/cm? 790.09 kN 35.12 MPa

4.1.2 Fracture properties

The fracture properties of the two materials were determined by performing a wedge
split test in a test system provided by MTS Systems, model 380.10, according to
Wedge Splitting Test Method (NORDTEST, 2005). To perform the tests, the spec-
imens were cast with a groove on top and equipped with a crack-inducing starting
notch that was sawn into the specimen after hardening. In the groove, two load
devices with roller bearings were placed to pull the specimen apart when the load is
applied. The load is applied by a wedge getting pushed down between the roller bear-
ings. During the test procedure, the Crack Mouth Opening Displacement (CMOD)
is monitored by a clip gauge placed in the groove, which expands when the load is
applied. Additionally, the vertical displacement of the wedge and the applied force
were monitored during the test procedure. The test setup is visualised in Figure 4.2.

Figure 4.2: Wedge split test setup.
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To determine the fracture energy of the materials, the splitting force (Fy,) needs to
be derived accordingly:

F,
2 - tan(a)’
where o = 15° is the angle of the wedge and F), is the applied vertical force.

Fyp = (4.1)

The fracture energy (Gr) was obtained by integrating the splitting force-CMOD
curve and dividing by the ligament area. The maximum CMOD that could be ob-
tained from the clip gauge was approximately 4 mm, and for larger CMOD values,
the curve was extrapolated based on the vertical displacement of the wedge. Figure
4.3 and 4.4 display the splitting force-CMOD curve for the three specimens of each
material.
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Figure 4.3: Splitting force-CMOD curve for concrete specimens.
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Figure 4.4: Splitting force-CMOD curve for SFRC specimens.

The tensile strength of the materials is obtained by analysing the peak splitting force.
At the peak, the concrete cracks, and it can be assumed that the cross-section is
fully activated and has a linear strain distribution just before the peak value. The
tensile strength can then be obtained by moment equilibrium and contribution from
the splitting force of the uncracked cross-section. Tables 4.3 and 4.4 list the fracture
energy and tensile strength for each specimen and material.

Table 4.3: Results from WST for concrete specimens.

Concrete specimen nr  Fracture Energy (Gy) Tensile Strength

1 95.89 Nm/m? 3.53 MPa
2 114.75 Nm/m? 3.68 MPa
3 123.02 Nm /m? 3.86 MPa
Mean value 111.22 Nm/m? 3.69 MPa

Table 4.4: Results from WST for SFRC specimens.

SFRC specimen nr  Fracture Energy (Gy) Tensile Strength

1 6464.95 Nm/m? 3.38 MPa
2 3746.08 Nm/m? 3.62 MPa
3 4235.05 Nm/m? 3.21 MPa
Mean value 4815.36 Nm/m? 3.40 MPa
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The stress-strain relationship for SFRC was obtained by first interpolating the split-
ting force-CMOD curves from the material testing. It was assumed that the com-
pression height was constant and equal to one tenth of the alignment height. Ad-
ditionally, it was assumed that the outer edge was subjected to stress equal to the
compression strength. From horizontal equilibrium, the splitting stress can be de-
rived. Until cracking, the material has a linear response, which could be derived
using the modulus of elasticity obtained from the cube test. After cracking, the
strain values depend on the chosen crack bandwidth, which was chosen to equal
the element size, as described in Chapter 3.4.3. Figure 4.5 presents the resulting
stress-strain relationship.
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Figure 4.5: Stress-strain relationship for SFRC obtained from WST.
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4.2 Concentric load testing

The concentric load testing of the specimens was conducted in a hydraulic machine
equipped with a load cell of 1 MN provided by MFL Priif- und MeBsysteme. The
load was applied on the tendon head through a spherical bearing to obtain an even
pressure distribution from the pressure plate. A plain contact area at the bottom
was achieved by undercasting with a fast setting cement called Quik-rok in the
test machine. The specimens were placed centrally in the test machine using laser
devices. The deformation rate of the machine was set to 0.2 mm/min to capture the
desirable structural behaviour of the specimens. The load and the axial displacement
at the anchor head were recorded with a sampling rate of 10 Hz. The concentric
load setup and positioning of the specimens are visualised in Figure 4.6.

Figure 4.6: Concentric load setup and positioning of specimen.

The fiber interrogator ODisl 6800 with 8 optical fiber channels, manufactured by
LUNA, was used to collect strain data during the test. Before the loading procedure,
the optical fibers were tared to remove strain measurements induced during the
construction. The measurement rate of the fiber optics was set to 25 Hz for both
the inner and outer spiral. The gauge pitch was set to 5.2 mm to obtain sufficient
spatial resolution. The strain outputs were measured at the same locations along
the fiber in every measurement. Figure 4.7 shows the strain data obtained from the
optical fiber in the outer spiral of Specimen 6 at a load of 950 kN. The figure also
shows how the raw strain data was refined for the analysis, by smoothing the data.
The data was refined to minimise local disturbance and optimise data storage. It
was done by adjusting outliers and replacing missing values.
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Figure 4.7: The strain data obtained from the optical fiber from the outer spiral
in Specimen 6 at a load of 950 kN. The plot shows the raw data obtained and how
it was refined for the analysis.

Four DIC cameras of type CMOS (2448x2048 pixels) were placed perpendicularly
at a fixed distance of 0.85 m in front of the specimens’ surfaces. The setup yielded a
field of view of approximately 350 x 420 mm?2. White LED light panels illuminated
the surfaces to obtain a high contrast in the speckle pattern. The connecting fiber
optics cables were arranged to minimise shading the most interesting areas of the
surfaces. An image rate of 0.5 Hz was chosen during the load testing. The DIC
images from the load testing were post-processed in the Software GOM Correlate
to obtain strain fields and crack widths on the surfaces of the specimens.
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Results and observations

In the following chapter, the experimental testing results of the specimens will be
presented. The experimental testing results consist of load-deformation relation,
strain data from the optical fibres, and DIC data. In order to differentiate between
the various specimens, the specimens have been assigned numbers based on Table
5.1. To facilitate the presentation of results and analyses, only the results Specimen
1, 4 and 5 are presented in the following. The specimen with the lowest maximum
strain of each configuration was selected to avoid outliers. The results for Specimen
2, 3 and 6 are presented in Appendix A - H. The faces of the specimen and the
revolutions of the spirals are presented in Figure 5.1, serving as the visual reference
for the presentation of the results.

Table 5.1: The numbering of the specimens and the corresponding configuration.

Specimen No. Configuration

1-2 Reference
3-4 SFRC + Helix
5-6 SFRC
= Fiber optic cable
. @ Llightsource
@ @® Lightabsorbent

122mm | [

K21 | 169 mm

Inner spiral

Quter spiral

Topview
Figure 5.1: Arrangement of distributed fiber optics.
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5.1 Load displacement curves

In the experimental testing, a load-displacement curve was obtained for all speci-
mens and is presented in Figure 5.2. Analysing Figure 5.2, all load-displacement
curves have a slight inclination increase with loading until 200 kN, which remains
constant thereafter. The reason could be that the concrete becomes compacted
under loading, closing pores and fixing aggregates in position, thus increasing the
specimen’s stiffness. Studying Figure 5.2, it becomes evident that Specimens 1,2,4
and 6 showed a similar response during loading. The load-displacement curves of
these specimens have similar gradients and reached a maximum displacement of 3.1-
3.3 mm at a load of 955 kN. The similar gradient of the load-displacement curves
indicates that the specimens possess similar stiffness. The load-displacement curves
of these specimens do not exhibit any significant change in slope, which may indicate
that the concrete does not undergo global softening or hardening response.
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Figure 5.2: Load-displacement curve obtained from the concentric load testing.

The load-displacement curve of Specimen 3 exhibits a similar response as the pre-
viously mentioned specimens. Compared to the other specimens, Specimen 3 had a
lower stiffness because it had a less steep gradient in the beginning. However, after a
load of 400 kN, the slope became parallel to Specimen 1, 2, 4, and 6 curves, indicat-
ing similar stiffness. Due to the lower stiffness initially, the maximum displacement
became larger, reaching 3.6 mm at 950 kN. The stiffness difference between Specimen
3 and the other specimens may be due to the early formation of cracks in Specimen
3. As the other specimens formed cracks, the difference in stiffness was equalised.
There was no significant change in the slope of Specimen 3’s load-displacement
curve, which may indicate that the concrete does not undergo strain-softening or
strain-hardening during loading.
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Specimen 5 has the largest displacement among the specimens, with a maximum of
4.6 mm at 960 kN. The load-displacement curve of Specimen 5 shows a significantly
different response than the other specimens. At a force of 888 kN, the specimen
undergoes global softening, resulting in a noticeable stiffness decrease due to the
less steep slope. The global softening could be due to one or multiple cracks being
formed or further opened. At this point, fibres start to transfer tensile stresses over
these cracks and can begin to pull out. The post-peak behaviour of the SFRC was
expected to be strain-softening rather than strain-hardening since the volume frac-
tion of fibres was low to moderate.

The NLFEA analysis conducted in the design phases was repeated using the material
data obtained from the material tests, as described in Chapter 4.1. Figure 5.3
presents the load-displacement curves obtained from NLFEA and the concentric
load testing. Comparing the load-displacement curves indicates that the NLFEA
models exhibit significantly greater stiffness than the specimens, indicating the steep
curve. The NLFEA models and the specimens are similar in that all configurations
demonstrated similar elastic stiffness within each category. However, the NLFEA
models tend to form cracks at lower loads, around 600-800 kN, compared to the
specimens. The post-crack response is more pronounced in the NLFEA models,
characterized by a noticeable change in slope in the load-displacement curves. Due to
limitations in the load-testing facilities, the investigation of the post-crack response
was constrained. However, in Specimen 5, a global softening response is evident,
causing a more rapid change in slope compared to the NLFEA, where the slope
inclination decreases more gradually.
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Figure 5.3: The load-displacement curves obtained from NLFEA and the concen-
tric load testing.
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5.2 Postprocessing of DOFS measurements for vi-
sualisation of strain distribution

The DOFS measured strain during the loading for all specimens in the two different
spirals. Figures 5.4 - 5.6 present the geometry of DOFS visuilaised within the Spec-
imen 1, 4, and 5. The numbers 1-4 in Figure 5.4 - 5.6 refer to the faces depicted in
Figure 5.1. Figures 5.4 - 5.6 shows the strain distribution obtained by DOFS at a
load of 950 kN for Specimen 2, 3, and 6.

Upon studying Figures 5.4 - 5.6, it is apparent that the maximum strains of the
inner spirals and outer spirals are localised in the centre of a face. Moreover, it is
pronounced that the maximum strains of the outer spiral are distributed at revolu-
tion 5-7. In comparison, the maximum strains for the inner spiral are distributed
over all revolutions. However, revolutions 1-4 of the inner spiral are located at the
same height range as revolutions 5-7 of the outer spiral.

The maximum strain of Specimen 1 are localised to the centre of face 1, see Figure
5.4. The larger strains of the outer spiral are more localized at the centre of face
1 than the larger strains of the inner spiral. The larger strains of the inner spiral
are distributed more uniformly, with larger strains at the centre and corners of the
specimen.
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Figure 5.4: Strain distribution at 950 kN obtained by DOFS located at the inner
and outer spiral of Specimen 1 (Reference).

The maximum strains of Specimen 4 are localised to the centre of face 2 and 4 for
both the inner and outer spiral, see Figure 5.5. The symmetry of the specimen could
be the reason for the similar strain localisation and magnitude of faces 2 and 4. The
strain localisation of Specimen 4 is more significant than that in Specimen 1. The
difference in strains between the centre of the face and at the corners considerable
larger in Specimen 4. Additionally, the strains of the inner spiral are less evenly
distributed in Specimen 4 compared to Specimen 1.
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Figure 5.5: Strain distribution at 950 kN obtained by DOFS located at the inner
and outer spiral of Specimen 4 (SFRC + Helix).

The largest strains of the inner and outer spiral are localised to the centre of Face
1 for Specimen 5, see Figure 5.6. The difference in average strain between the inner
and outer spirals is more significant in Specimen 5 than in Specimen 1 and 4. Ad-
ditionally, smaller areas of high strain, such as in the corner between Faces 3 and 4,
can be observed compared to the outer spiral. No such difference in localisation is
observed for Specimens 1 and 5.
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Figure 5.6: Strain distribution at 950 kN obtained by DOFS located at the inner
and outer spiral of Specimen 5 (SFRC).

5.3 DOFS measurements for evaluation of strain
development and localisation

The development of strain profiles throughout the load testing, measured by the
DOFS located at both the inner and outer spiral, are presented in Figures 5.7 to
5.12. The strain profiles are presented along the fiber length and height in the spec-
imen, and are divided into faces and revolutions of the inner and outer spiral, as
described in Figure 5.1. Upon analysis of the strain profiles along the height of the
specimens, it can be observed that the largest strains occur between revolutions 5
and 7, corresponding to a height range of approximately 225 mm to 375 mm. It can
also be observed that the SFRC configuration has larger strains and more distinct
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localisation further down the specimen compared to the other two configurations.
The most condensed distribution of strains occurs in the reference case, where a
significant lowering of strains occurs at a height of approximately 225 mm. For the
SFRC + Helix configuration, this shift occurs slightly lower whereas for the plain
SFRC, strain localisations can be observed along the entire height.

It is also possible to distinguish that strain localisation occurs at a load of approxi-
mately 500 kN, which is typically pronounced at Face 1 for Specimen 1 and 5 and
Faces 2 and 4 for Specimen 4. From this load, the overall strain, as well as the strain
peaks, successively increases with the increasing load. The most significant strain
increase occurs at the load of 950 kN.

The strain profile of Specimen 1’s outer spiral exhibits a concentration of strains
at the middle of the faces, see Figure 5.7. In contrast, the strain profiles are less
pronounced in the middle of the face of the inner spiral, see Figure 5.8. Instead,
strain peaks vary in localisation in the specimen, except for Face 1, where peaks can
be identified centrally for all revolutions. The maximum strain for Specimen 1 at
950 kN is 446 pe and 458 pe for the outer and inner spiral, respectively.
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Figure 5.7: Strain profiles for different load steps obtained by DOFS located at
the outer spiral of Specimen 1 (Reference).
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Figure 5.8: Strain profiles for different load steps obtained by DOFS located
the inner spiral of Specimen 1 (Reference).
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5. Results and observations

In the case of Specimen 4, the highest strains for both the inner and outer spirals are
localised to Faces 2 and 4, see Figure 5.9 and 5.10. Upon analysing the strain profile
for the outer spiral, it is evident that the localisation of strain has a distinct orien-
tation towards the middle of the faces. As for the inner spiral, there are instances of
localised strain towards the middle of the surfaces, although some exceptions exist
where strain peaks are oriented slightly shifted towards the corners. The maximum
strain for Specimen 4 at 950 kN amounts to 722 pe and 611 pe for the outer and
inner spiral, respectively.
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Figure 5.9: Strain profiles for different load steps obtained by DOFS located at
the outer spiral of Specimen 4 (SFRC + Helix).
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5.10: Strain profiles for different load steps obtained by DOFS located
the inner spiral of Specimen 4 (SFRC + Helix).
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Regarding specimen 5, it is possible to distinguish centrally located strain peaks
in most of the faces, see Figure 5.11. As for Specimen 4, some shifts of strain lo-
calisation is present for some revolutions in the inner spiral, see Figure 5.12. The
maximum strain peak is significant over Face 1 for both the inner and outer spiral.
The maximum strain for Specimen 5 at 950 kN amounts to 1211 pe and 1319 pe for
the outer and inner spiral, respectively.
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Figure 5.11: Strain profiles for different load steps obtained by DOFS located at
the outer spiral of Specimen 5 (SFRC).
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Figure 5.12: Strain profiles for different load steps obtained by DOFS located at
the inner spiral of Specimen 5 (SFRC).

In the specimen containing only SFRC, the highest strain values are concentrated in
the inner spiral, unlike in the configurations with helix reinforcement. The addition
of helix reinforcement results in a more even strain distribution with slightly larger
values oriented towards the surface. Notably, the specimen made of only SFRC has
significantly larger strains than the other two configurations, both in terms of peak
values and overall strain distribution. Out of the three specimens, the reference

configuration has the smallest strains.
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5.4 Comparison between DOFS measurements and
DIC strain field

During the load testing, 2D-DIC was used to monitor all four faces of each specimen,
as well as DOFS measuring along the spirals. The development of strain profiles of
each face of the specimens are presented in Figures 5.13, 5.15 and 5.17. The mea-
surements are obtained from the DOFS located in the outer spiral. The top graphs
are the same as presented in Chapter 5.3 and the bottom plots display the strains
projected on to the distance specified in Figure 5.1 for each face of the specimens.
Figures 5.13, 5.15 and 5.17 present the strain profile projected on each face of the
specimen, along with the DIC measurements for a load of 950 kN.

By analysing the strain profiles along the height of the specimens, similar observa-
tions can be made as presented in Chapter 5.3. The plain SFRC specimen develops
higher strains for a larger part of its height than the other configurations. It can
also be verified that the strain localises centric for most specimens’ faces. Some
noticeable shift is observed in Figure 5.17 (Face 1) and 5.17 (Face 1 and 3), where
the projected strains are oriented centrally at the upper part of the specimen and
propagate towards the corners further down.

Studying Figure 5.14, the most pronounce strain localisation is present within a
height span of approximately 225 mm to 375 mm, which matches very well the range
of which visible cracks develops at the surface. The highest strains on the surface is
present at a height of 300 mm, along with the peak strain values measured by the
DOFS. Apart from Face 4, all surfaces develops a centrally located crack, following
the path of the peak strain measured by the DOFS.
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Figure 5.13: Strain profiles for different load steps obtained by DOFS located at

the outer spiral of Specimen 1 (Reference). The bottom plots display the projected
strain profiles on each face of the specimen.
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Figure 5.14: Surface strain fields measured with DIC compared with DOFS mea-
sured strains at 950 kN for Specimen 1 (Reference).

Studying Figure 5.16, the most pronounce strain localisation is present from a height
of approximately 175 mm to the highest measuring point on Face 2 of 410 mm.
Studying the range of crack development it agrees very well with the range of strain
localisation obtained from the DOFS. Similar as for Specimen 1, the highest strains
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on the surface is present at a height of 300 mm, along with the peak strain values
measured by the DOFS. The most pronounce cracks develop at Face 2 and 4, where
the latter one is centrally located. Face 1 develops cracks starting at an height of
300 mm and and propagates slightly shifted to the corner at a height of 175 mm,
similarly as for Face 2. The cracks developed on Face 3 are the least pronounced.
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Figure 5.15: Strain profiles for different load steps obtained by DOFS located
at the outer spiral of Specimen 4 (SFRC + Helix). The bottom plots display the
projected strain profiles on each face of the specimen.
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Figure 5.16: Surface strain fields measured with DIC compared with DOFS mea-
sured strains at 950 kN for Specimen 4 (SFRC + Helix).
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Studying Figure 5.18, strain localisation is present for all revolutions in the spiral,
which agrees with the crack development provided by DIC. Similar as the previous
specimens, the highest strains on the surface is present at a height of 300 mm, along
with the peak strain values measured by the DOFS. All of the faces obtain clear
cracks and the most pronounce ones develop at Face 1 and 2. The crack on Face

1 starts off centrally and propagtes slightly shifted towards the corner whereas the
crack on Face 2 is centrally located over its height.
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Figure 5.17: Strain profiles for different load steps obtained by DOFS located

at the outer spiral of Specimen 5 (SFRC). The bottom plots display the projected
strain profiles on each face of the specimen.

69



5. Results and observations

Strain Field on Surface, 2 [%]

300

Height [mm]

150

0 0 - 0 — 0 J
-150 -75 0 75 150 -150 -75 0 75 150 -150 -75 0 75 150 -150 -75 0 75 150
Distance from centre [mm] Distance from centre [mm] Distance from centre [mm] Distance from centre [mm]

[ Istrain [uc] — Optic Fiber 3 = 1500 pe|

Figure 5.18: Surface strain fields measured with DIC compared with DOFS mea-
sured strains at 950 kN for Specimen 5 (SFRC).

The figures show that the strain localisation obtained from DOFS in the outer spiral
agrees well with the data obtained from DIC. However, some specimens have minor
discrepancies between the DOFS and DIC data, which could be associated with the
scaling of the DIC images. Since the field view of the camera could not capture the
entire surface, the data needs to be scaled accordingly. Yet, all images have been
uniformly scaled to facilitate post-processing, which may result in some variability
in presented results.
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5.5 Crack width evaluation based on DOFS mea-
surements and DIC

The data obtained by the DIC made it possible to follow the formation and develop-
ment of the surface cracks during loading. Since the strains were largest at revolution
5-7 of the outer spirals, the surface cracks were measured at those heights. Thus, the
surface crack development obtained from DIC can be compared the DOFS measure-
ments. Two approaches were employed to calculate the crack width based on DOFS
measurement: a lower and an upper crack width, denoted as lower and upper bound,
respectively. For both approaches, it was assumed that the measured strains on the
face correlated with the surface crack because only one crack was formed per face at
those heights for all specimens. In the lower bound approach, defined in Equation
5.1, it was assumed that only strains exceeding the elastic concrete strain contribute
to crack width. The crack strain was set to zero if the strain did not exceed the elas-
tic strain. In the upper bound approach, defined in Equation 5.2, all strains, except
negative ones, was assumed to contribute to the crack width. The crack width for
both approaches was determined by integrating the crack strains along the face’s arc
length of the outer spiral, see Figure 5.19. In the following chapter, calculated crack
widths refer to the cracks calculated based on DOFS measurement, and measured
crack widths refer to the cracks measured from the DIC data. The Mean Absolute
Error (MAE) for the calculated crack width in relation to the measured crack widths
is presented in Table 5.2 and was calculated using Equation 5.3. The upper bound
approach has the lowest average MAE, and specimen 4 has the lowest MAE.

(a) Upper bound (b) Lower bound

Figure 5.19: Methodology for determining crack widths using DOFS measure-
ments.

lai/2 [ POFS (1) — ¢ for ePOFS (z) > ¢
b crack = Cerack
Wer = /—la,i/2 { 0 for €POFS(x) < €prack du (5-1)
la,i/2 EDOFS (I‘) for EDOFS (ZU) >
ub __ el
Wep = /la 2 { 0 for 6DOFS (ZE) <0 dx (52)

where w!® is the lower bound calculated crack width, w* is the upper bound calcu-
lated crack width, I, is the arc length, e?9FS is the Straln measured by DOFS, and
€erack 18 the crack strain of concrete.
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T'Lfl calculated __ wmeasured
MAE = /17 l (5.3)
n
where weeulated jg the calculated crack width obtained by lower bound or upper

bound approach, wmsvred ig the measured crack width obtained via DIC, and n is

the number of measurement points.

Table 5.2: The Mean Absolute Error for the upper and lower bound calculated
crack width to the measured crack widths, calculated according to Equation 5.3.

Specimen No. Height MAE Lower Bound MAE Upper Bound

269 mm 0.017 mm 0.005 mm

1 319 mm 0.016 mm 0.003 mm
369 mm 0.008 mm 0.007 mm

269 mm 0.013 mm 0.002 mm

2 319 mm 0.014 mm 0.003 mm
369 mm 0.015 mm 0.002 mm

269 mm 0.016 mm 0.018 mm

3 319 mm 0.014 mm 0.014 mm
369 mm 0.015 mm 0.015 mm

256 mm 0.004 mm 0.008 mm

4 306 mm 0.003 mm 0.011 mm
356 mm 0.003 mm 0.013 mm

269 mm 0.016 mm 0.009 mm

5) 319 mm 0.017 mm 0.010 mm
369 mm 0.013 mm 0.010 mm

269 mm 0.020 mm 0.018 mm

6 319 mm 0.021 mm 0.018 mm
369 mm 0.026 mm 0.019 mm

Mean 0.014 mm 0.010 mm

The crack widths measured by DIC and calculated based on DOFS measurement
during loading for Specimens 1, 4, and 5 are presented in Figures 5.20-5.22. The
face with the widest crack was chosen for each specimen: Face 1 for Specimen 1
and 5 and Face 2 for Specimen 4. It can be observed that all specimens have the
largest measured cracks and calculated cracks at revolutions 6 and 7. According to
Table 5.3, the DOF'S strains in the inner spiral exceed the elastic concrete strain at
a lower load than the outer spiral. Hence, cracking initiates in the region near the
inner spiral and propagates towards the surface. Upon studying Figure 5.20-5.22,
all graphs show a noticeable slope change during loading. This change in slope may
be due to crack formation or widening.
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Table 5.3: The loads when the strain exceeds the cracking strain at the inner spiral
and outer spiral for the different specimens.

Specimen No. Inner Spiral Outer Spiral

1 514 kN 559 kN
2 521 kN 579 kN
3 360 kN 404 kN
4 520 kN 591 kN
) 377 kN 461 kN
6 487 kN 576 kN

The smallest crack widths develop in Specimen 1. Figure 5.20 shows that the crack
widths are largest at 319 mm (rev 6), with a maximum measured crack width of
0.06 mm at 960 kN. The strains measured by DOFS on the outer spiral exceed
the crack strain of approximately 600 kN, and surface cracking was observed at
approximately 700 kN. When cracking is initiated, there is no significant change
in the slope, which may indicate a relatively stable crack development. The upper
bound approach correlates better with the measured crack width, as shown in Figure
5.20. This is also confirmed by the lower MAE in Table 5.2.
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Figure 5.20: Comparison of measured crack widths from DIC and calculated crack
widths based on DOFS measurements calculated using Equations 5.1 and 5.2 during
loading for Specimen 1 (Reference).

Upon studying Figure 5.21, a similar response as for Specimen 1 can be observed
for Specimen 4. The DOFS-measured strains exceed crack strains at approximately
650 kN and surface cracks are observed at 750 kN. However, the crack widths are
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larger for Specimen 4, and the slope of the curves changes significantly at 920 kN.
The slope change may indicate a more rapid crack development for loads over 920
kN. The measured crack width reaches a maximum value of 0.09 mm at 356 mm
with a load of 960 kN. Studying Figure 5.2, the measured cracks correlate better to
the lower bound approach of calculated crack widths. This is also confirmed by the
lower MAE in Table 5.2
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Figure 5.21: Comparison of measured crack widths from DIC and calculated crack
widths based on DOFS measurements calculated using Equations 5.1 and 5.2 during
loading for Specimen 4 (SFRC + Helix).

The largest crack width are present in Specimen 5. The DOFS-measured strains
exceed crack strains at approximately 480 kN, and surface cracks are observed at
600 kN. The crack-width curves for Specimen 5, in Figure 5.22, have steeper slopes
than the other specimens. The calculated curves have a constant slope up to 900
kN, beyond which there is a sudden change in crack widths and slope inclination.
The same response can be observed in the measured curves with a sudden change
in crack width at 900 kN, followed by a change in inclination. This sudden change
may be due to a full crack opening and followed by initiation of fibre pull out. The
load of 960 kN caused a measured maximum crack width of 0.22 mm at 319 mm
height (rev. 6). The measured crack width has slightly stronger correlations to the
upper bound approach than the lower bound in Figure 5.22. It is further supported
by the smaller MAE values given in Table 5.2.
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Figure 5.22: Comparison of measured crack widths from DIC and calculated crack
widths based on DOFS measurements calculated using Equations 5.1 and 5.2 during
loading for Specimen 5 (SFRC).
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Discussion

6.1 Ewvaluation of assessment method

Designing an assessment method to monitor 3D effects in a discontinuity region in-
volves several challenges. The major part involves creating a support for the DOFS
that enables monitoring over a complex area and does not influence the structural
response of the anchorage zone. Additional considerations include creating support
that does not interfere with data collection via DOFS, which imposes requirements
on the interaction between the materials. Positioning of the fibre optics is also cru-
cial to enable the post-processing of data. This requires ensuring that the supports
maintain their intended position throughout casting and enable the precise localisa-
tion of strain data.

The proposed assessment method in this master’s thesis enables a structural re-
sponse comparison of a discontinuity region with varying designs. Without material
testing of the spiral and its interaction with the concrete, quantifying the impact on
measured strains and the specimens’ structural response is unattainable. However,
the spiral was designed to have minimal influence on the structural response. This
was achieved by designing the spiral with a large pitch to minimise segregation and
choosing a plastic material with low stiffness. The plastic parts were also designed
with holes to improve the bonding effect and, more likely, measure the true con-
crete strains. After aligning the strain distribution from DOFS with DIC, it can
be verified that the fiber optics’ support structure allows for the assessment of the
specimens’ structural response.

With the current design of the DOF'S, certain desired analyses were not feasible to
conduct. As the two spirals have different pitches, directions, and starting positions,
comparisons of the results provided by the inner and outer spirals were unfeasible.
If the spirals had the same pitch and direction, the data along the length of the fiber
would be compatible as it would correspond to the same orientation in the spec-
imen. Throughout the post-processing of the results, some difficulties were raised
regarding the localisation of the strains provided by the DOFS attached to the helix
reinforcement. The helix reinforcement provided by CCL was not identical in terms
of geometry, where some helices had different diameter and pitches. This implied
some issues regarding the localisation of the strains and also an error source to po-
tential shifts in the strain localisation between the data obtained from the inner
and outer spiral, see for example Figure A.2. To improve the results, it would have
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been beneficial to strive for identical helical reinforcement with consistent geometry.
Based on those helices, the outer should haven be designed with the same pitch. The
inconsistency of the geometry of the helix reinforcement is noticeable in Figures E.1
- B4

The DIC images and DOFS data reveal that all specimens experienced strain local-
ization and crack initiation. However, in some cases, the evaluation of the post-crack
response was restricted because the test rig reached its maximum load early in the
crack propagation phase. Therefore, enhancing the load capacity of the test rig
would be advantageous to facilitate a more comprehensive analysis of the structural
response. This is essential since the NLFEA, as illustrated in Figure 5.3, demon-
strates global softening for all configurations, which is also expected in practice.

6.2 Evaluation of the different configurations of
anchorage zones

Upon analysing the structural response of the various anchorage zones, it becomes
evident that the plain SFRC specimen develops the largest strains and crack widths
during the load testing, as observed in Chapters 5.3 - 5.5. Unlike the other re-
inforcement configurations, the largest strains develop around the inner spiral, as
mentioned in Chapter 5.3. The additional helix reinforcement appears to signifi-
cantly influence this cracking process by reducing strains and crack widths in the
specimen, particularly around the anchorage system. Consequently, the same mag-
nitude of strains is developed around both the inner and outer spiral, comparable to
the response of the reference specimen. Therefore, it can be concluded that the ad-
dition of helix reinforcement significantly influences the cracking process, decreases
the strain development near the anchorage system, and prevents crack propagation
against the surface. These phenomena may be attributed to the confinement of the
concrete.

As stated in Chapter 2.2 and upon analysing DOFS and DIC, multiaxial stress states
are present in the anchorage zones. As concrete strengths are dependent on the ac-
tual stress state, as described in Chapter 2.3.4, this may influence the formation of
cracks in those regions. Similarly, as stated in Chapter 2.2, crack initiation occurs
locally around the anchorage system for all specimens and propagates towards the
surfaces of the specimens, see Table 5.3. It can also be observed that the largest
strains and crack widths occur at a height of approximately 300 mm, a bit further
down compared to where the maximum tensile stresses are observed in Chapter 2.2.
This could be attributed to the ribs and depth of the anchorage system, which may
contribute to the force introduction being distributed more vertically within the
specimen rather than applying it directly on top of it. This may lead to a vertical
shift in the discontinuity regions causing the peak strains and crack widths are lo-
cated further down. Studying the crack pattern in Chapter 5.4 and Appendix F,
it is evident that the SFRC has a crack spanning a larger height than the other
configurations. The presence of a helix seems to contribute to a more predictable
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response with cracks in the bursting zone, as mentioned in Chapter 2.2, by confining
the concrete in this zone. In the bursting zone of the plain SFRC, cracks localise as
expected but propagate unpredictably below this region.

Strain localisation was observed centrally oriented on the faces of the different spec-
imens. However, the most pronounced strain localisation occurred on Face 1 for all
specimens except Specimen 4. This phenomenon is likely due to the design of the
anchorage system, which features a protruding rounding towards Face 1. Conse-
quently, Face 1 has the smallest concrete cover, and the protruding rounding likely
concentrates stresses on this face, leading to crack initiation and propagation.

Upon evaluating the response of specimens containing SFRC, notable variations
can be observed, particularly between Specimens 3 and 4. These variations may be
attributed to factors such as local segregation of concrete or misalignment of the
tendon head, leading to uneven pressure distribution. However, the material tests
presented in Chapter 4.1 indicates a greater variability in the results for SFRC com-
pared to plain concrete. Therefore, it is also reasonable to associate the differing
structural responses with the inconsistent SFRC material properties. Additionally,
the material curves show that plain concrete has a larger mean tensile strength,
which results in crack initiation at higher loads.
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Conclusion

Designing an effective assessment method for monitoring 3D effects in discontinu-
ity regions requires careful consideration of designing the support structure of the
DOFS. The proposed method allowed for analysis and comparison of the structural
response of anchorage of varying designs. Additionally, the proposed method, with
the strive of minimising the structural influence, allowed the assessment of crack
propagation with high compliance to surface crack propagation.

Analysing the structural response of the different reinforcement configurations, the
contemporary design approach exhibited the smallest crack widths, while the SFRC
configuration exhibited the widest. The presence of helix reinforcement had a no-
table influence on crack propagation, reducing strains and crack widths, leading
to a more predictable crack propagation compared to plain SFRC. However, when
considering material efficiency, working conditions, and crack width limitations, the
SFRC configuration has many advantages.

7.1 Further outlook

Overall, although variations in structural response were observed among specimens,
the proposed assessment method offers valuable insights into the response of differ-
ent reinforcement configurations. Future improvement in the design of DOFS mon-
itoring could enhance the assessment method for evaluating structural responses in
discontinuity regions. Investigating designs that are commonly used in the industry
could provide additional valuable insight. Furthermore, investigation of the utilisa-
tion of SFRC in post-tensioned anchorage zones could be improved by elaborating
on the fibre volume fraction and types of fibres used.
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Figure A.1: Strain distribution at 950 kN obtained by DOFS located at the inner
and outer spiral of Specimen 2 (Reference).
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Figure A.2: Strain distribution at 950 kN obtained by DOFS located at the inner
and outer spiral of Specimen 3 (SFRC + Helix).
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Figure A.3: Strain distribution at 950 kN obtained by DOFS located at the inner
and outer spiral of Specimen 6 (SFRC).
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Strain distribution in outer spiral
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Figure B.1: Strain profiles for different load steps obtained by DOFS located at
the outer spiral of Specimen 2 (Reference).
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Figure B.2: Strain profiles for different load steps obtained by DOFS located at
the outer spiral of Specimen 3 (SFRC + Helix).
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Figure B.3: Strain profiles for different load steps obtained by DOFS located at
the outer spiral of Specimen 6 (SFRC).
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Strain distribution in inner spiral
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Figure C.1: Strain profiles for different load steps obtained by DOFS located at
the inner spiral of Specimen 2 (Reference).



C. Strain distribution in inner spiral
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Figure C.2: Strain profiles for different load steps obtained by DOFS located at
the inner spiral of Specimen 3 (SFRC + Helix).
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Figure C.3: Strain profiles for different load steps obtained by DOFS located at
the inner spiral of Specimen 6 (SFRC).
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Strain distribution in outer spiral
divided by side
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Figure D.1: Strain profiles for different load steps obtained by DOFS located at
the outer spiral of Specimen 2 (Reference). The bottom plots display the projected
strain profiles on each side of the specimen.
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D. Strain distribution in outer spiral divided by side
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Figure D.2: Strain profiles for different load steps obtained by DOFS located at the
outer spiral of Specimen 3 (SFRC + Helix). The bottom plots display the projected
strain profiles on each side of the specimen.
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Figure D.3: Strain profiles for different load steps obtained by DOFS located at
the outer spiral of Specimen 6 (SFRC). The bottom plots display the projected
strain profiles on each side of the specimen.
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Strain distribution in inner spiral
divided by side
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Figure E.1: Strain profiles for different load steps obtained by DOFS located at
the inner spiral of Specimen 1 (Reference). The bottom plots display the projected
strain profiles on each side of the specimen.
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E. Strain distribution in inner spiral divided by side
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Figure E.2: Strain profiles for different load steps obtained by DOFS located at
the inner spiral of Specimen 2 (Reference). The bottom plots display the projected

strain profiles on each side of the specimen.
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Figure E.3: Strain profiles for different load steps obtained by DOF'S located at the
inner spiral of Specimen 3 (SFRC + Helix). The bottom plots display the projected

strain profiles on each side of the specimen.
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E. Strain distribution in inner spiral divided by side
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Figure E.4: Strain profiles for different load steps obtained by DOF'S located at the
inner spiral of Specimen 4 (SFRC + Helix). The bottom plots display the projected
strain profiles on each side of the specimen.
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Figure E.5: Strain profiles for different load steps obtained by DOF'S located at the
inner spiral of Specimen 5 (SFRC). The bottom plots display the projected strain
profiles on each side of the specimen.
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E. Strain distribution in inner spiral divided by side
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Figure E.6: Strain profiles for different load steps obtained by DOF'S located at the
inner spiral of Specimen 6 (SFRC). The bottom plots display the projected strain

profiles on each side of the specimen.
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I

DIC images

)

oy

(a) Side 1 (b) Side 2 (c) Side 3 (d) Side 4

Figure F.1: Surface strain fields measured with DIC at 950 kN for Specimen 1
(Reference).

(a) Side 1 (b) Side 2 (c) Side 3 (d) Side 4

Figure F.2: Surface strain fields measured with DIC at 950 kN for Specimen 2
(Reference).
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F. DIC images

(a) Side 1 (b) Side 2 (c) Side 3 (d) Side 4

Figure F.3: Surface strain fields measured with DIC at 950 kN for Specimen 3
(SFRC + Helix).

(a) Side 1 (b) Side 2 (c) Side 3 (d) Side 4

Figure F.4: Surface strain fields measured with DIC at 950 kN for Specimen 4
(SFRC + Helix).

(a) Side 1 (b) Side 2 (c) Side 3 (d) Side 4

Figure F.5: Surface strain fields measured with DIC at 950 kN for Specimen 5
(SFRC).
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F. DIC images

(a) Side 1 (b) Side 2 (c) Side 3 (d) Side 4

Figure F.6: Surface strain fields measured with DIC at 950 kN for Specimen 6
(SFRC).
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F. DIC images
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G

Surface strain fields measured
with DIC compared with DOFS
measured strains
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Figure G.1: Surface strain fields measured with DIC compared with DOFS mea-
sured strains at 950 kN for Specimen 2 (Reference).
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G. Surface strain fields measured with DIC compared with DOFS measured

strains
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Figure G.2: Surface strain fields measured with DIC compared with DOFS mea-
sured strains at 950 kN for Specimen 3 (SFRC + Helix).
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Figure G.3: Surface strain fields measured with DIC compared with DOFS mea-
sured strains at 950 kN for Specimen 6 (SFRC).
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Crack widths
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Figure H.1: Comparison of measured crack widths from DIC and calculated crack
widths based on DOFS measurements calculated using Equations 5.1 and 5.2 during
loading for Specimen 2 (Reference).
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H. Crack widths
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Figure H.2: Comparison of measured crack widths from DIC and calculated crack
widths based on DOFS measurements calculated using Equations 5.1 and 5.2 during
loading for Specimen 3 (SFRC + Helix).
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Figure H.3: Comparison of measured crack widths from DIC and calculated crack
widths based on DOFS measurements calculated using Equations 5.1 and 5.2 during
loading for Specimen 6 (SFRC).
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Product sheet XM20

The appendix provides product information sourced from the European Technical
Assessment dated 22/09/2015 for the XM anchor system, with the subsequent pages
from the approval (European Technical Assessment, 2015).
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Table 11 Maximum Allowable Stressing Force of Tendons with @15.7mm Strand

Y1770-15.7 Y1860-15.7

A, My | Fu | Fo Foe Fo

Anchorage | n | e | kgim | kN | kN kN KN
XMIXMC-10 | 3 | 450 | 352 | 797 | 632 | 837 | 664
XMIXMC20 | 4 | 600 | 469 | 1062 | 842 | 1116 | 886
XMIXMC-30 | 7 | 1050 | 8.20 | 1859 | 1474 | 1953 | 1550
XMIXMC-35 | 9 | 1350 | 10.55 | 2390 | 1895 | 2511 | 1993

XM/XMC-40 12 | 1800 | 14.06 | 3186 | 2527 3348 2657
XM/XMC-45 13 | 1950 | 15.24 | 3452 | 2738 3627 2878
XM/XMC-50 15 | 2250 | 17.58 | 3983 | 3159 4185 3321
XM/XMC-55 17 | 2550 | 19.92 | 4514 | 3580 4743 3764
XM/XMC-60 19 | 2850 | 22.27 | 5045 | 4001 5301 4207
XM/XMC-70 22 | 3300 | 25.78 | 5841 | 4633 6138 4871
XM/XMC-75 25 | 3750 | 29.30 | 6638 | 5265 6975 5535
XM/XMC-80 27 | 4050 | 31.64 | 7169 | 5686 7533 5978
XM/XMC-90 31 | 4650 | 36.33 | 8231 | 6529 8649 6863
XM/XMC-95 35 | 5250 | 41.02 | 9293 | 7371 9765 7749
XM/XMC-100 37 | 5550 | 43.36 | 9824 | 7792 10323 | 8192

1.2.4. CCL Stressing Jacks

The CCL ‘MG’ Stressing Jacks used for the CCL ‘XM’ and ‘XMC’ Systems have the following
features:

Automatic gripping of the wedges on the strands.

The simultaneous stressing of all the strands of the tendon.

Support of the Jack on the FTU, by means of a temporary Bearing Ring.

The simultaneous hydraulic lock-off of all the wedges in the AH.

Partial stressing of the tendons with later recovery up to the final values of the
prestressing force.

The stressing by successive loadings of the Jack when the final extension is greater
than the full extension of the CCL Jack.

Other different Jacks may be used by the CCL Specialist PT Distribution/Licence Company,
provided their suitability to the CCL ‘XM’ and ‘XMC’ Anchorages is approved by CCL before use.

Manuals and procedures are supplied with each CCL Stressing Jack.
Various dimensions and characteristics of CCL ‘MG’ Stressing Jacks are given in Annex 34 & 35.
CCL ‘MG’ Jacks are marked on the Outer Cylinder with their Serial Numbers for identification

purposes.

Different Jack innards are required for each system type.
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Live End Anchorage ©@15.2/15.3/15.7mm Strand

D A
Wedge S
~. ‘ _ L'i A A
=N [
B
Anchor Head Force Transfer Unit "Deviation Cone
Anchorage A B @C D OE

XM-10 234 70 48 45 95
XM-20 300 70 50 45 105
XM-30 362 100 64 48 130
XM-35 493 113 74 47 155
XM-40 629 113 74 54 180
XM-45 629 113 74 63 180
XM-50 693 130 84 60 195
XM-55 742 150 98 62 215
XM-60 749 150 98 76 220
XM-70 913 150 98 70 245
XM-75 1001 175 113 80 265
XM-80 1001 175 113 83 270
XM-90 1118 190 123 94 295
XM-95 1079 210 138 94 305
XM-100 1089 210 138 102 310

CCL ‘XM’ System Annex 02

Live End Anchorage of ETA-07/0035
. ©15.2/15.3/15.7mm Strand
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Bursting Reinforcement Sizes for Helices fcm o on cube 46MPa (fyx = 500MPa)

B -]
@C
0
i| D
N = No. of turns in Helix
femo ON Ccube
46MPa
Anchorage DA B aC D N
XM/XMC-10 | 160 200 8 55

Blw

XM/XMC-20 | 170 220 10 50
XM/XMC-30 | 230 260 10 40 5.5

XM/XMC-35 | 250 300 12 45 6
XM/XMC-40 | 290 320 12 45 6.5
XM/XMC-45 | 300 340 16 50 6

XM/XMC-50 | 315 | 360 16 50 6.5
XM/XMC-55 | 340 | 380 16 50
XM/XMC-60 | 365 | 400 16 60
XM/XMC-70 | 385 | 430 16 60 6.5
XM/XMC-75 | 415 | 460 16 60
XM/XMC-80 | 445 | 480 16 65 7
*fyx = 500MPa (Deformed/Ribbed Rebar)

\‘

(o2}

\'

CCL XM’ / ‘XMC’ Systems Annex 32

Bursting Reinforcement Sizes for Helices of ETA-07/0035
. fomo ON cube 46MPa (fyk = 500MPa)
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J

Dimensioning of reinforced
concrete specimen

The appendix provides calculations for the dimensioning of the reinforced concrete
specimen, following design codes and recommendations provided by European Com-
mittee for Standardization (2004), European Committee for Standardization (2005)
and Engstrom (2015).
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Material

Reinforcement
Jy:=500 MPa

Concrete
fomi=38 MPa

Ver=1

fori=fom—8 MPa=30 MPa

2

3
Fumi=03 Jo )" MPa=2.9 MPa
MPa
Force
P:=1116 kN
Geometry
h:=450 mm
b,:=300 mm
d;=140 mm

o d 2_ -2 2
Ap=me| =(15-10) m

b;=A\l4, =124.1 mm

Characteristic tendon force for
anchorage system

Height of concrete specimen

Width of concrete specimen

Diameter of load transfer unit

Area of load transfer unit

Side length of load transfer unit for
equivalent squared shape



Design of ties

¢:=10 mm

Diameter of rebar

2.b 2.b
z::\/g- \/_ 2—\/_ "1=107.7 mm
4 4
Ll
T, = 4 =161.1 kN
diagonal tan (60 deg) .
T,
T:= Zdiagonal 1139 kN
V2
n, ==ceﬂ( ) =3 Agp=ng e Ag=(24-107) m’
vk Asi
A
A, =L =227.8 mm® L —96.7%

vk

Asxt‘]



Check of struts
Voare i =3 Recommended value for concentrically loaded areas

p

ORk*= vpart 'fck =90 MPa

Plate

P 725 MPa Irlate _ g0.6%

ap[ate =
1 ORk

Underneath plate

C0:= T=1139 kN

a
a:=—"=72 mm Choose 10 mm



Minimum reinforcement according to Annex J in 1992-2-2

Check is valid for Node 1

a;:=d; =140 mm
a’i=d; =140 mm
¢;i=b;=300 mm
¢'+=b,=300 mm

Controll of concrete prism

. c. c' c.eC'
lfmax(—],—j)gl.ZS-wj J
! !

a4 4 dj=a;

LGOK’?
else
“NOT OK”

P

’
G¢;

=12.4 MPa

if ¢,,<0.6 £, =“OK”
oK

else

“NOT OK”

Minimum reinforcement

l,,:=12-max (c;,c’) =360 mm

4,,:=015- 2 = (3310 m?
« 7

Ay,=0.03+ 2 = (67107 m’
vk

As.j.x -1

:=ceil —
2 e 8 mm)

ns,j,s °

2

— “OK”

0.6 f,,=18 MPa

Length of which reinforcment should be placed within

Minimum spalling reinforcement

Number of bars in each direction

Minimum surface reinforcement around anchor

Number of bars in each direction



Concrete cover and minimum spacing between bars

Acg,, =10 mm

Cpom =0 +AC4p, =20 mm Minimum concrete cover
kig=1 ky4:=5 mm

dy:=16 mm

S pin i=Max <k1.¢ *@,d,+k; 4,20 mm) =21 mm Minimum spacing between bars

Minimum edge distance for anchorage system according to ETA 07/0035

The minimum edge distance is based on required distance between multiple anchorage systems. Only one
anchorage system is considered in this thesis, therefore only the concrete cover is limiting. If several post-
tension systems were used the minimum edge distance would be x;, which is assmued for this case.

a:=220 mm Prescribed value for XM-20

X;,=1.15-a

Xy pi=—a
*7 s
Xyi= Yoa|_| 233 mm Spacing range of multiple anchorage systems
Xop 191.3

Minimum edge distance for anchorage system (measured from

105.7 centrum of anchorage system to edge of specimen)

X; ::%—i—cm,m— 10 mm = [ 136'5] mm
bZ .
7: 150 mm Edge distance

if % > max <x,> =“0OK”

“OK’?
else
“NOT OK”
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