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Carbon fibre reinforced lightweight concrete
RASMUS LEVIN, LENNART NYLUND
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract

Steel-reinforced concrete has made intricate constructions feasible for more than
the past hundred years. There are many benefits of using this effective composite
although the service life is challenged by reinforcement corrosion. For applications
where a low dead weight is necessary, lightweight concrete (LWC) has become an
alternative to normalweight concrete (NWC). However, the drawbacks to LWC are
that it is vulnerable for reinforcement corrosion and have a low tensile strength com-
pared to NWC. Still, there is a potential way forward to create lightweight structures
that are simultaneously resistant to corrosion. To explore this alternative further,
new reinforcement materials must be investigated, e.g. carbon fibre reinforcement
(CFR). The material has advantages due to the corrosion resistance of the carbon
reinforcement, but carbon bundles and cords have problems with low bond strength
between the carbon reinforcement and the concrete, as well as interfilament slip in
the reinforcement. Currently, there is a large gap in research regarding the pros
and cons of CFR and understanding of how CFR can be optimized using different
methods. This study is an attempt to close that gap and provide some answers.

To gain knowledge of the behaviour of the reinforcement and the interaction with
the concrete, pull-out and four-point bending tests with carbon fibre reinforcement
in straight bundles and braided cords have been carried out prior to this thesis. The
data from the pull-out experiments were analysed and the data that were deemed
characteristic were used as input to a bond stress versus slip model applied in the
FE-program DIANA. This bond-slip model was used in FE-analyses of the four-
point bending tests, and the results were compared to the experimental results.
Finally, the bond-slip model was used in analyses of stocky columns, where the car-
bon reinforcement was used to provide lateral confinement.

The analyses of the tests proved that the CFR had a low bond strength to the LWC
and that only a few percent of the strength and stiffness of the materials was utilised.
The analyses gave a good resemblance to the experimental results, thus they gave
a good estimation of the behaviour of the composite. The knowledge gained was
further used to discuss suitable applications, e.g. floating pontoons, sewage culverts
and edge beams used for bridges. This study attempted to fill the gaps in research
regarding CFR in LWC. In the future, more research within this field will be pivotal
to further broaden the scope of potential applications and evaluate both advantages
and disadvantages.

Keywords: Carbon fibre reinforcement, CFR, Lightweight concrete, LWC, Bond
slip, Interfilament slip, Pull-out test, Four-point bending test, FE-model
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Kolfiberarmerad lattbetong

RASMUS LEVIN, LENNART NYLUND

Institutionen for arkitektur och samhéllsbyggnadsteknik
Chalmers tekniska hogskola

Sammanfattning

Stalarmad betong har gjort det mojligt att skapa invecklade konstruktioner i éver
hundra ar. Det finns manga fordelar med att anvidnda denna effektiva komposit,
aven om livslangden utmanas av korrosion av armeringen. For tillampningar dér lag
egenvikt ar nodvandig har lattbetong blivit ett alternativ till normal betong. Nack-
delarna med lattbetong ar emellertid dess sarbarhet mot armeringskorrosion och
lag draghallfasthet jamfort med normal betong. Trots detta finns det en potentiell
vag framat for att skapa lattviktiga strukturer som samtidigt ar motstandskraftiga
mot korrosion. For att undersoka denna alternativa mojlighet ytterligare maste nya
armeringsmaterial undersokas, till exempel kolfiberarmering. Materialet har forde-
lar pa grund av kolfiberarmeringens korrosionsbesténdighet, men kolfiberbuntar och
rep har problem med lag vidhéaftningshallfasthet mellan kolfiberarmeringen och be-
tongen, samt glidning mellan filamenten i armeringen.

For narvarande finns det en stor kunskapslucka nér det géller for- och nackdelar
med kolfiberarmering och forstaelsen for hur kolfiberarmering kan optimeras med
olika metoder. Denna studie ar ett forsok att fylla den luckan och ge nagra svar.

For att fa kunskap om beteendet hos armeringen och interaktionen med betongen
har dragprov och fyrpunktsbojningstest med kolfiberarmering i raka buntar och rep
genomforts fore denna avhandling. Data fran dragproverna analyserades och den
karakteristiska datan anvidndes som indata till en modell fér vidhaftningsspanning
som applicerades i FE-programmet DIANA. Denna vidhéaftnings-modell anvindes
i FE-analyser av fyrpunktsbojningstesterna, och resultaten jamfordes med de ex-
perimentella resultaten. Slutligen anvéndes vidhéftnings-modellen i en analys av
kraftiga pelare, dar kolfiberarmeringen anvindes for lateral inneslutning.

Analysen av testerna visade att kolfiberarmeringen hade lag vidhéaftningshallfasthet
till lattbetongen och att endast nagra fa procent av draghallfastheten och styvheten
var nyttjade. Analyserna gav en god éverensstammelse med de experimentella re-
sultaten, dérigenom gav de en bra uppskattning av kompositens beteende. Den
erhallna kunskapen anvéindes sedan for att diskutera lampliga tillimpningar, sasom
flytande bryggor, avloppsledningar och kantbalkar for broar. Denna studie forsokte
fylla kunskapsluckorna nér det géller kolfiberarmering i lattbetong. I framtiden kom-
mer mer forskning inom detta omrade att vara avgoérande for att ytterligare bredda
mojligheterna med potentiella tillimpningar och utviardera bade fordelar och nack-
delar.

Nyckelord: Kolfiberarmering, Lattbetong, Armerings glidning, Glidning mellan fi-
brer, Dragprov, Fyrpunktsbojnings test, FE-modell
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1

Introduction

1.1 Background

Steel-reinforced concrete has enabled complex structures over a hundred years ago
which have stood the test of time until this very day (Moussard et al., 2018). The
main imperatives to develop reinforced concrete were economic and fire safety rea-
sons. Even though steel-reinforced concrete is an effective composite with several
benefits such as previously mentioned, it does have drawbacks. The concrete crack-
ing exposes the reinforcement and leads to reinforcement corrosion. The porosity
of the concrete increases the risk for corrosion even without direct exposure of the
reinforcement due to carbonation.

For applications where a low dead weight is beneficial, lightweight concrete (LWC)
has been proposed as an alternative. As it is more porous, the problem with steel
corrosion in LWC structures is even larger than for ordinary concrete (Haque et al.,
2004). For concrete with lightweight aggregate, a larger concrete cover is needed
to protect the steel reinforcement (European committee for standardization, 2004).
Further, LWC has a lower tensile strength than normal weight concrete (NWC).

To enable light and slender structures without corrosion problems, alternative rein-
forcement materials can be used. One alternative is to use carbon fibre reinforcement
(CFR), which in combination with LWC are in focus in this thesis. Reinforcing with
carbon fibres can be done in different ways, either by the use of bars like glass fibre
reinforced plastic (GFRP) rebars or as textile reinforcement. The carbon textile
reinforcement consists of many filaments in forms of bars or grid-like meshes. The
filaments in the bars are either bundled or braided together. This thesis will in-
vestigate the difference of these two types of bars, in larger bundles or rope-like
structures. The filaments in the carbon fibre reinforcement can be split up in two
groups, inner and outer filaments. The outer filaments are directly bonded to the
concrete while the inner filaments are bonded to other filaments by friction and have
no bond directly to the concrete (Hegger & Voss, 2008). When the friction bond
between the inner filaments is insufficient, slip between the filaments occur, called
interfilament slip. Further, slip occurs also between the outer filaments and the
concrete, which together with interfilament slip can result in an apparent reduction
in strength and stiffness of the yarn (Sciegaj et al., 2022).



1. Introduction

1.2 Aim and objectives

The aim was to develop and verify a modelling strategy capable of describing the
structural behaviour of carbon fibre reinforced LWC, and to use that to investi-
gate possible suitable applications. To reach this aim, the following objectives were
outlined;
o Analyse available test data to understand the behaviour of carbon reinforce-
ment and LWC.
o Investigate the difference between braided cord reinforcement and straight
bundle reinforcement.
o Develop FE-models that describe the structural behaviour of carbon fibre re-
inforced LWC.
e Use the modelling method to find suitable applications for carbon fibre rein-

forced LWC.

1.3 Method

The project started with a literature study to gain knowledge about carbon fibre
reinforced LWC. This knowledge was used to analyse results from four-point bend-
ing and pull-out tests previously done. The results from the experiments were used
to develop FE-models in Diana. The knowledge from the test results and the mod-
elling method was then used to investigate possible applications. The investigation
was done by looking at advantages and disadvantages of the material and which
applications this is most suitable for.
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Lightweight concrete and carbon
fibre reinforcement

This chapter discusses literature that underpin the experiments that are discussed
in this thesis. The origins of concrete, LWC, and reinforced concrete are discussed
followed by an outline of the properties of LWC. Studies covering the properties of
CFR are explained, including interfilament slip.

2.1 History and use of today: concrete, lightweight
concrete and reinforced concrete

Concrete is a material that has been used for a century and a half (Firty, 2012).
Other types of concrete were also experimented with and used as early as antiquity.
This was when the benefits of using lightweight aggregates were discovered which
were the ancestral idea to what today is LWC. Romans used aggregate with natural
deposits in concrete for the construction of harbour piers along the west coast of
Italy.

The strength and durability of concrete was elevated by the introduction of re-
inforcement. This was realised in the second half of the 19th century (Firty, 2012).
Consequently, steel-reinforced concrete started to become more broadly used in the
middle of the twentieth century for multi-story building and long span bridges (Bogas
& Real, 2019). In 1886, E L Ransome built the first reinforced concrete bridge in
North America which is still in service today (Moussard et al., 2018). This speaks
of how revolutionising reinforced concrete became then and has remained even to
this day.

Aside from benefits concerning strength and durability, other dimensions have be-
come important in the contemporary discussion regarding reinforced concrete. The
awareness of the environmental impact from CO, emissions has become vast a global
concern as a new discourse commenced by the First Session of the IPCC published
by IPCC (1988). The issue became an acknowledged topic of interest due to the
financial rationale by Stern (2007) and Gore (2007) whom succeeded in reaching a
wider audience. These works set a clear starting point for what later became a mat-
ter of debate and transition. As of this reason it has become important to dissect
the contributions to climate change from different sectors. According to IEA and
GlobalABC (2019), buildings and construction accounted for 39% of CO4 emissions

3



2. Lightweight concrete and carbon fibre reinforcement

globally, and of that proportion building materials, including concrete, accounted
for 11% of emissions in 2018. The report concluded that there is a need for more
sustainable materials to reduce environmental impact of materials in the buildings
and construction value chain. Lifecycle approaches are further emphasised in the
report and it has become part of the design to elucidate the need for high perma-
nence of structures. It is worth noting that the extent of COy emissions is usually
higher for lightweight aggregate concrete (LWAC) than that of normal weight ce-
ment due to larger proportions of total cementititous materials content. The reason
for the larger porportion is to ensure workability, pumpability and avoid weakening
the strength development (Kanavaris et al., 2020). However, the paper by Junaid et
al. (2022) puts the scope of LWC in to a broader purpose by unfolding the idea that
waste byproducts from industries and agriculture could be utilised as an aggregate,
admixture and cementing agent in LWC. From a life cycle and consumption perspec-
tive, this application could prove to be part of both environmental protection and
sustainable development. In addition, the shortening of the lifetime of structures is
often due to the degradation of the steel bars. The use of reinforcement which is less
prone to corrosion can prolong the lifetime of structures. In this way, new materials
can form composites that are more effective both environmentally and structurally.

2.2 Lightweight concrete

LWC is a group of concrete-like materials with the common goal to have both good
bearing capacity and insulating ability (Burstrom & Nilvér, 2018). The primary
difference between LWC and NWC is that LWC is much lighter. The density ranges
up to 2200 kg/m?, while normal concrete which varies between 2400-2500 kg/m?
(Kanavaris et al., 2020). Even though LWC has been used for a long time, less
is known about the durability performance of LWC compared to NWC (Bogas et
al., 2019). The most common materials in Sweden from this group are autoclaved
aerated concrete and LWAC (Burstrom & Nilvér, 2018). LWAC is similar to NWC
but uses LWC combined with an aggregate with lower density and is more porous
(Burstrom & Nilvér, 2018).

LWAC makes structures lighter which for certain applications enables smaller cross-
sections of structural parts due to less dead weight of the structure (Bremner, 2008).
Another advantage with LWAC is that it has much better insulation properties than
regular concrete due to higher porosity, resulting in a lower thermal conductivity.
For this reason, LWC is an appropriate building material for the climate shell in
housing (Kanavaris et al., 2020).

Although there are many benefits to using LWAC over NWC there are also disad-
vantages. LWAC is more brittle and exhibit more uncontrolled cracking compared to
NWC, in particular when subjected to compression (Zivkovic et al., 2018). However,
according to Byard and Schindler (2010) this issue could be mitigated to a certain
extent by using pre-wetted light weight aggregate to reduce early-phase cracking.
Zivkovic et al. (2018) elaborates on the matter and suggest that the addition of
fibres can handle this issue.



2. Lightweight concrete and carbon fibre reinforcement

To better understand the durability of reinforced concrete it is important to recog-
nise the effects of carbonation, which is one of the most common reasons for degra-
dation. The process of carbonation is a physochemical reaction between carbon
dioxide and the alkalinity of concrete prompted by calcium hydroxide and calcium
silicate hydrate (Lo et al., 2008). According to Bogas and Real (2019), carbonation
resistance is found to be lower for LWAC than that of NWC and the reason is the
higher porosity of the LWAC. The carbon dioxide diffusion rate is dependent on the
characteristics of the porous structure of the concrete. For reinforced concrete with
aggregates the high porosity will benefit the carbon dioxide diffusion, ultimately
leading to lower carbon resistance and unfavour the durability of LWAC compared
to NWC.

2.3 Carbon fibre reinforcement

Two alternative reinforcement methods, as a substitution for ordinary steel reinforce-
ment, are fibre-reinforced plastic (FRP) rebars and textile reinforcement (Friese et
al., 2022). A benefit of using textile reinforcement, and also FRP rebars, compared
to steel is that textile reinforcement is corrosion resistant which enables a smaller
concrete cover. This leads to decreased use of concrete which lowers the overall CO,
emissions (Friese et al., 2022). The emissions from producing the same weight of
carbon fibre textile reinforcement are 8 times higher than from the production of
steel reinforcement (Stoiber et al., 2021). However, a study by Scope et al. (2020)
has shown that the weight of the reinforcement needed to secure the same proper-
ties as for a wall application. These properties were 22 times higher than needed
for the textile reinforcement. This results in a significant reduction of CO4 emissions.

FRP rebars are rebars made of plastic that are reinforced most commonly with glass-
(GFRP), basalt- (BFRP), aramid- (AFRP) or carbon fibre (CFRP) (Mirdarsoltany
et al., 2022). To create a better bond between the FRP rebars and the concrete, the
rebar-surface can be conducted in different ways, e.g. by milling, sanding/roughen-
ing, or wrapping it with FRP roving (Friese et al., 2022).

Textile reinforcement is made of hundreds or thousands of filaments bundled or

braided together. The fibre materials that are normally used as textile reinforce-
ment are glass- (GF), basalt- (BF), and carbon fibre (CF) (Friese et al., 2022).

Successful applications using textile reinforcement in concrete have been conducted
in areas of construction where the flexibility of reinforcement is needed to form free-
form shape structures (Friese et al., 2022). Another successful application for carbon
mats is for the purpose of strengthening existing structures to enable old structures
to carry more load or to prolong the lifetime of structures. In this application, the
usage of carbon mats glued or bonded by cementitious mortar to the outside of the
concrete to strengthen structures in places where high stresses are located. This
limits further cracking and increases the load-carrying capacity. This method is
also used to strengthen concrete slabs after holes have been cut out from the slab
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(Carolin, 2003).

Thicker carbon bundles and braided cords are researched, but not yet used in practi-
cal applications. Abd et al. (2023) showed that carbon bundles used as shear stirrups
performed better than steel in both ductility properties as well as maximum load
carrying capacity for beams loaded in bending.

Carbon fibre is an anisotropic material which means that the material has different
features in different directions. These different features are affecting the performance
of the carbon reinforcement, depending on the arrangement of the fibres. Carbon
fibres are strong in the axial direction, along the fibres, but weak in the transverse
direction (Duan et al., 2019). In cases when the fibres are braided together, the
shear force is induced in the reinforcement even though the force is applied axially,
due to the braiding of the fibres creating an angle between the force and the line of
fibres.

2.4 Bond and interfilament slip

The bond between carbon filaments and concrete is weaker compared to regular
steel reinforcement and concrete, which increases the risk of bond slip (Bilek et al.,
2017). This creates a need for a longer anchor length for the carbon reinforcement
to use its full potential. Another problem that can occur in carbon fibre bundles
or cords is that filaments in the inner part of the reinforcement can slip relative to
each other, if they are not properly impregnated (Mechtcherine et al., 2020). This is
called interfilament slip and occurs when the shear force between the outer layer and
the inner layer of the reinforcement is higher than the frictional force between the
filaments, see Figure 2.1 for illustration. When interfilament slip occurs the inner
filaments are deactivated, and the outer filaments connected to the matrix will carry
a heavier load due to this effect (Zhu et al., 2021). While the load progresses, the
tensile force in the outer filaments increases until the tensile capacity is reached,
thus filaments in the outer layer rupture. Ultimately this leads to the weakening of
the reinforcement and the composite as a whole. The objective is to create a good
bond between the concrete and the outer fibres and activate the inner core of the
reinforcement. To reduce both interfilament- and bond slip in textile-reinforced con-
crete, a common solution is to impregnate the reinforcement with either polymer-
or mineral-impregnation (Friese et al., 2022), (Schneider et al., 2019). The effect of
the impregnation is however reduced if the bundle or cord is not homogeneously or
fully impregnated (Friese et al., 2022).
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Figure 2.1: Illustration of bond- and interfilament slip.
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Experiments

Pull-out and four-point bending tests have been performed at the Structures Lab-
oratory at Chalmers University of Technology, before this thesis was done. The
information and data from the experiments have been gathered from Tang (2022)
and direct conversation with Luping Tang and Sebastian Almfeldt. In this chapter,
the test procedures are introduced.

Two types of CFR have been used in the pull-out and the four-point bending tests,
one type with straight bundles (SB) and one type with braided cords (BC), see
Figure 3.1. Material data of the reinforcement types are presented in Table 3.1 and
Table 3.2. Both types of reinforcement have been purchased from Carbix AB and
the SB-reinforcement is called Roving Tenax STS40 24K 1600 tex. Both reinforce-
ment types have also been impregnated with an electrochemical method. For the
BC-reinforcement, the lower value of f;, from the producer, was later used in the
analysis to not overestimate the theoretical strength of the carbon.

Table 3.1: Material data of the SB-reinforcement, from the producer.

Reinforcement type Rovin Tenax STS40 24K 1600 tex
Density [g/cm?] 1.77

Tensile strength, f; [MPa] 4000

Young’s modulus (Tension) [GPa] | 240

Elongation at break [%] 1.7

Filament count [-] 24000

Filament diameter [pm)] 7

Cord diameter [mm|] 8

Table 3.2: Material data of the BC-reinforcement, from the producer.

Reinforcement type Carbon braided cord
Density [g/cm?| 1.76-1.78

Tensile strength, f; [MPa] 3530-4210

Young’s modulus (Tension) [GPa] | 230

Cord diameter [mm] 7.5

Weight [g/m] 39.4
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Figure 3.1: Images from Tang (2022). The Left figure displays the straight bundle
reinforcement. The right figure displays the braided cord reinforcement.

3.1 Pull-out tests

Six pull-out tests had been carried out, three with SB-reinforcement and three with
BC-reinforcement. The SB-reinforcement had a diameter of 8mm] and the ones
with BC-reinforcement had a diameter of 7.5[mm]. The embedded CFR had been
casted in the centre of each specimen, which had a size of 80x80x800[mm], see Figure
3.2 and 3.3. The concrete surrounding the CFR had been reinforced with four steel
rebars, each with a diameter of 8[mm]|, see Figure 3.2. After about two months of
curing of the concrete, the pull-out tests were performed. The concrete at the time
of testing had a compressive strength of 19.2[MPa] and a density of 1450[kg/m?]. A
notch was made by cutting at a 45-degree angle around the CFR at a depth resulting
in cutting of the steel rebars, leaving only 30x30[mm]| of concrete, see Figure 3.2. The
notch was cut at different lengths of the specimens to give the carbon reinforcement
different embedded lengths. The specimens with SB-reinforcement had been cut at
75, 150 and 300[mm]| respectively and the specimens with BC-reinforcement were
cut at 50, 65 and 75H[mm]| respectively, see Figure 3.3. Displacement-controlled
tests were performed to each of the specimens until either tensile failure or pull-out
failure of the CFR occurred. The embedded length and the tensile strength of the
reinforcement for each of the specimens is presented in Table 3.3.

Table 3.3: Embedded length and tensile strength for each of the test specimens.

Specimen SB-75 SB-150 SB-300 BC-75 BC-50 BC-65
Embedded 75 150 300 75 50 65

length [mm]

fi [MPa] 4000 4000 4000 3530-4210 3530-4210 3530-4210

10
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Figure 3.2: Cross-sections for the pull-out tests. The left figure is the general
cross-sections of the specimens. The right figure is the cross-section at the notch of
the specimens.
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Figure 3.3: Pull out test specimens. SB-75, SB-150, and SB-300 had straight
bundle carbon reinforcement and BC-75, BC-50, and BC-65 had braided carbon
cord reinforcement.
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The experiments resulted in reinforcement pull-out in all samples except in spec-
imen BC-75 where tensile failure occurred. The tests started out by testing both
types of reinforcement with an embedded length of 75[mm]. For this embedded
length, the SB-reinforcement resulted in pull-out failure. Due to this failure mode,
the SB-reinforcement was tested for a longer embedded length of 150[mm]|, trying
to distinguish at which embedded length tensile failure first occur. Even in the
second test the SB-reinforcement reinforcement was pulled out. The last test with
SB-reinforcement was performed with an embedded length of 300[mm)], yet also
this test resulted in pull-out failure. In this test, pull-out of the reinforcement was
stopped at a length of about 150[mm]| due to the maximum travel of the machine
was reached.

For the BC-reinforcement, the first test, with an embedded length of 75[mm] resulted
in tensile failure. Also in this case, the goal was to distinguish at which embedded
length the reinforcement alternates between different failure modes. Therefore, the
second test was performed with a shorter embedded length of 50[mm]|; at this length
the specimen was subjected to pull-out failure. The third test was performed with
an embedded length of 65[mm], i.e. in between the two lengths with different failure
modes. For this test, pull-out failure occurred once again.

From the pull-out tests, data had been obtained by logging the relation between
tensile force and elongation of the specimens. In addition, digital image correla-
tion (DIC) had been used, enabling detailed measurements of the displacement field
including the crack opening over the notch.

12
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3.2 Four-point bending tests

Nine concrete beams with various amount and configurations for the embedded rein-
forcement had been casted with various layers of concrete. Beam 1 had been casted
with K500C-T steel reinforcement embedded in C40/50 concrete. This beam was
used as a reference of ductility, crack pattern and maximum stresses for a standard
reinforced concrete beam subjected to bending. C40/50 concrete had been used in
the compressive zone in all beams except Beams 3 and 4. The measurements and
cross-sections of the different configurations can be seen in Figure 3.4 and Figure
3.5. DIC had been used to capture the crack-pattern of the beams while performing
the bending tests.
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Figure 3.4: Measurements of the beams that have been tested in four-point bend-
ing.
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Figure 3.5: Cross-sections of the different beams, showing type of concrete and
reinforcement. Properties of concrete types C1-C4 are given in Table 3.4.

All the beams had been loaded via four-point bending tests. The tests had been set
up on two supports with a spacing of 900[mm] in between and the load had been
applied with 300[mm)] of spacing between the two loading points, see Figure 3.6.
The concrete material data from material tests in Chalmers Structures Laboratory
is presented in Table 3.4.

Table 3.4: Material data for the concrete in the four-point bending test.

Concrete type C1 C2 c3 4
Apparent density [kg/m?] 2460 1450 1520 1260
Compressive strength [MPa] | 49.8 21.6 19.2 17.5
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Figure 3.6: Illustration of four-point bending test.

The material properties of the different concrete types, in Table 3.5, were derived
from interpolation between values from Table 3.1 in (European committee for stan-
dardization, 2004). For the different light-weight concrete types, the derived values
were multiplied by factors, from Table 11.3.1 in (European committee for standard-
ization, 2004), based on the density of each concrete type. Detailed calculations can
be seen in Appendix A.2.1.

Table 3.5: Material properties of the concrete used in four-point bending test.

Eemy fetk,0,05, ferm and fer0,05 is presented for C1. Eiem, fictk,0,05, fietm and fier,0,05
is presented for C2, C3 and C4.

Concrete type C1 C2 C3 C4

E.n and Ej.,, [GPa] 35.36  12.08 12.70 8.45
fctk,0,0E) and flctk70,05 [MP&] 2.57 0.94 0.86 0.73
fetm and fierm [MPa] 361 137 125 1.05
fetko95 and fiek o095 [MPa] | 471 1.75  1.55  1.25
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Finite element analysis

This chapter describes the computer-modeling of the pull-out and four-point bending
experiments. The models was analysed in the FEM-program Diana. When creating
the models, focus was set to only model the specimens with braided chord reinforce-
ment. The reason for this choice was that there was no available test data for rupture
of the SB-reinforcement, as all the pull-out tests on that reinforcement type resulted
in pull-out failure. While for the specimens with BC-reinforcement, pull-out test of
the specimen BC-75 was loaded to tensile failure of the cord. The pull-out speci-
mens were modeled to get a bond-slip behaviour between the BC-reinforcement and
the concrete similar to the experiments previously done. The bond-slip properties
obtained from the pull-out models was later used as input in the four-point bending
models. The LWC used in the pull-out experiments differs from the concrete in
the four-point bending experiments. This was taken into account in the strength
parameters of the different materials, but the bond-slip properties were assumed to
be the same in all FE-models.

4.1 Pull-out tests

In this subsection, the FE pull-out models are described. Geometry and boundary
conditions as well as material parameters are presented in figures and tables. The
bond-slip model is described and also shown in a figure. Finally, a convergence study
of the analyses is presented.

4.1.1 Model

The models have the same dimensions and reinforcement configurations as the ones
in the experiment. The boundary conditions in the FE-model were chosen to mimic
the experimental setup of how the experiments were carried out, see Figure 4.1. The
left side was prevented from movement in horizontal direction and a support with
prescribed deformation, in load steps, was applied on the right side in horizontal
direction. The bottom long-side was also fixed in the vertical direction but was free
to deform in the horizontal direction. The only side that was totally free to deform
was the top long-side, thereby enabling the model to deform according to Poisson'‘s
effect. The same load step configuration, with a total 298 load steps, was used in
every pull-out analysis: 100 short steps with the length of 0.0001 in the beginning
and 198 longer steps with the length of 0.005 afterwards. The shorter steps in the
beginning were applied to get a detailed analysis of the first crack of the concrete.

17



4. Finite element analysis

A difference between the experiment and the FE-model was that, in the FE-model,
the reinforcement was placed 5mm from the edge in both ends to ensure that it
wasn’t affected by the boundary conditions.
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Figure 4.1: Picture of the FE-model used in the pull-out analysis, showing bound-
ary conditions and the applied load.

The material model used for the concrete was Total strain based crack model in
the Concrete and masonry class. The material data for the concrete is presented
in Table 4.1. The linear material- and strength properties of the concrete was the
same in the FE-models as the tested specimens in the experiments. The fracture
energy was set to 100[N/m], the value for fracture energy was first taken from table
(2.1.4 CEB-FIP Model Code 90), as the value 70[N/m]. When attempting to input
the fracture energy into the software, it was observed that the assigned value was
insufficient for the analysis to run successfully. Consequently, an iterative process
was undertaken, involving the exploration of various fracture energy values in order
to achieve a valid analysis. In the process, 100[N/m] gave a satisfying behaviour
and was therefore chosen for the concrete in all FE-analyses. To enable cracks
to be localised into one element column, the crack bandwidth was set to be one
element length. Linear elasticity was used to model the steel reinforcement. The
steel reinforcement in the pull-out tests was set to have a linear elastic behaviour
with a Young‘s modulus of 200[GPa]. The steel reinforcement was not at focus in
the pull-out tests and the loads were never at a level large enough to exceed the
linear elastic interval of the steel, therefore the steel reinforcement was simplified in
the analysis.

Table 4.1: Material data of the concrete used in the pull-out tests.

Class Concrete and masonry
Material model Total strain based crack model
Crack orientation Rotating

Tensile curve Hordijk

Compressive curve Ideal

Young’s modulus [GPa] 12.95

Poisson’s ratio [-] 0.2

Mass density [kg/m?] 1450

Tensile strength [MPa] 1.702

Fracture energy [N/m] 100

Crack bandwidth [m] 0.004

Compressive strength [MPa] | 19.2

The material model used for the carbon reinforcement was Bond-slip reinforcement
in the class Reinforcements with the bond-slip interface failure model set to CEB-
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FIB 2010 bond-slip function. The material data for the carbon reinforcement is
presented in Table 4.2. Von Mises plasticity was used in the FE-model with a
set yield stress limit of 3.53[GPa]. This means that carbon reinforcement in the
FE-model was assumed to has an elastic ideal plastic behaviour. This differs from
reality where the carbon reinforcement have a brittle behaviour. In Figure 4.3, the
plastic part is shown by dotted lines in the load-deflection curves. The plastic part
of the load-deflection curve was ignored in the analysis but shown in the graphs for
clarification. To be able to describe the bond-slip between the carbon reinforcement
and the concrete, a bond-slip curve was defined. The slip parameters have been
optimized so that the FE load-deflection curves resembles the curves coming from
the experiments. The maximum and ultimate shear stress parameters have been
calculated from the experiment data from the BC-50 specimen, using Eq. A.5 in
Appendix A.1. The curve point s, was set to 0.005 because a fixed value was
mandatory in the program. Due to that o = 1, the section between zero and s; was
linear, so in principal the value for sy could have been an arbitrary value between
zero and s;. In the model, s; and sy are in the same point which result in a direct
reduction in shear stress capacity after the maximum shear stress is reached. The
final bond-slip curve can be seen in Figure 4.2.

Table 4.2: Reinforcement properties and Bond-slip relation between the concrete
and the surface area of the reinforcement.

Class Reinforcements
Material model Bond-slip reinforcement
Nonlinear model Von Mises plasticity
Hardening function No hardening

Bond-slip interface failure model CEB-FIB 2010 bond-slip function
Young’s modulus [GPa] 230

Poisson’s ratio [-] 0.27

Mass density [kg/m?] 1770

Yield stress [MPal] 3530

Normal stiffness modulus [N/m?] | 1 x10™

Shear stiffness modulus [N/m?] 1 x10!

Maximum shear stress, 7., [MPa] | 3.109

Ultimate shear stress, 74 [MPal 0.892

Relative slip section, s; and so [m] | 0.008

Relative slip section, sz [m] 0.01389
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Figure 4.2: The final bond-slip curve defining the different variables used in the
Bond-slip material model.

Due to the many filaments in the cords, interfilament slip occur which reduces the
utilization of the reinforcement. A utilization ratio was calculated from the results
in the experiment analysis. This resulted in a utilisation ratio of 3.34[%)] taken
from BC-75, see Table A.2 in Appendix A.1. To express this, the cross-section of
the carbon reinforcement was reduced to match the strength of reinforcement in
the experiment test with BC-75 in every model. In this way, both the strength
and the stiffness of the carbon reinforcement cross-section were reduced with the
same percentage. Note that the contact perimeter was not reduced, resulting in full
contact area between the cord and the concrete in the Diana analysis, see Table 4.3.

Table 4.3: Reinforcement cross-section area, that was active in the analyses. The
contact perimeter between the concrete and the reinforcement.

Reinforcement type Truss bond-slip
Cross-section area of bar [m?] | 1.48 x107°
Contact perimeter [m)] 0.0236

4.1.2 Convergence study

The convergence study was carried out by performing BC-75 with three different
element sizes of 0.008, 0.004 and 0.002[mm]| respectively, see Figure 4.3. The aim
of this study was to see where the solution of the analysis between different ele-
ment sizes were showing similar results, this assured that the analysis were correct.
In the convergence study, the solutions converged between element size 0.004 and
0.002[mm]. In order to do faster simulations, the final element size was chosen to
the larger of the two. This element size was later used for all pull-out analyses.
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Figure 4.3: Effect of varying element size. Graphs showing the load-displacement
curves, from tests and analyses of pull-out test BC-75.

4.2 Four-point bending

In this subsection the FE four-point bending models are described. Geometry and
boundary conditions as well as material parameters are presented in pictures and
tables, also a convergence study over the analyses is described.

4.2.1 Model

The models, that were analysed in the software DIANA, had the same dimensions
and reinforcement configurations as the ones in the experiments. The FE-models
was limited to only analyze the specimens with one row of BC-reinforcement, this
was due to that the input data from the pull-out analysis only refers to separate
BC-reinforcement embedded in the concrete. The boundary conditions in the FE-
model was set to describe the way the experiments were carried out. The boundary
at the bottom left support was fixed in the horizontal and vertical direction but the
rotation was free. The boundary at the bottom right support was also fixed but
only in the vertical direction. The loads were applied as a prescribed deformation
in negative vertical direction, which was applied in the middle of both the upper
supports. The prescribed deformation was applied in loading steps, which simulates
the tested specimens in the experiment. To avoid local crushing of the concrete steel
plates with cubic shapes of 10x10[mm], have been put in between the concrete and
the load on the upper side and between the supports on the bottom side. These
steel plates extend through the whole depth of the cross-section of the beams, and
distributes the loads on to several elements in the model to avoid local crushing of
the concrete. The geometrical model is presented in Figure 4.4.
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Figure 4.4: Picture of the FE-model used in the four-point bending analysis,
showing boundary conditions and the applied load.

There was four different types of concrete in the beams. Each type of concrete was
created using the same material model in Diana (Total strain based crack model),
but some values in the model differs from each other. The same strength properties
were used for each of the concrete types in the experiment and the FE analysis.
The values can be seen in Table 4.4. Note that the crack bandwidth was set to one
element length, as cracks were assumed to localise into one element column. The
steel reinforcement in the reference beam, Beam 1, was modelled with the material
model Eurocode 2 EN1992-1-2, and can be seen in Table 4.5.

Table 4.4: The differences of material data for the concrete in the bending tests,
compared to the concrete in the pull-out tests, in Table 4.1.

Concrete type C1 C2 C3 C4
Young’s modulus [GPa] 35.36  12.08 12.70  8.45
Mass density [kg/m?] 2460 1450 1520 1260
Tensile strength [MPa] 3.61 1.37 1.25 1.05
Crack bandwidth [m] 0.0029 0.0029 0.0029 0.0029
Compressive strength [MPa] | 49.8 21.6 19.2 17.5

Table 4.5: Steel reinforcement properties in the reference beam, Beam 1.

Class Reinforcements
Material model Eurocode 2 EN1992-1-2
Young'’s modulus [GPa] | 200

Yield stress [MPa] 500

Peak stress [MPa] 575

Strain at peak stress [-] | 0.075
Strain at start decay [-] | 0.1
Ultimate strain [-] 0.12

The bond behaviour between the reinforcement and the concrete were taken directly
from the pull-out analysis. The only difference was that the area of the cord and
the contact perimeter have been doubled due to that there were two cords in the
bending tests. The bond properties can be seen on Table 4.6.
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Table 4.6: Showing the reinforcement cross-section area that were active in the
analyses of the four-point bending tests. Also the contact area between the concrete
and the reinforcement.

Reinforcement type Truss bond-slip
Cross-section area of bar [m?] | 2.96 x10~°
Contact perimeter [m)] 0.0471

4.2.2 Convergence study

In analyses of the bending tests, the element size was chosen to be as small as
possible in the software using the Education version. Therefore, the convergence
study was performed by choosing different loading steps in the analysis. Note that
the convergence study of the beams were performed differently from the pull-out
tests. The convergence study was carried out by performing the analysis of Beam
3, with three different number of load steps, 265, 530 and 1060 respectively. The
analyses were split up into two intervals, the first with shorter load steps, to get
a good analysis of the first crack, and the second with longer steps, see Table 4.7.
The aim of this study was to see where the solution of the analysis between different
load steps showing similar results. This assures that the analysis was correct. The
solution converged between load step 530 and 1060. Due to time consuming analysis,
the chosen number of load steps were set to 530. The results from the convergence
study can be seen in Figure 4.5.

Table 4.7: Number and length of the load steps in the convergence study, applied
in the four-point bending analysis.

Number of load steps | First interval Second interval
265 20 (0.001) 245 (0.004)
530 40 (0.0005) 490 (0.002)
1060 80 (0.00025) 980 (0.001)

23



4. Finite element analysis

Beam 3 Beam 3
20 20
18 18
16 16
14
g1 g
° -]
8 10 4
3 2
T8 E
= ©
6
4
2
0
0 10 20 30 40 50 60
Displacement [mm] Displacement [mm]
—Experiments ——FEA 530 load steps ——Experiments ——FEA 530 load steps
FEA 265 load steps ——FEA 1060 load steps FEA 265 load steps ——FEA 1060 load steps

Figure 4.5: Graphs showing the differences of the load-displacement curves, be-
tween various amount of load steps used in the four-point bending test.
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Results and Discussion

This chapter describes the results from the experiments and the FE-analysis and
discuss them.

5.1 Pull-out tests

The pull-out test resulted in pull-out failure for all specimens except for BC-75
which demonstrated tensile failure. This was also the result of the FE-analyses of
the specimens with the BC-reinforcement. The results will be presented and further
discussed in this section.

The load-displacement relation was logged during the pull-out tests. The results
can be seen in Figure 5.1 and Figure 5.2. The displacement over the crack opening
at the notch was logged and measured using DIC. The maximum force, F,,,, and
failure mode for each specimen can be seen in Table 5.1 together with the calcu-
lated maximum tensile stress in the reinforcement, o, 4., utilisation ratio U,, and
maximum average bond stress, 7,. For detailed calculations see Appendix A.1.

Straight bundle Braided cord
6 6
5 5
—4 — 4
2 2
= =
9 3 9 3
8 2

1] 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
Displacement [mm)] Displacement [mm]
SB-75 S$SB-150 ——SB-300 BC-75 BC-50 ——BC-65

Figure 5.1: Diagrams of load-displacement relation for the pull-out tests.
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Straight bundle Braided cord
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Displacement [mm)] Displacement [mm]
——SB-75 SB-150 ——SB-300 ——BC-75 BC-50 ——BC-65

Figure 5.2: Diagrams of load-displacement relation for the pull-out tests. Note
the different scales in the diagrams.

All the SB-reinforcement tests resulted in pull-out failure, which makes the actual
strength unknown. Thus the specimens with SB-reinforcement are excluded from
the FE-analysis. For the tests with BC-reinforcement, tensile failure occured for BC-
75 and pull-out failure for BC-50 and BC-65. The maximum tensile stress, 05 maq,
was therefore used from BC-75. The maximum tensile stress, o e, for BC-75 was
118.08 [MPa] which leads to a utilization ratio, U,,, of 3.34 [%], see Table 5.1. The
maximum average bond stress, 73, resulted in 3.11 [MPa] for BC-50, which was used
in the FE-analysis, see Table 5.1.

Table 5.1: Maximum load, tensile stress, failure mode, utilisation ratio of the
tensile strength and maximum average bond stress for each of the specimens. For
detailed calculations see Appendix A.1.

Specimen SB-75 SB-150  SB-300 BC-75 BC-50 BC-65
Fraz [KN] 1.19 1.59 1.94 5.22 3.66 3.62
Failure mode | Pull-out Pull-out Pull-out Tensile Pull-out Pull-out
Os.maz |[MPa] | 23.74 31.64 38.66 118.08 82.91 81.95
Us,. [%] 0.59 0.79 0.97 3.34 2.35 2.32

7, [MPa] 0.63 0.42 0.26 2.95 3.11 2.36

The FE-analysis resulted in tensile failure for BC-75 and pull-out failure for BC-50
and BC-65, showing the same results as the experiments. The load-displacement
curves from the analysis, in comparison with the experiments, can be seen in Figure
5.3. The FE-analysis and the experiments correlate with almost the same maximum
force in both BC-75 and BC-50 as well as with the similar tension build-up. The
correlation between the analyses for BC-65 was however not so good, because of
the lower bond properties in the experiment compared to the other specimen. A
difference in all the FE-analysis compared to the experiments was that the load at
which the first crack occur, was lower in the experiments. This could be due to the
handling of the tested specimens which could have induced cracks in the notch, thus
weakening the concrete. In the FE-analysis, the concrete in the notch was intact,
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5. Results and Discussion

which could explain the differences in tensile strength of the concrete before the first
crack occur.

Braided cord Braided cord
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60 75
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——BC-75 Test BC-75 FEA ——BC-50 Test ——BC-50 FEA

Braided cord
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© B N W > 0 o

o ~
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Figure 5.3: Graphs showing the results from each test of the different analyzes,

using the chosen element size of 0.004[m]. Note that the dotted line represents
tensile failure in the reinforcement.

The resulting stress distribution in the reinforcement at the maximum load are
shown in Figure 5.4, which confirms the different failure modes in the FE-analysis.
As can be seen, the anchorage length for the carbon reinforcement was considerably
larger on the left side which was due to weak bond between the cord and the concrete.
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Figure 5.4: Pictures showing the stress distribution in the reinforcement at the
maximum load. Also tables showing the stress levels with the capacity as the max-
imum value. The first picture is BC-75, the picture in the middle is BC-50 and the
last picture is BC-65.

5.2 Four-point bending tests

All the beams in the experiments were loaded to failure, and the governing failure
mode was flexural tensile failure for all the beams except the reference beam, Beam
1, and the SB reinforced beam, Beam 4. In Beam 1, the reinforcement reached the
yield stress limit but was never loaded to total failure of the reinforcement. Tensile
failure due to fracture of the reinforcement happened in all of the carbon reinforced
beams except Beam 4. In Beam 4, shear cracking with subsequent pull-out of the
reinforcement happened. Beam 1 had both the highest maximum load and the
smallest deflection, as well as the highest number of cracks. The crack pattern in
the carbon-reinforced beams displayed a higher degree of localisation, characterised
by fewer cracks with wider crack widths when compared to the reference beam. The
SB reinforced beam, Beam 4, was the beam with CFR that could withstand the
largest load after the first crack occurred.

The load, F,., and the displacement, wu.., at the first crack were taken from the
experiment data. The cracking moment, M., and the stress at the first crack, o,
were calculated using the equations in Appendix A.2.3. The results can be seen in
Table 5.2.
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5. Results and Discussion

Table 5.2: Load, displacement, moment and stress at the first crack for each of the
beams.

Beam 1 2 3 4 5 6 6° 7 8

F,, [kN] 21.5 161 4.0 72 147 13.0 109 12.0 114
U, (mm] |04 03 04 05 08 04 03 04 04
M, [kNm] |32 24 06 11 22 20 16 18 1.7
oo [MPa] |48 36 09 1.6 33 29 25 27 26

For the bending tests, the maximum stress in the reinforcement was calculated from
force equilibrium in the cross-section. The maximum stress in the reinforcement,
Os.maz, Was calculated from the case where the applied vertical force was at maximum
after the first crack, F},.., resulting in the maximum moment, M,,.,. The utilisation
ratios of the reinforcement were obtained by dividing the tensile stress with the
tensile strength of the reinforcement, given by the producer. This was also done
for the concrete at the outmost compressive part of the beam to determine the
compressive strength utilisation of the concrete. The failure modes and the results
from the calculations of the tested specimens are shown in Table 5.3. For detailed
calculations, see Appendix A.2.4.

Table 5.3: Maximum load after first crack, displacement, Failure mode, moment
and stresses obtained from four-point bending tests. Utilisation ratios for the re-
inforcement and the concrete. For the failure modes, FTF means flexural tensile
failure, FF means flexural failure, POF means pull-out failure and SF means shear
failure.

Beam 1 2 3 4 5 6 6’ 7 8
Frnaz [KN] 62.0 105 92 186 115 139 127 147 159
Upaz [MM)] 13.3 30.7 52.0 453 43.8 60.3 56.0 39.5 932
Failure mode | FF FTF FTF POF FTF FTF FTF FTF FTF
Myeo [kNm] |93 1.6 14 28 17 21 19 22 24
Osmaz |[MPa] | 568.0 96.2 88.9 180.7 105.6 1279 117.1 135.0 53.2
Oemas [MPa] | 290 46 27 55 51 61 56 65 4.0
Us, mmaw 170] 113.6 2.7 25 4.5 3.0 3.6 3.3 3.8 1.5
Uy oo [%] 582 93 127 254 102 123 113 130 8.0

In the following subsections, the first crack and the crack pattern at the final load
step are presented, along with the load-displacement diagram and cross-section for
each of the beams. For all the beams, except Beams 4 and 8, the results from both
the experiments and FE-analyses are presented together. It is worth noting that the
reinforcement ruptured in every beam with carbon fibre reinforcement in the FE-
analysis. This explains the abrupt cutoff of the curves in the diagrams. In Beam
1, which had steel reinforcement, most of the reinforcement yields at the final load
step, but no failure occured in the analysis. The maximum compressive stress in the
concrete was obtained from the integration points between the loading plates at the
top of the beam. The compressive stresses do not reach the compressive strength of
the concrete in any of the beams.

29



5. Results and Discussion

5.2.1 Beam 1

Beam 1 was a reference beam with steel reinforcement. In the FE-analysis, the
dimensions of the steel plates were doubled in size, compared to in the analyses of
the carbon-reiforced beams, to prevent local crushing of the concrete, as this beam
was subjected to higher loads. The number of load steps was also reduced to save
time while running the analysis. The load-displacement curve is presented in Figure
5.5. As can be seen in the graph, there is a small reduction in the FE curve: this is
explained by the first cracking of the concrete. The cracks progress in a scattered
pattern for both the FE-analysis and the experimental results, indicating a ductile
behavior, see Figure 5.5.

In the FE-analysis, the maximum compressive stress in the concrete was 17.1 [MPa]
and the tensile reinforcement reached the yield limit. However, no failure occurred
as the ultimate strain of the reinforcement was not reached.

Beam 1

u
o

Total Load [kN]
w B
o S}
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—Experiments ——FEA (285 load steps)

200

Figure 5.5: The cross-section for Beam 1 is presented together with the results
of the experiment and the FE-analysis. The crack patterns at different stages are
marked in the diagram. A - First crack in the experiment. B - Right before failure
in the experiment. C - First crack in the FE-analysis. D - Final load step in the
FE-analysis. Note the different scale in the diagram compared to the other beams.
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5. Results and Discussion

5.2.2 Beam 2

In the experiment, the crack pattern obtained included only a single crack positioned
at the midspan, whereas in the FE-analysis, two cracks were observed closer to the
loading points, see Figure 5.6. In the experiment, a plastic hinge was formed within
the cracked section, leading to an enlargement of the initial crack, rather than the
propagation of tensile stresses into additional cracks. Consequently, the deforma-
tion progressed without any significant increase of the load until the reinforcement
fractured. The lack of additional cracks indicates a brittle behaviour.

In the FE-analysis, the maximum compressive stress in the concrete was 23.1 [MPa)
which is lower than the compressive strength of the concrete. However, the maximum
stress in the reinforcement reached its capacity, which led to tensile failure of the
reinforcement in Beam 2 at point D in the diagram in Figure 5.6.
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Figure 5.6: The cross-section for Beam 2 is presented together with the results
of the experiment and the FE-analysis. The crack patterns at different stages are
marked in the diagram. A - First crack in the experiment. B - Right before failure
in the experiment. C - First crack in the FE-analysis. D - Final load step in the
FE-analysis. Note the different scale in the diagram compared to the other beams.
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5. Results and Discussion

5.2.3 Beam 3

In both the experiment and the FE-analysis, the cracks localised in a few larger
cracks, these grow in size until tensile failure of the reinforcement occurred, see
Figure 5.7. A difference between the two is that the beam in the experiment had
some crack propagation into additional cracks, resulting in a slightly more ductile
behaviour in comparison with the beam in the FE-analysis which had a brittle be-
haviour.

In the FE-analysis, the maximum compressive stress in the concrete was 7.0 [MPa]
which is lower than the compressive strength of the concrete. However, the maximum
stress in the reinforcement reached its capacity, which led to tensile failure of the
reinforcement in Beam 3 at point D in the diagram in Figure 5.7.
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Figure 5.7: The cross-section for Beam 3 is presented together with the results
of the experiment and the FE-analysis. The crack patterns at different stages are
marked in the diagram. A - First crack in the experiment. B - Right before failure
in the experiment. C - First crack in the FE-analysis. D - Final load step in the
FE-analysis.
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5. Results and Discussion

5.2.4 Beam 4

In the experiment, the cracks spread evenly between the supports which resembles
the behaviour seen for the steel reinforced beam, Beam 1. The failure of the beam
came from pull-out of the reinforcement close to the left support, see Figure 5.8. This
was due to the low bond strength between the SB-reinforcement and the concrete.
When the reinforcement started to slip, the shear crack increased rapidly in size
and the load capacity decreased. Since Beam 4 had SB-reinforcement and no tensile
failure occurred in the pull-out experiments, no FE-analysis was performed for this
beam.
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Figure 5.8: The cross-section for Beam 4 is presented together with the results of
the experiment. The crack patterns at different stages are marked in the diagram.
A - First crack in the experiment. B - Right before the large pull-out of the rein-
forcement occur.
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5. Results and Discussion

5.2.5 Beam 5

In the experiment, the crack pattern was localised to a single crack located near
one of the loading points. In the FE-analysis, however, two cracks are observed
closer to the center of the beam, as illustrated in Figure 5.9. Furthermore, in the
experiment, the deformation in the initial crack increased, instead of, propagation
into additional cracks. As a consequence, the deformation proceeds without any
substantial increase in the applied load until the reinforcement breaks. The absence
of additional cracks signifies a brittle behavior. Additionally, cracks along the rein-
forcement were also observed in the experiment, both at the top and bottom sections.

In the FE-analysis, the maximum compressive stress in the concrete was 22.8 [MPa]
which is lower than the compressive strength of the concrete. However, the maximum
stress in the reinforcement reached its capacity, which lead to tensile failure of the
reinforcement in Beam 5 at point D in the diagram in Figure 5.9.
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Figure 5.9: The cross-section for Beam 5 is presented together with the results
of the experiment and the FE-analysis. The crack patterns at different stages are
marked in the diagram. A - First crack in the experiment. B - Right before failure
in the experiment. C - First crack in the FE-analysis. D - Final load step in the
FE-analysis.
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5. Results and Discussion

5.2.6 Beam 6

For Beam 6, two experiment beams were tested, called Beam 6 and 6. Both beams
in the experiments displayed a ductile behaviour, with multiple cracks propagating,
see Figure 5.10. In the graph it is distinguishable where the cracks appear, it is
shown by the larger changes of the applied load. In the FE-analysis the cracks lo-
calised into two cracks only.

In the FE-analysis, the maximum compressive stress in the concrete was 24.7 [MPa]
which is lower than the compressive strength of the concrete. However, the maximum
stress in the reinforcement reached its capacity, which led to tensile failure of the
reinforcement in Beam 6 at point F in the diagram in Figure 5.10.

Beam 6 & Beam 6’
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Figure 5.10: The cross-section for Beam 6 is presented together with the results
of the experiment and the FE-analysis. The crack patterns at different stages are
marked in the diagram. A - First crack in the experiment (Beam 6). B - Right
before failure in the experiment (Beam 6). C - First crack in the experiment (Beam
6"). D - Right before failure in the experiment (Beam 6°). E - First crack in the
FE-analysis. F - Final load step in the FE-analysis.
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5. Results and Discussion

5.2.7 Beam 7

In the experiment, one central crack only appeared, while in the FE-analisys there
were two cracks closer to the loading points, see Figure 5.11. In the experiment large
lateral cracks occurred at the bottom along the reinforcement. This resulted in loss
of contact between the reinforcement and the concrete in the cracked section. For
this beam, the experiment was stopped before tensile failure of the reinforcement
occurred.

In the FE-analysis, the maximum compressive stress in the concrete was 15.6 [MPa]
which is lower than the compressive strength of the concrete. However, the maximum
stress in the reinforcement reached its capacity, which led to tensile failure of the
reinforcement in Beam 7 at point D in the diagram in Figure 5.11.
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Figure 5.11: The cross-section for Beam 7 is presented together with the results
of the experiment and the FE-analysis. The crack patterns at different stages are
marked in the diagram. A - First crack in the experiment. B - Right before failure
in the experiment. C - First crack in the FE-analysis. D - Final load step in the
FE-analysis.

36



5. Results and Discussion

5.2.8 Beam 8

In the experiment, only one crack at mid span appeared, see Figure 5.12. Large
lateral cracking occurred at the bottom along the reinforcement, thus resulting in
loss of contact between the reinforcement and the concrete in the cracked section.
The maximum capacity of the beam was slightly larger compared to the other beams
reinforced with BC-reinforcement, but this slight increase in capacity does not cor-
relate with the increase of reinforcement amount. The reinforcement configuration
with bundled cords seemed to result in uneven stress distribution between the cords:
some of the cords were subjected to tensile failure and some remained intact dur-
ing the testing of the beam. Since no pull-out experiment was performed for three
braided cords bundled together, no FE-analysis was conducted for Beam 8.
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Figure 5.12: The cross-section for Beam 8 is presented together with the results of
the experiment. The crack patterns at different stages are marked in the diagram.
A - First crack in the experiment. B - Just prior to the significant deformations
in the experiment. Note the different scale in the diagram compared to the other
beams.
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5.3 General observations and comparisons

The analysis demonstrated that the utilisation of the carbon fibres and the low bond
strength between the BC-reinforcement and the LWC were causes of concern. Large
cracks were created even for quite low loads and this resulted in very low capac-
ity after the first cracking of the concrete. In fact, the BC-reinforced beams were
barely, or not at all, able to carry higher loads after first cracking occurred. This is
a problem for the composite, as the composite is weaker after cracking than it was
before. In contrast, the steel reinforced beams, where the composite was able to
carry much higher loads when the reinforcement was activated. Only in one carbon-
reinforced beam could the load be increased after the first crack: for Beam 4 with
SB-reinforcement, which also displayed a similar crack propagation as the reference
beam, Beam 1. However, the low bond properties resulted in pull-out failure before
the reinforcement could be used to its full potential. It is interesting to compare
the utilisation of the strength of the carbon reinforcement in this four-point bend-
ing test with the corresponding one in the pull-out test with 300mm of anchorage
length, SB-300. Which had a utilisation ratio of the tensile strength, U,_, of 0.97[%],
see Table 5.1. In the four-point bending test the pull-out happened around 260mm
from the end of the beam at the shear crack and the utilisation ratio of the tensile
strength in the reinforcement, U,_, was 4.5[%], see Table 5.3. Which means that the
utilisation of the reinforcement was substantially higher in the four-point bending
test than in the pull-out test. A possible reason could be that the reaction force from
the support is increasing the frictional force between the concrete and the reinforce-
ment. Beam 4 also have the highest utilisation of the reinforcement strength of all
the beams with carbon reinforcement and was the only one with SB-reinforcement,
see Table 5.3. Thus, the braiding seemed to decrease the capacity of the carbon.
Yet, for the straight bundles, anchorage capacity is indeed an issue.
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Applications

The experiments have underlined the low utilisation rate and brittle behaviour of
the carbon reinforcement. The low bond strength between the materials leads to
long required anchorage length. Still, it is difficult for the reinforcement to transfer
the loads in an efficient way. In addition, when the cracking starts, the crack grows
rapidly in size. As a result, the material is not suitable for applications where ductile
behaviour and a high load capacity after cracking are required. One benefit of using
CFR is that it does not corrode. This makes the material effective in keeping its
strength properties for a long time even when used in harsh environments. Suggested
applications for this material are therefore focused on concrete structures subjected
to low tensile forces and in chloride environment. In the following sections, a few
suggested applications are presented. Most of the suggested applications are mainly
described and discussed, while for one of them (stocky columns), a FE-analysis was
conducted.

6.1 Stocky columns

Stocky columns constructed in a marine environment are an interesting application.
In this study, FE-models were created and analysed for such stocky columns. The
models created had a height of 1[m], and a circular cross section with a diameter
of 0.4[m]. The concrete used in the models was C2, which corresponds to the same
concrete utilised in previous FE analyses, see Table 4.4. The reinforcements used in
the models was shaped like a coil with an inner diameter of 0.34[m]. The coil reached
from the bottom to the top of the columns in 20 evenly spaced laps. The config-
uration of the reinforcement coil was chosen to have a spacing between the laps of
around 4[cm|. Two different reinforcement types were used in the two separate anal-
yses. One column had the same steel reinforcement as the one used in the reference
beam, Beam 1, see Table 4.5. In the other column, the same BC-reinforcement as
in the previous analysis was used, see Table 4.2. To make relevant comparisons, the
reinforcement configuration was identical in the models, except the reinforcement
area which is 8[mm)] in the steel coil and 7.5[mm)] in the BC coil. The bottom of each
column was rigidly fixed, preventing any movement or rotation in any direction. A
distributed load was applied on the top of the column, and increased stepwise until
failure took place, see Figure 6.1. The intention was to see how large load it takes
for the columns to break, after the lateral confinement is created.
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Figure 6.1: Model of a stocky column, with distributed load on top and boundary
conditions on the bottom.

A convergence study was conducted on the column with BC-reinforcement, with
element sizes of 0.02, 0.04, 0.08 and 0.16[m], see Figure 6.2. The convergence study
resulted in an element size of 0.04[m)].

Coiling the reinforcement around the outer edge of the columns, are creating a lat-
eral confinement which increase the load-bearing capacity. The aim of this analysis
was to compare how much the load-bearing capacity was increased when applying
the different reinforcement types. Due to the stockiness of the columns, the second
order effects can be disregarded in the models.

The total load that was applied at failure for the reference column was 2680[kN]
which correspond to the compressive strength of the concrete. The analyses showed
a small increase in load capacity using BC-reinforcement of roughly 2[%]| compared
to the column without reinforcement. The capacity of the steel reinforced column
was roughly 8[%]| larger than the column without reinforcement; thus the increase
in capacity was larger for the steel-reinforced than the carbon-reinforced column. It
is worth to note that both types of reinforcement have substantial tensile capacity
left. The tensile stress is a bit higher in the BC-reinforcement than in the steel
reinforcement, but due to the low utilization of the reinforcement area of the BC-
reinforcement, the force in the steel reinforcement is much larger than for the BC-
reinforcement. In Table 6.1 the capacity increase and reinforcement stress and forces
are displayed. The failure mode was crushing of the concrete in all analyses. The
differences in load capacity for the different reinforcement types are displayed in
Figure 6.2. The stress distribution within the reinforcement can be seen in Figure
6.3.
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Convergence study Stocky Columns
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Figure 6.2: Left diagram show the convergence study. The right diagram are
showing the differences in load-carrying capacity between the various columns. Note
the different scales.
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Figure 6.3: Pictures of the reinforcement stresses and tables over the highest stress
in the reinforcement. In the left picture the BC-reinforcement is shown and in the
right the steel reinforcement is shown.

Table 6.1: Table with maximum load and capacity increase for each column,
and maximum reinforcement stress and force for the columns with steel and BC-
reinforcement

Type Concrete  Steel BC
Maximum load [kN] 2680 2899 2734
Capacity increase [%)] Reference +8 +2
Maximum reinforcement stress [MPa] | - 78.8  90.2
Maximum reinforcement force [kN] - 3.961 0.133
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6.2 Floating pontoons

Floating pontoons is an example of another application subjected to low tensile
stresses and chloride environment. The lightness of the concrete is also beneficial
for the pontoons as it creates less down force than regular heavy concrete. The
loads on the surface of the pontoons is mostly compression due to water pressure.
The loads are also relatively low, which excludes the risk of cracking of the concrete.
Potential challenges include the load induced by the freezing of the surrounding
water or the risk of an impact load. Hence, if the pontoons were to be used in
a cold climate or be affected by impact, e.g. collision by boats, these would need
strengthening.

6.3 Culvert

Concrete culverts used for transferring water or sewage is also an appropriate appli-
cation for the material. In this application a round shape is preferred, as the round
shape distributes the load in compression.

6.4 Edge beams

Edge beams in bridges are exposed to a harsh climate with road salts and moisture,
which cause the concrete to disintegrate, and the reinforcement to degrade if steel
reinforcement is used. The primary function of the edge beams is to support the
pavement and the railing in bridge systems, so there is no need for high load capacity
of the elements. However, the risk for cracking due to restraint forces as well as the
risk for impact loads, makes it questionable if the material is suitable for this appli-
cation. To be able to reduce the crack widths coming from the restraint cracking,
a better bond strength is needed between the concrete and the BC-reinforcement,
and to be able to secure the impact loads better ductility is needed.

6.5 Discussion

Possible applications of the material was considered: stocky columns, floating pon-
toons, culverts and edge beams. It was difficult to come up with structural applica-
tions for the composite in question. For most applications, it is crucial for concrete
structures to have a large load-carrying capacity after cracking, and a ductile be-
haviour is also most often highly desirable. Due to the brittleness of the material,
the only applications that were considered relevant were when concrete was not ex-
posed to cracking due to tensile stresses. One application that may be of interest is
the stocky columns where the reinforcement is able to create a lateral confinement,
thus, creating a composite the has a slightly better load carrying capacity, but still
not as good as with steel reinforcement.
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Conclusions

The results obtained from the pull-out experiments revealed a significant weak-
ness in the bond strength between the carbon reinforcement and the concrete. This
weakness creates a need for the use of longer anchorage lengths. However, simply in-
creasing the anchorage length does not resolve the issue, as interfilament slip within
the reinforcement leads to a low utilisation of its strength. In the four-point bending
tests, the beams reinforced with CFR exhibited the occurrence of large cracks, and
failure took place at significantly lower loads compared to the reference beam. One
notable distinction between the SB-reinforcement and the BC-reinforcement lies in
the stronger bond between the BC-reinforcement and the concrete.

During the beam tests, the SB-reinforced beam demonstrated a higher load-carrying
capacity than all BC-reinforced beams. The FE-model developed for simulating the
pull-out experiments yielded comparable results to the actual experiments. The
bond-slip model implemented for the BC-reinforcement also proved effective when
applied in the FE-analyses of the beams loaded in four-point bending, producing
results in close agreement with the experimental data. One difference though, was
that, the FE-analyses did not exhibit the propagation of additional cracks, which
was seen in some of the experiments.

The material model was employed for a study of stocky columns with BC-reinforcement,
which was compared with models of steel-reinforced and unreinforced columns. The
load-carrying capacity of the reinforced column surpassed that of the unreinforced
column, yet it was smaller than the load capacity observed in the steel-reinforced
column. As a suggestion for future research, it would be valuable to investigate the
composite’s behavior under different carbon reinforcement impregnation methods.
Improved impregnation is likely to enhance bond properties and enable a more effi-
cient utilisation of the reinforcement, leading to an overall improvement in composite
performance. This, in turn, could position LWAC with CFR as a viable option for
structural elements, particularly in chloride-rich environments where the composite
could offer significant advantages.

In conclusion, this thesis aims to provide valuable insights for future research en-
deavors in this field. It is hoped that the findings presented contribute to the
advancement of knowledge and pave the way for the integration of LWAC with CFR
in the construction of structural components.
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Appendix 1

A.1 Pull-out test

In Table A.1, the embedded lengths, [, and tensile strengths of the reinforcement,
f+, presented together with the maximum force, Fj,.., obtained from the tests. For
the BC-reinforcement, the lowest value from the manufacturer was chosen for f;.

Table A.1: Input data from the test set-ups (embedded length, I, and tensile
strength, f;) and the maximum force, F),,,, obtained in the tests.

Specimen | SB-75 SB-150 SB-300 BC-75 BC-50 BC-65
[ [mm] 75 150 300 75 50 65

fi [MPa] | 4000 4000 4000 3530 3530 3530

Fraz [kKN] | 1.194  1.590 1.943 5.216  3.663  3.620

The diameter of the reinforcements, &, was 0.008m for the specimens with SB-
reinforcement and 0.0075m for the specimens with BC-reinforcement. The area, A,
for each type in Eq. A.1-A.2.

T x @2 7w x0.0082

Assp=—r—= 1 = 5.02655 x 10~°m? (A1)
2 0.00752
Aspo =" Xf = DI 41786 % 100 (A.2)

From the values in Table A.1 and the area of the reinforcement was the tensile stress
in the reinforcement, o 4, the utilisation ratio of the tensile stress, U,,, and the
shear stress between the concrete and the reinforcement calculated, see Eq. A.3-A.5

and Table A.2.

E
— max A.
Os,max As ( 3)
o
U,, = Zumes Ad
f Ay
Fmax
" o X (45)
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Table A.2: Calculated values of maximum stresses, the utilisation ratio of the
reinforcement strength and the maximum mean shear stresses between the concrete
and the reinforcement.

Specimen SB-75 SB-150 SB-300 BC-75 BC-50 BC-65
Os.max [MPa] | 23.744  31.640 38.656 118.077 82.910 81.950
Us,, [%] 0.59 0.79 0.97 3.34 2.35 2.32

7, [MPa) 0.633  0.422 0.258 2.952 3.109  2.364

A.1.1 Inter-filament slip

Inter-filament slip can only be analysed from the test where the reinforcement are
exposed to tension failure. Tension failure happened for the BC-reinforcement with
an embedded length of 75mm, BC-75. In the analyse, the inner filaments in the
reinforcement was assumed to not contribute to the load carrying and the stresses
in the inner filaments are therefore set to zero. The utilised area with full bond to
the LWC was expected to have an even stress distribution between filaments and
the maximum stress in the filaments was set to f; = 3530M Pa, the lowest strength
value given by the manufacturer.

The inter-filament slip leads to a lower utilisation of the area and the utilised area,
As utitised, Bc—75, and the utilised ratio, Uy,, was calculated with Eq. A.6 and A.7.

Fmax - —
As utilised, BC—75 = f’iim = 1.478 x 107%m? (A.6)
t,BC—T5
As utilise -
Uy, = 2 Ad’BC B = 3.34% (A.7)

The diameter of the area that’s not utilised was calculated with Eq. A.8-A.11 and
the result is visualised in Figure A.1.

T X A oputitised, BO—75
As = As,utilised,BC—75 + 4 (A8)
2
T X d -
notutilised, BC—T5
= = As - As,utilised,Bcfﬁ) (Ag)

4

(As - As,utilised,BC—75) x 4
T

= dnotutilised,BC’—75 = \/ = 0.00737m = 7.3Tmm (AIO)

dno utilise -
! ”;BC "~ 98.31% (A.11)
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B Utilised area
| Not utilised area
| Concrete

Figure A.1: Showing the ratios between utilised and not utilised area in the rein-
forcement cross-section.

A.2 Four-point bending test

A.2.1 DMaterial data

The material data that was tested for each of the beams at the Structures Lab-
oratory at Chalmers University of Technology, the compressive strength, f.,,, and
the apparent density, p, was obtained from the tests. The values of each materials,
modulus of elasticity, E.,, and the concretes different tensile strengths, the 5-%
fractile top value, feir 0.95, and the bottom strength value, fe.0.05, as well as the mean
values of the tensile strength, f..,, was calculated using interpolation between the
different categories in Table 3.1 in (European committee for standardization, 2004),

see Table A.3.

Table A.3: Material properties for each of the concrete types. Values obtained by
interpolation of values in Table 3.1 in EC2. Note that this not the final modulus of
elasticity and tensile strengths of the types that are LWC.

Concrete type | C1 C2 C3 C4

fem[M Pa] 498 21.6 192 175
p[£4] 2460 1450 1520 1260
Eem|GPal 35.36 27.80 26.60 25.75

fctkjo.og)[Mpa] 2.57 1.18 1.06 0.98
fetm[M Pal 3.61 1.75 155 1.25
fetkoos|MPa] | 471 220 190 1.69

The factors ng and 7, see Eq. A.12-A.13 and Table A.4, are multiplied with the
interpolated values in Table A.3 to obtain the final material properties for LWC, see
Eq. A.14-A.17 and Table A.4. The equations taken from Table 11.3.1 in (European
committee for standardization, 2004)

e = (22p00>2 (A.12)
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p

M= 04406 x 5o (A.13)
Eiem = Eem X NE (A.14)
fietk,0.05 = fetk,005 X T (A.15)
Jictm = fetm X m (A.16)
fictk,0.95 = fetk,095 X T (A.17)

Table A.4: Final material propeties for the LWC types.

Concrete type | C1  C2 C3 C4

nel—] - 043 048 0.33
(-] - 08 081 0.74
Eien|GPal - 12.08 12.70 &8.45
flctk’o.of)[MP(l] - 0.94 0.86 0.73
fretm|[M Pal - 1.37 125 1.05
fictk0.95|M Pal | - 1.75 155 1.25

A.2.2 Moment in four-point bending test

P2 P/2 [mm]

Ra Rp

X

| | | | | |
150 300 300 300 150

Figure A.2: Setup of the bending test with global measurements, loads and reac-
tion forces.
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Vertical equilibrium:

P/2

P P
T'RA+RB_§_§_O
Due to symmetry:
P

RA - RB - 5
Section at Om < x < 0.3m:

Ra

=X

Figure A.3: Section at Om < x < 0.3m.

Moment around z:

N Ry xax—M(x)=0
= M(x)=Raxz

P
= M(03) = 5 x 03

= M(0.3) = 0.15P

Section at 0.3m < x < %:

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)
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P/2

Ra
X

Figure A.4: Section at 0.3m < x <

ot~

Moment around z:

P
m:RAxx—ix(x—O.S)—M(x):O

P
:>M(x):RA><a:—§><(x—O.3)

P P P
= M(0.45) = o x 045 — o x (045~ 0.3) = 5 x (045~ 0.15)

= M(0.45) = 0.15P

Moment diagram between the supports:
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P/2 P/2

——x

M(x)

-

0.15P

B

Figure A.5: Moment diagram in the beam between the supports. Maximum
moment is 0.15P.

A.2.3 First crack

(A.26) = M, = 0.15 x F., (A.28)
= OLXO0B gt (A.29)
=T T 12 T " '
Mcr
Oer = X z (A.30)
Iy

Table A.5: Showing the force in which the first crack appear in the concrete, as
well as the cracking moment and the cracking stress for the first crack.

Beam 1 2 3 4 5 6 6 7 8

F,, [kN] 21.5 161 4.0 72 147 13.0 109 12.0 114
M, [kNm] |32 24 06 11 22 20 16 18 1.7
oo [MPa] |48 36 09 16 33 29 25 27 26

A.2.4 Maximum stresses

The maximum stresses was calculated from the maximum moment, M,,,., from the
force-equilibrium in the cross-section, see Figure A.6.
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Lo

v\rix

™ M(x)

Fs

Figure A.6: Model over force-equilibrium in the cross-section in the beam after
the first crack have appeared.

It can be seen in Figure 3.5 that Beam 5-8 has different layers of concrete. To adapt
to this was the height of the compression zone, x, first assumed to be less than the
height of the top layer, x < ih.

(A.31)

Table A.6: Young’s modulus for the reinforcment and the concrete in the top of
the beam, together with o and the number of reinforcement bars, n.

Beam 1 2 3 4 ) 6 6’ 7 8
E [GPa] 200 230 230 240 230 230 230 230 230
Eemiop [GPa] | 35.36  35.36 12.08 12.08 35.36 35.36 35.36 35.36 35.36
a [-] 57 6.5 190 199 65 65 65 65 6.5
n [ 2 2 2 2 2 2 2 2 6
T X &2
As = 7 Xn (A.32)
(bxx)xg:ax/lsx(d—x) (A.33)

Table A.7: Reinforcement area, A,, and neutral plane, x, for each of the beams
tested in four-point bending

Beam 1 2 3 4 ) 6 6’ 7 8
A [107* m?] [ 1.005 0.883 0.883 1.005 0.883 0.883 0.883 0.883 2.651
x [m] 0.039 0.040 0.062 0.066 0.040 0.040 0.040 0.040 0.062

For Beam 8: z > % Not Ok! = Assume 2 <z < h (only for Beam 8):
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Eermpots = 845G Pa (A.34)
h h h h x—h
(" " 4) XEWX?(‘) " ( - 4>> B <4 + ) - Pdax(d=)
(A.35)
= xg = 0.076m (A.36)
T
My = Fy x (d - 3) (A.37)
T
= Mmaa: = Os,maz X As X (d - 3) (A38)
Mmam
= Ogmaz = ——7 (A.39)
Agx (d—%)
O-C max
’2 X b X2 =0sma X As (A.40)
2X 0 x A

= Ocmazr = sliiscd . A 41
e, bxzx ( )

For Beam 1: o
UUS mazx = e <A42)

’ fyk
For all beams except Beam 1:

o
Us,ow = nma A .43
UJC max = O-C’max (A44)

' fck,top

Table A.8: Results from the hand calculations for the beams tested in four-point
bending.

Beam 1 2 3 4 5 6 6 7 3

Foae KN] | 620 105 92 186 115 139 127 147 159
Mpoo kNm] |93 16 14 28 17 21 19 22 24
Osmaz [MPa] | 568.0 108.8 100.3 180.7 119.4 144.6 1324 152.7 61.6
Oemas [MPa] | 290 49 29 55 53 65 59 68 43
Usoooo [%] | 1136 31 28 45 34 41 38 43 17
Uprow [%) | 582 97 132 254 107 130 119 137 86
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