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Abstract

Cracks in concrete structures have an effect on both the durability and the visuals of the structure.
Therefore, it is important to control the cracks in reinforced concrete structures. This thesis address
the difference in concrete cover thickness and how it affects the crack spacing and width. The
concrete cover thickness is an important parameter when calculating the crack spacing and width
of a reinforced concrete structure. From the Eurocode 2 and the Model Code 2010 the concrete
cover is very deciding when calculating the crack spacing and width. This thesis compares the
results from an experiment consisting of three different cover thicknesses against the results using
the calculations from the current standards. Earlier studies suggests that the formulations in the
current standards regarding the crack spacing and the crack width are questionable. The experiment

for this thesis contained of testing six reinforced concrete specimens by applying axial tensile load.
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1 Introduction

1.1 Background

Cracks in reinforced concrete (RC) structures are controlled at the design stage by limiting the
calculated crack width. Axial tensile experiments of RC ties are one of the main experiments used to
develop these existing crack width calculation models. Axial tensile experiments are commonly done
with RC specimen with a single reinforcement. However, it has been identified that such experiments
are unable to simulate the actual behaviour of RC members in practice. Therefore, researchers are
currently focusing on axial tensile experiments with several numbers of reinforcement bars. These
experiments require special testing rigs which are available at the IKM laboratory in Tananger.
Conducting an axial tensile experiment with multiple reinforcement bars allows identifying the
behaviour of crack governing parameters in RC members. Results of such experiments can be used

to improve the existing crack width calculation models.

1.2 Objective

The objective of this thesis is to study the effect of concrete cover on the cracking behaviour in
reinforced concrete structures. In this study, the concrete cover thickness 35mm, 60mm and 85mm

has been studied.

1.3 Overview

The thesis is divided into 7 chapters. The first chapter consists of an introduction and provides the
background. The second chapter contains the literature review and the crack spacing and crack
width models are introduced in this chapter. The third chapter explains materials and methods
used for the experiments. The results are presented in the fourth chapter, while the comparisons
between the experimental findings and literature appear in chapter five. Respectively, the discussion

and conclusion are found in chapters six and seven.



2 Literature Review

2.1 Importance of controlling cracks in reinforced concrete structures

Controlling the cracks in reinforced concrete is important and necessary in order to handle issues
concerning the durability and the visuals of the concrete. Larger cracks in the concrete would affect
the visual presentation for the public, and make them believe there is a structural problem that
can lead to danger. In general, cracks in reinforced concrete will often lead to issues with either the
durability of the concrete or the reinforcement. Cracks allows water to enter the concrete which
may lead to mechanical weathering. Other factors as oxygen and chloride, in the same way as

water, may reach the reinforcement in the concrete and may cause deterioration and corrosion.

When cracks occur in the concrete, the reinforcement is forced to carry the tensile force.
The compressive strength of the concrete is estimated to be ten times larger than the tensile
strength. With reinforced concrete we have both compressive and tensile strength. As mentioned,
cracks can affect the durability and the strength of the concrete. According to research, the concrete

will not be endangered if these factors are present:

1. Small crack widths
2. Concrete cover of the reinforcement is sufficient

3. The mixture composition of the concrete meets requirements regarding durability and

strength

When designing a normal concrete structure, the crack width limitation will not decide
how the concrete will be designed. The crack width is important when the structure is designed
to places with for example tough environmental conditions, or when there is a low reinforcement

ratio.



2.2 Crack width control criteria at design stage of structure

The current standards do not clearly define the concepts of mean, characteristic and maximum
values, regarding the crack spacing and the crack width. This lack of definition can cause problems

for their users. The verification equation for the crack width is written below: [4]
Wd < VVlzm

Where Wy is the characteristic crack width and W;,, denotes the nominal limit value of

the crack width considered at the concrete surface. [4]

The design value from the current standards is either a maximum characteristic value or
the value is very close to the maximum. The issue with this value is that it does not impact the
safety of the structure, but it is used for verification purposes in serviceability limit states. From
the studies of Barre et al.(2016) [4], it is mentioned that this approach is not desirable when the

water- or air-tightness requirements must be justified, fulfilled or equivalent. [4]

2.2.1 Crack width control in EC2

The calculations of crack width from the Eurocode 2 are mainly focused on the formation of cracks
for a longer period of time. From the Eurocode 2 the crack width (Wk) can be found by multiplying
the maximum crack spacing with the mean difference of the strain in the reinforcement bar (esm)

and the strain in the concrete (ecm). [5]

Wk = Sr,maz (Esm - 6mn)

The mean stress difference between the reinforcement and the concrete can be calculated
like this:

Os — kt );;;:;c: (1 + aePp,eff)
€sm — €em = - E
s

0s - stress in the tensile reinforcement assuming an elevated cross section.



e - relationship between Es / Ecm

E, - Young’s modulus for steel

FE.p, - Young’s modulus for concrete

(As+€14p)

Pp.eyy - reinforcement ratio, defined by ~7¢- D)

Where A, ¢ is the effective area of the concrete tensile zone that surrounds the reinforce-

ment A, is the area of pre-stressed or post-stressed rebars in the effective area A. c¢y.

&1 - the adhesion ratio defined by: 5(‘1:5)

ép
k; - is a factor that depends on the loads duration
k; = 0.6 for short-term load
k1 = 0.4 for long-term load
One of the main factors when calculating the crack width is the maximum crack spacing,
Sr.maz- The maximum crack spacing is defined by factors as the bar diameter (¢), the concrete

cover (c) and the effective steel area (Pp,eff). The magnitude of the impact of the cover concrete

and reinforcement bar is determined by four different constants: ki, ko, k3 and k4.

_ kikokad
Sr,max = k?)c + I;P;Jff

k1 - 0.8 with ribs on the bar and 1.6 without ribs
ko - Load distribution: 0.5 for bending and 1.0 for axial tension
ks - Cover impact: 3.4 recommended by NS-EN 1992-1-1

k4 - Reinforcement bar impact: 0.425 recommended by NS-EN 1992-1-1



2.2.2 Crack width control in Model code 2010

The characteristic crack width is determined by the maximum transfer length and the relative mean

strain. The maximum crack spacing s, yq, from Eurocode 2 is related to the transfer length in the
Model Code 2010 and can be understood like this: 2l ez = Srmas [4] The crack width is defined

by:

below:

Wq = 2ls,max(€sm — €em — 6cs)
€sm - average steel strain over the length ls,max
€cm - average concrete strain over the length Is,max

€cs - strain of the concrete due to shrinkage

The equation can be rewritten for calculating crack width under bending and tensile cases:

Axial tension: Wy = 2l maz€m
Bending: Wy = 21, macemF

€n - mean strain difference of steel and concrete

The l5 pmqe can be found by the equation below:

fctm * ¢S

- 1
ls,max - k *C + 4 * Tbms DPs,ef

The mean strain difference is defined by the equation below:

_ os—pBx0o
€sm — €cm — €cs = E S — My ¥ Esh

s

o, - steel stress in the crack

0sr - maximum steel stress in a crack, in the crack formation stage, defined by the equation

Osr = %(1 +aeps,ef)



As
c.eff

Pser =7
@ - is the modular ratio = Es/Ec

B - is an empirical coefficient to assess the mean strain over the transfer length decided
by the table below

N, - coeflicient considering the shrinkage

€sn - shrinkage strain

Crack formation stage | Stabilized cracking stage
Short term, Toms = 1.8 % ferm (t) Toms = 1.8 % ferm (t)
instantaneous 5 =0.6 B =0.6
loading =0 Ny =0
Toms = 1.35 % ferm (t) Toms = 1.8 % ferm (t)
Long term,
. p=0.6 £ =04
repeated loading
Ny =0 Ny =1

Table 1: Values for Ty,s, 8 and 7, [3]
3.8

As shown, the calculations from the Eurocode 2 and the Model Code 2010 are respec-
tively similar. An important parameter in both standards are the maximum crack spacing, or the
maximum transfer length. It is clear that in both cases the cover of the concrete is crucial for the

calculations of the crack spacing and later the crack width.

2.3 Crack Spacing models in literature

Over the recent years many studies have been done to examine the behaviour of the crack spacing
and width. Recent studies have identified that crack spacing increases with the concrete cover, both
in flexure and axial tension. Many of these studies have been conducted to identify the effect of the
reinforcement layout. [1] Through these studies we learn that researchers are disagreeing on certain
parameters. For example Rimkus et al.(2019) [6] have concerns regarding the correlation between
the width of the crack and the ratio ¢/pp.csr and if the characteristics of the reinforcement have
any impact on the crack width at all. Other researchers, like Tan et al.(2018) [7] think that the
characteristics of the reinforcement probably should play a bigger role in the calculations from the

EC2 and the MC2010. For this thesis, there were conducted experiments with only one size in the



bar diameter. There seems to be very few questions from researchers about the importance of the
concrete cover, but the recent studies are debating whether or not the calculations from the current

standards are sufficient in the design stage of the structure. [6] [7]

2.3.1 Bond-slip theory

The bond-slip theory was first introduced by Saliger in 1936 [1], and this theory addresses how the
concrete behaves when there is a slip between the reinforcement and concrete. The slip will be
largest at the crack and decreases when moving further away from the crack. Because of the slip,
the concrete strain is different to the strain in the reinforcement. When there is no slip between

two cracks, the strain in the concrete and the reinforcement can be considered similar. [1]

2.3.2 No-slip theory

Broms first introduced the no-slip theory in 1965 [1], and unlike the bond-slip theory it is assumed
that there is no slip between the concrete and the reinforcement. With the assumption that there is
a perfect bond, no slip, between the concrete and the reinforcement, the crack width will in theory
be zero at the reinforcement. The stress is spreading when moving away from the crack, and the
distance from the crack to where the uniform stress distribution of the concrete specimen becomes

proportional to the concrete cover thickness. [1]

2.3.3 Saint-Venant’s principle

The principle of Saint-Venant, after Jean Claude Barré de Saint-Venant, is a principle regarding
statistically equivalent loads. With a distance isolated from the region where the load is applied,
the stress and strain in the body will be uniform for any boundary condition, as long as it is an
equivalent resultant load. Naotunna et al.(2020) [1] compares the no-slip theory and Saint-Venant’s
principle. The uniform stress distribution of the concrete specimen becomes proportional to the

concrete cover thickness. [1]



2.4 Experimental investigation of cracking behavior in reinforced con-

crete components

The experiment for this thesis is conducted by applying axial tensile load onto a concrete speci-
men with four reinforcement bars. The investigation for this experiment is to check the cracking

behaviour in reinforced concrete components with different cover thickness.

2.4.1 Axial tension test

Usually, the axial tension tests are executed with a single reinforcement bar and often shorter
specimens. With this type of experiment it has been experienced that there will be produced fewer
cracks. With that in mind, the experiment conducted for this thesis tests larger specimens with four
reinforcements bar. By using 2000-mm-length specimens there will be generated more cracks with
more data of crack spacing. To generate more cracks the specimens were designed to have a lower
concrete cover thickness and a higher effective steel area. For this thesis, there were conducted
experiments on specimens with various concrete cover thickness to observe the behaviour of crack
spacing with different cover thicknesses. Therefore, six specimens of 300mx300mx2000mm were cast
with two specimens of each of these cover thicknesses; 35mm, 60mm and 85mm. The specimens
were cast with four 32-mm-diameter bar and they were threaded to fit with M24 nuts. The form
work was made to keep the reinforcement in place to get the right cover thickness. Due to the
large specimens, the axial tension test could not be completed with a conventional displacement-
controlled testing machine. Therefore, the specimens were shipped to the IKM Laboratory in
Tananger, Norway where the tensile load could be applied with a ”force-controlled” bench. This
made it possible to control the tensile force applied to the specimens, and it was decided to increase
the load in 100kN steps. The load was applied to the reinforcement, through the nut and bolt
mechanism. Since the reinforcement bars were cut to be 2500mm long, the load connections was
made from a standard HEB S355 1000 beam that was cut to fit the specimens. To connect the load
connection to the specimen, holes were drilled for the reinforcement and one hole for the connection
to the testing bench on each side. As explained later in the thesis, the load connections were
designed and checked for it to handle the tensile, shear and tear-out failure modes separately. From

the calculations shown later in the thesis, the load connections should withstand a load of 90 tons.



2.4.2 Four point bending test

Four point bending test, often called four point flexural test, is often used on brittle materials,
such as concrete. The test is used in order to determine different properties of the concrete. From
the test properties such as Modulus of elasticity in bending E¢, flexural stress o¢ and the flexural
strain €;. From the results the stress-strain response from the material can be found. The four

point bending test was not performed for this thesis due to lack of materials.



2.5 Limitations and challenges in testing methods

During the entire process we happened upon a large variation of problems. Early during the process
the largest difficulties were to find different literature and simply understanding the topic, but we
have also faced some practical issues. Instead of ordering the form work, we had to make it from
scratch. As we have explained later during methods we had to make the design cost efficient
combined with the pressure on time. Because of the time it would take, we had to focus on the

practical before the theoretical.

When we had finished the form work for the six beams, we ordered the concrete. From
a previous project we had 12 of the rebars. The other 12 had to be threaded at the machine lab
at UiS. There were slight issues during the threading procedure. Because of the size, it had to be
manually threaded. During the concrete process we did not have any issues. During the hardening
process we could do the steel connection design, as well as starting the theoretical work. The steel
design was also quite forward. Due to the pandemic, most of the work had to be done from home.

Gaining access to the correct standards for the calculation did produce some minor issues.

After the concrete was hardened and the steel parts arrived. We could finally check the
load connections on the reinforced concrete beams. Some displacements in the reinforcement due
to the form work in combination with some displacement of the holes in the load connection, led to
them not fitting. We had to manually increase the sizes of the holes on the load connections. After
the holes was made larger, the increased dimensional movement helped so the load connections

would work. When everything were in place we went to the IKM laboratory in Tananger in order

to do the axial tensile strength tests. The day before the tests we prepared the LaVision DIC
system in order to do the crack width and stress analysis. During the tests, there were no major
issues. As calculated, the steel parts would malfunction before the concrete at a force around 90

kilo-newton, depending on the concrete cover.

After the tests were completed at IKM, the data-set were used to analyze the stress/strain
and the crack width with the DIC. Problems were encountered during this process. Due to several
issues, the DIC did not work appropriately. The main problem was the calibration of the software
that was done during the tests. Throughout the test, it did not seem like there was any problems
with the calibration. The problems were first encountered when starting the analyzing part. This
may have occured for several different reasons. After conversations with the LaVison correspondent,

the main problem from our dataset is the angle from the camera towards the test specimen. On
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account of the test set up at IKM, there were not any suitable ways to get a proper data set. In
combination with the lack of lighting and some inadequate speckle pattern, the analysis could not
be accomplished. Without the DIC analysis we could not investigate the experimental crack width

as well as the stress and strain in the specimens at the maximum applied tensile load.

During the testing of the concrete some complications occurred. With the fresh concrete,
there were no opportunities to carry out the slump test, nor the air content test. This was because
of a lack of sufficient time and materials at the specific day. These tests must be done while the
concrete is fresh and with the same concrete batch our specimens were made from. The slump test
would verify the workability of the concrete, as well as to see if it has a correct amount of water
in the concrete mix. The air content is measured in percent. The amount of air in the concrete
affects the characteristics of the concrete. During the testing of the hardened concrete specimens,
some more obstacles took place. As discussed later during the results of the experiments, a number
of two test specimens for each test might not be enough to verify the results. With at least three
or more specimens, an uncommon result could be neglected. Comparing the test results from our
specimens with other students, we can get some understanding whether the results are acceptable
or not. During the Young’s Modulus test , there have been complications for all students that have
finished the test.

After all the tests were completed, the crack spacing had to be measured manually. Insuf-
ficient tools to measure the cracks may cause some inaccuracies. With the naked eye, most cracks
were not possible to see. With the help of a microscope from Ivar Langens at UiS, the cracks could

be seen and marked to some extent.
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3 Materials and Methods

3.1 Experimental plan

The experimental plan of this project is based on a lot of practical work in advance of the tests.

First of all, the reinforcement and formwork had to be ready before the concrete casting. The

table below shows the objectives for the experiment and when they were due. From the table, it is

noticeable that the reinforcement and formwork had to be done by 28.02.2021 in order to complete

the concrete casting in time. Since the concrete needed at least 28 days to harden, it was crucial

that the objectives prior were completed.

Task/Test Machines and Instruments Due date
Reinforcement threading Machine Lab UiS 28.02.2021
Formwork Tools from Ivar Langens Hus 28.02.2021
Concrete casting Concrete truck at Ivar Langens Hus 09.03.2021
Load connections Tools from Machine Lab UiS 09.03.2021
Compressive test Test apparatus at Ivar Langens Hus 17.03.2021
Young’s modulus test Test apparatus at Ivar Langens Hus 17.03.2021
Splitting tensile test Test apparatus at Ivar Langens Hus 17.03.2021
Fracture energy test Test apparatus at Ivar Langens Hus 26.03.2021
Main test ”Force-controlled” bench at IKM Tananger | 09.03.2021

Crack width and strain management DIC Instrument 09.03.2021

Table 2: Experimental plan
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Figure 3.1: Cross section of test specimens
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Figure 3.2: Details of the formwork

3.2 Formwork preparation

To cast all six specimens at once, it was necessary to make formwork for all of them. Wood was used
as the material for the formwork. When using wood as formwork, it is easier to shape it and it is
easier to disassemble after the concrete has hardened. For the project it was required six formworks
with dimension 300x300x2000mm. As seen in the figure 3.3 the holes made for the rebars were
made in the formwork. The reinforcement will be inside the formwork before the casting of the

concrete specimens.

(a) 35 mm cover (b) 60 mm cover (c) 85 mm cover

Figure 3.3: Formwork without reinforcement
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(1) Fesh concrete 35 mm (2) Fresh concrete 60 mm (3) Fresh concrete 85 mm

Figure 3.4: Fresh concrete

During the casting, the fresh concrete was tamped with several strokes in order to compact
the concrete. Without compacting the concrete there might be places that is not completely filled
within the formwork. It is important to not compact too much as well, because there should be
some air in the concrete mix. Inadequate compacting can cause honeycombing in the concrete.
This is done in order to improve the settling rate of the concrete. After the concrete specimens
reached the point seen in the pictures above in figure 3.4, the concrete was covered in polyethylene

as shown in figure 3.5 in order to keep the moisture in the concrete during the hardening process.
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Figure 3.5: Concrete beams covered in polyethylene
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3.3 Design of end connections to apply load

HEB beams with specific requirements was ordered from Norsk Staal in order to make the load
connections. HEB 1000 beams were chosen for economical reasons and the beams characteristics.
HEB has a greater load capacity than HEA beams. In regards to cost efficiency, both sides will be
used. From Norsk Staal, HEB 1000 beams were available with S355 steel strength. The experiment
demanded that the load connections would sustain a large amount of tensile forces. Beneficially,
the maximum resistance of the steel connections were calculated in order to know what quantity of

loading we can expose the beams at IKM.

The cross-section below in figure 3.6 shows the different measurements on the beams for
the steel design. Some of the properties will be the same on the different load connections, as all
of the connections are made with HEB 1000 beams with S355 steel strength. The steel design for
all three concrete cover sizes is shown in the appendix. Some calculations are similar on all three

cover sizes, and are therefore kept in the design below.

Sectional properties of HEB section

tw = thickness web = 19 mm
tf = thickness flange = 36 mm
hw = height web = 450 mm

If = length flange = 300 mm

fy = Yield strength of web and flange = 355mjx12 [EN 1993 1.1 Table 3.1]

fyporr = Yield strength of bolt section = 500 N/mm?

The bolt is the threaded section
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Figure 3.6: Beams for steel design (All dimensions are given in mm)
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Resistance of T-Stubs - Step 1A The following parameters/values are calculated as

shown in NS EN 1993 1.8 [8] Table 6.2 and the figure 3.7 below from the same standard.

e

. m
] e —

O O Ef eff

Figure 3.7: calculation of e and m
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For a circular failure pattern

End
bolt

leff,l :2*7r*m1

lefpin =+ 2% =

For a non-circular failure pattern

End
bolt

lepfo =4 *my + 1.25% n
leffoo = 2my + 0.625 e + €1

ew = 4o — 4Lomm — (0] m

YMO =1
YM1 =1
dboltm _ 24.84mm—523.16mm =0.024 m

FtRd = 7 # (%eltm )2 * fy, ;= 226.08 kN

The lesser value of Iy and logs11 must be chosen

_0.25xlespntf3xfy
Mpl,le = —71\40

Use the lesser value of lojr o and loyr 22

_ 0.25*leff,22tf2*fy
My oRd = 020 lesraatiZely

Mode 1 failure: Complete flange yielding

_ (8%¥n—2ew)*Mp; 1 Rd
Fthd T 2xmysn—ewx(mi+n)

Mode 2 failure: Bolt failure with flange yielding

_ 2%My; 2 Rd4+nxFtRd*4
FtyRd = Rt ne

Mode 3 failure: Bolt failure
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Ft;Rd = 4 * FtRd

Resistance of flange
Minimum of Ft; Rd, FtoRd and FtsRd = FtoRd

Check for beam web tension - Step 1B

bessweb = 300 mm - 86 mm = 0.214

twb =ty = 19 mm

fy,b = 355 X

mm?
EN1993 1.8 in equation 6.22 8]

_ beprwebstypk fyws
FtwRd = B v E—

Shear failure can occur at the loading at the loading shackle connection [9]

Ashear =2 * 257 mm * tow
fshear =0.6* fywb

— *
Fsheaer - Ashear fshear

Tearout failure of web [9] Tear-out is a type of shear stress. The tear-out affects the
material around the hole instead of the bolt or the shackle. In order to prevent a tear-out failure,

the hole must be design with a sufficient distance to the end.
Nut strength verification

The bolt is considered as the threaded end of the reinforcement and the nut is selected as
M24 with strength class 8

Tensile strength of four bolt set: FtsRd = 4 * FtRd
Verification for the thread stripping before tensile failure of bolts.

Tensile strength of one bolt: Fty,, = Fafid

20



Shear strength of bolt from reinforcement: Fshear, bolt = 0.85 * fypq;
0.85 is the EC2 factor used when calculating shear links

Calculation of effective length:

A — _ Fyour
shear,bolt Fshear,bolt

L _ Aghearbolt
ef f,shear — T dbott.m

In order to hold the tensile strength of a bolt required length is

Leff,shea'r‘

Thread stripping strength of bolt (Reinforcement) Fyjreqd boi

Length of engagement

Leng = 0.75 mm * 24 mm [Assuming only one nut is used.]
Aeng,shea'r =mr* dbolt,m * Leng

— *
Fthread,bolt - Aeng,shear Fshear,bolt

Thread stripping does not occur before the tensile strength of bolt
Verification for the thickness of flange (Steel plate connected to bolts)

Tensile strength verification

Apott.m = 0.024

Tholt,m = dbUZL'm =0.012 m
Stress area in bottom face of steel plate (Apottom )

dbottom = dbolt,m +2*3.5mm + 2 *tf
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Thottom = dhotton

— 2 2
Abottom =T (rbottom - 7nbolt,m)
Stress area in bottom face of steel top (A¢op)

diop = dbott,m + 2 * 3.5 mm + 2 * tf

dt
Tiop = 20p

Agop = % (r?op - rlgolt,m)
Mean tensile area (At mean)
Avmean = Atort Abotton
Maximum possible tensile capacity of plate at single nut nut-bot (Ftpiate,1)
Ftpiateq = £y * At mean
Maximum possible tensile capacity of plate at 4 nut-bot (Ftpigte,a)
Ftpiatea = 4 * Ftprate 1
Shear strength verification
Tshear = Tbolt,m + 3.5 mm + %
Shear area
Ashear,m = 2% T* rspeqr © tf

Shear capacity of a single nut (Fspeqr,1)

— *
Fshear,l - Fshear Ashear,m
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Shear capacity of four nuts Fspeqra

— *
Fshear,4 =4 Fshear,l

Verification for the residual stresses that may occur at the web-flange section [10]

Minimum thickness when hot-rolling

tmin = tw = 19mm

Assume the maximum load per single section

Foppa = FtsRd

Additional tensile stress due to residual stress at the joint.

fresidual =03 fy

Tensile residual force at the joint. Take the length along the joint.

— 3 *
Fresidual = tmin 300 mm * fresidual

Total applied force with residual force

Ftot = Fapp,l + Fresidual

Tensile strength of the section. Take the length along the joint. NOT at the weakest point where
the shackle hole is located

Fmam,l = tmin * 300 mm * fy

The critical point for the load connections are the threaded section of the reinforcements.

As seen in the calculations, it is failure mode 2 and 3 that gives the minimum force resistance.
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Concrete cover | Design hole diameter | Resistance of flange | Web tensile capacity
35 mm 26 mm 837.6 kN 1443 kN
60 mm 26 mm 904.3 kN 1443 kN
85 mm 26 mm 904.3 kN 1443 kN
35 mm 28 mm 837.6 kN 1443 kN
60 mm 28 mm 904.3 kN 1443 kN
85 mm 28 mm 904.3 kN 1443 kN

Table 3: Minimum design resistance

With the 35 mm concrete cover, the bending of the flange is also a critical part. With 60 mm and
85 mm concrete cover, the affect from the flange bending does not affect the design resistance at a
significant value. This is shown in the calculations, as failure mode 3 (Bolt failure) is the case for
60 and 85 mm cover, while failure mode 2 (bolt failure with flange yielding) is the case for 35 mm

concrete cover.

3.3.1 Changes on the steel design with increased hole-size

The parameters affected by the increased hole size is not one of the critical parts of the load
connection. The verification for the flange thickness is affected by the diameter of the holes. The
strength of the nut/washer also changes depending on the hole size. As the table 3 shows above,
the theoretical maximum load the threaded reinforcement can withstand is 84 tonnes for the 35

mm concrete cover, and 90.8 tonnes for the 60 mm and the 85 mm concrete cover.

3.4 Reinforcement

The most commonly used reinforcement are steel bars, also known as rebars. The purpose of the
reinforcement is, as earlier mentioned, to improve the tensile strength of the element. The surface
of the steel reinforcement bars are often made with ribs, lugs or indentations in order to create a
better bond with the concrete. The rebars is embedded into the form work before the concrete is
cast. The rebars are held in place by extra materials. When pouring the concrete, it is important
that the rebars stays in place. During the hydration process the concrete will harden with the
reinforcement in the correct position. Initially, the concrete is subject to all the loading. When the

cracks occur, the reinforcement will be taking the tensile load.
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The steel reinforcements was ordered from the UiS Machine Lab. The steel grade of the
reinforcement was B500NC. In order to complete the test with six specimens there had to be a total
of 24 steel bars, 4 in each specimen. The steel bars were threaded to ¥25 to fit the M24 nuts. 12
bars were ordered from the Machine Lab, with a length of 2350mm where it is threaded 175mm in
each end. The part of the steel bars that will be covered by concrete have a 32 diameter. 24 steel

bars with ¥32mm, 4 in each specimen, model.

3.5 Concrete mix design

From early on, concrete has been one of the most used building materials in the world, but it has
grown significantly in the last 200 years. The use of concrete is diverse and it can be found in
smaller constructions like pavement and fences, but also in larger constructions like skyscrapers,
power plants and dams. Concrete is versatile and it has no constraints when it comes to shape
and size. Concrete is a composition of aggregates (sand, gravel, stone), water and cement. These
ingredients bond during a process called hydration. Another positive is the fact that concrete is
eminently accessible. Concrete independently has great compression strength, however it is weak in
tensile strength. This considered, steel bars was included in order to increase the tensile strength

of the elements.

There are several parameters that affects the end product of the concrete. The wa-
ter/cement ratio is a crucial factor in concrete mixture. The reason for this is the correlation
between water and cement. More cement (or less water) equals a higher strength. However, there
has to be some water in a concrete mixture. Combined, the water and cement are the glue in fresh
concrete and are also known as cement-paste. Through the chemical reaction known as hydration,
the cement-paste hardens. The aggregates in the concrete, the water, and the cement, creates a
bond and gains strength. Because of this relationship between the water and cement, the amount
of each substance in the mixture is essential to make the appropriate concrete. Too much water

will give a lower strength. Not enough water will give a mixture with lower workability.

Another important ingredient in the concrete are the aggregates. Sand, gravel and crushed
stones are the most common aggregates to use. Sand, gravel and crushed stones usually have
different sizes. Aggregate grading is the distribution measure of the aggregate particle sizes in the
mixture. A well graded aggregate mixture has a large distribution of sizes, while a poorly graded
aggregate will have aggregate particles of only some sizes and be poorly distributed. In order to
reduce the shrinkage of the concrete, a well graded mixture of aggregates is preferred. In a concrete

mix, it is the cement paste that causes the shrinking. Therefore, the cement paste had to be limited
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to the minimal. A well graded aggregate mixture will also improve the workability of the concrete.
In most cases the aggregates accounts for around 60 - 75 percent of the concrete volume. The
selection of aggregates are therefore important.

Single-sized

Absolute volime of concrete

Resulting
paste content

Figure 3.8: Grading of aggregates in concrete: Single sized, poorly sized and well-graded

Superplasticizers (and regular plasticizers) are used as high range water reducers. With
the use of superplasticizers the water usage decreases by a significant figure. Environmentally, this
could make a large difference. Superplasticizers are also used to improve the workability of the
concrete. Because of the large span of different usage of concrete, plasticizers and superplasticizers

are essential. Adding water to increase the workability will affect the strength in the end product.
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Fly ash is also an ingredient often used when mixing concrete. Fly ash is a byproduct
produced when burning pulverized coal in an electric generation power plant and it can be used
for a number of reasons. In short, the fly ash decreases water demand, improves workability and
reduces the heat of hydration in the fresh concrete. In the hardened concrete, the fly ash increases
the ultimate strength, reduces the permeability (the ability of the given concrete to let liquids or

gases to flow through) and the durability is increased.

The process of curing is used to keep the desired moisture and temperature in the concrete
[11] and is an important step in order to gain the necessary concrete strength. The durability of
the concrete is also dependent on the curing and it starts immediately after the fresh concrete is

cast. Mixing ratio is given below:

Materials Quantity kg/m?>

Gravel 8-16mm 672.184
Gravel 8mm sand 896.246
Gravel 2mm sand 302.143
Silica 11.274

Fly Ash 20.498
Standard cement FA 309.860
Cold water 152.272

Air 0.342

Pump oil 0.683

Dynamon SX-23 2.221
Total 2367.723

Table 4: Mixing ratio

3.5.1 Specimens for testing

As mentioned, there were six specimens with 300x300x2000mm dimensions. For each of these
specimen, 180 litres of concrete were used. Due to the large volume needed, we ordered the concrete

from Sola Betong AS. The recipe of the concrete can be found in appendix A.1.
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3.5.2 Cubes and cylinders for testing

In addition to the six larger specimens, there was prepared 3 cubes with dimensions 100x100x100mm,
and 12 cylinders with a height of 300mm and a diameter of 150mm. There was also cast 1 specimen
for a fracture energy test. The specimens were put in water during the curing process in order to

maintain humidity.

Figure 3.9: Cast concrete for testing

3.5.3 Volume calculations

The total volume that were utilized for the specimens used in this research, is shown in the table
below. The table shows how much concrete was needed from the concrete truck ordered from Sola

Betong AS. 180 litres of concrete in each specimen, and polyethylene to keep the humidity in.

Form Volume

6 Specimens 1.08 m?
12 cylinders 0.063617 m?
3 cubes 0.010125 m?
Fracture energy specimen | 0.003285m?>
Total volume 1.157027 m3

Table 5: Concrete order
3.8

Approximately 1500 litres of concrete were needed in the casting process.
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3.6 Test set up at IKM

As mentioned, the main test for this project was completed at the IKM Laboratory at Tananger,
Norway. The specimens were shipped from the university to the laboratory. At IKM, the specimens
would be tested by a ”force-controlled” bench and recorded by the DIC instrument to measure the
strain. The tests could only be done with one specimen at a time, and because there was only
one pair of load connections for each concrete cover thickness, the tests needed to be completed
in the right order to preserve the load connections. Shown in figure 3.10 and figure 3.11 is the
idea behind the test set-up. The load will be applied from the load connections. First the 35mm
cover thickness, then 60mm and lastly the 85mm. Before each test, the DIC instrument had to be
calibrated for the specimen. In order to get the right calibration, the specimens were spray painted
white, with black dots. During the tests, everyone had to be clear of the danger zone because of
the great amount of load on the beams. As seen in the image below, the beams were attached on
each side. After each test the specimens were lifted away from the bench and the load connection

had to be taken off and applied to the next specimen.

Figure 3.10: Test set up at IKM
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Figure 3.11: Illustration from Naotunna et AL [1]

4 Results of the Experiment

4.1 Compressive test

To test the compression, a Toni Technik test was used on three cubes and three cylinders. The
cube or cylinder is placed in the middle of the machine and a continuously increasing pressure is
applied to the specimen until failure. In total, three specimens were tested, and the average stress

of all three determines the strength of the concrete.

Figure 4.1: Compression Test
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Results of the test

The compression test was conducted on March 17th and the concrete was cast January 28th, so
the tests were conducted later than usual. When calculating the expected compressive strength
the air content of the concrete must be considered. The air content of the concrete was not
measured before testing, which means the air content must relate to the measure from the matrix
of the concrete. From the matrix, the air content is measured to be 2% . Then the expected

compressive strength is:

fe = 35N/mm? % 98 = 34.3N/mm?%

Specimen Maximum force F,,, [kN] | Stress o,,, [N/mm?]
Cylinder 1 695.58 39.36
Cylinder 2 726.18 41.09
Cylinder 3 749.17 42.39
Average stress 40.95

Table 6: Compression test
3.8

From the results it is noticeable that the compressive strength of the concrete is higher than the
expected strength. From the national standard the average stress is equal to the compressive
strength (f.). There is an increase of approximately 6 MPa from the test, to the standard. More

specimens for testing would have given a more accurate result.

4.2 Young’s modulus test

Young’s modulus, or E-modulus, measures the material resistance to elastic elongation. The strain
and stress is measured when the material undergoes elastic deformation through compressing and
extension, and when the load is removed it will go back to it’s original shape. The E-modulus is

calculated with the expression below:
E=2

When conducting the E-modulus test, method A from the national standard was used. For

calculating the E-modulus there is a device clipped on to the specimen and then the specimen is
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placed axially in the center of the press. o, and o, are the top and bottom stress limits and these

have to be calculated in order to do the test. The calculations are given below:

fe

O'a:3

0.10% f. < o, <0.15 f,

0.5MPa < op < 0y

The test starts off with three preloading cycles to ensure the positioning of the specimen and the
stability of the wires. After the preloading cycles, three loading cycles with higher stress will be
carried out to obtain the initial and stabilized modulus of elasticity. The initial modulus of
elasticity will be calculated during the start of the test, and the stabilized modulus of elasticity
will be calculated during the final part of the test. The calculations are done with the equations

below:

Eco= 82 = 2%

Aeg ~ €a,1—€b0

m m

E _ Ao __ 04 =0y
c.s Aes €a,3—€b,2

Ec o - initial modulus of elasticity in GPa (kN/mm?)
Ec s - stabilized modulus of elasticity in GPa (kN/mm?)
o™ - upper measured stress in MPa (N/mm?)

o - lower measured stress in MPa (N/mm?)

€q,n - Upper strain on loading cycle n in

€b,n - lower strain on loading cycle n in

Results of the test

In order to get more accurate and better results, the concrete cylinders had to be cut at the top
and bottom. Due to this issue, the available specimens were few. The Young’s modulus test was

performed on two specimens, and the table below shows the results from the test.
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Specimen | E.,o [N/mm?] | E.,s [N/mm?]
Specimen 1 8 332 11 677
Specimen 2 9514 12 478

Table 7: Young’s modulus
3.8

From the table, it is noticeable that the results from the test is not the desired results.
Since the test could only be conducted on two specimens, it is hard to determine if there was a
test failure, or a failure of the concrete. The B35 strength class requires a stabilized modulus of
elasticity of 34 000 N/mm? and the largest measured value from this test was 12 478 N/mm?, not
nearly enough to qualify for the B35 class.

Due to the test failure, the required stabilized modulus of elasticity of 34 000 N/mm? will

be used for the calculations later.
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4.3 Fracture energy - Wedge splitting test

To measure the fracture mechanics of the concrete, the Wedge Splitting Test (WST) method from
the Swiss Federal Institute of Technology [2] was used. This is a result of the WST not being a
part of the Norwegian National Standard. The objective of the Wedge Splitting Test (WST) is to
perform solid fracture mechanic tests on concrete. WST measures the amount of energy required
for the concrete to split/come apart. Fracture energy does not depend on size, because it is a

material property. The set-up of the test is shown in figure below.

E. BRUHWILER and F. H. WITTMANN

al

COoD
(Clip gauge)

|
|
i =

F,
(1) Principle of the wedge splitting test: (a) test specimen on a linear (2) Principle of applying the
support; (b) placing of two loading devices with rollers; and (c¢) the splitting load F

wedges are pressed between rollers in order to split the specimen into

two halves.

Figure 4.2: Setup for wedge splitting test [2]

When casting the cubic specimens for the WST we had a premade formwork. The hardened
specimen had a cast groove in the upper part as shown in the figure 4.3. The indent/notch in the
specimen is to ensure a stable crack initiation when testing. When hardened for at least 28 days,
the specimen is ready for the WST. The specimen is then placed on a top of a loading cell. We
used polystyrene in order to stabilize the specimen on top of the loading cell. On both sides of
the groove, a steel loading device with roller bearings are placed. When applying the vertical force
(F,) with the wedging device, the Crack Opening Displacement (DOC) is measured with the clip
gauge, which is fastened in the center of the notch. When applying the F, the fracture section is
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principally subjected to bending moment. The vertical force from the wedge is translated into a
horizontal force acting on the rollers. The horizontal force is the splitting force Fg which correlates
with the bending moment. The idea is shown above in figure 4.2.2. From the relationship between
the angle of the wedge and the vertical force, the splitting force can be calculated as shown in the

equation below.

F, = =L

il
2xtana

We can acquire the energy needed in order to split the specimen in half from calculating
the area underneath the F,-COD curve. Taking this energy and dividing it by the projected fracture
area, the total fracture energy can be found. The projected area equals the specimen depth (d)
multiplied with the height of the specimen (h) minus the groove. The results are given in table 8.
The Force-COD curve for the WST are shown in figure 4.3.

Maximum vertical force F,

Maximum splitting force Fy

Total fracture energy G g

[kN] [kN] [kNm/m?]
Specimen 1 | 3.90 kN | 7.48 kN
Table 8: WST test results
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Figure 4.3: F - COD graph

The figure implies that there has been errors during the tests. In combination with the

fact that only one specimen was tested, the results were disregarded.
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4.4 Splitting tensile test

Tensile strength in the concrete specimen greatly affects the cracking of the concrete. Cracks may
occur when the concrete is objected to more tension than the tensile strength of the concrete. The
splitting tensile test is used to determine the tensile strength of the concrete. The test is executed
as explained in NS-EN 12390-6:2009 and will be performed in the same machine as the compressive
test. From the moulds, cylindrical specimen of concrete are made. The cylinder is positioned

vertically inside a steel frame and placed inside the Toni-technik machine for compressive strength

&

(1) Set up of the cylinder into the steel (2) Dimensions for the tensile splitting test

as shown in the picture.

frame/jig

Figure 4.4: Splitting tensile test

A continuously increasing load is applied on the specimen until it cleaves/splits in half.
Assuming the concrete has an elastic behaviour, the tensile strength can be calculated from the

equation 1 below.

! _ 2x F
T wdx L

f.1.sp - Splitting tensile strength, measured in Megapascal (MPa) - #

F - Maximum applied load in Newtons (N).

d - cross-sectional diameter of the specimen, measured in millimeters (mm)
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L - length of the specimens contact surface, measured in millimeters (mm)

In normal strength concrete, the tensile strength averages around 10% of the compressive strength.

The specimens were made from B35 concrete.

The compressive strength of B35 class concrete

should be around 35 MPa. In theory the tensile strength of the specimens should be 3.5 MPa.

Specimen number | Maximum force applied f.,, [kN] | Tensile strength f.; s, [N/mm?]
1 238.95 3.38
2 190.07 2.69
Average 214.51 3.035

Table 9: Splitting tensile test results

From the results it is noticeable that the average is lower than the theoretical approach.
Two test specimens might not suffice. Similar to the Young’s modulus test, it is hard to determine
whether it is a failure of the concrete or if it is a test failure, since only two specimens was used
for testing. The results show 86.7% of the theoretical tensile strength. Comparing with a splitting

tensile test executed a couple days earlier from the same concrete batch.

Specimen number | Maximum force applied f., [kN] | Tensile strength f. ¢, [N/mm?]
1 234.15 3.31
2 239.81 3.39
Average 236.98 3.35

Table 10: Splitting tensile test results from earlier test

Comparing the results, the tensile strength of the concrete specimens are acceptable.
According to EC2 section 3.3: An approximate value f.; should be taken from the deter-
mined f. 5, as:

fct = 0~9fct,sp (2)

According to the equation from EC2, the tensile strength of the test specimens are ap-
proximately 2.73 MPa. If the two tests and the four results are combined, the tensile strength are

approximately 2.87.
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(1) Splitting tensile before (2) Splitting tensile after

Figure 4.5: Splitting tensile test
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4.5 IKM test - Axial tensile strength. Crack spacing

The test was conducted at the IKM laboratory at Tananger the 9th of March, 2021. As explained
above, the critical point in the steel design were the threaded sections of the reinforcement. Calcu-
lated, the breaking point would be at approximately 90 tonnes of loading. For the first beams, the
load was increased in 10KN each step, and the loading was not increased past 8OKN. For the last
specimens, the breaking point of the steel design were tested as well. The loading was increased,
until the threaded section of the reinforcement reached it’s ultimate state. The load at the given
time is shown in the appendix for each individual specimen. From 70KN, the loading was kept
at the same amount for several minutes, before it was increased to the next step in the process.
In table 11 below, the maximum applied load is shown. Comparing the results below, with the
theoretical design resistance from 3 it is apparent that some of the connections surpass the design
resistance before reaching the breaking point. This is due to the safety factors used while calculating
according to the NS-EN 1993: 1.8.

Beam number | Concrete cover | Maximum applied force in tonnes (kN)
1 85 mm 90.49 tonnes (887.4 kN)
2 35 mm 80.29 tonnes (787.4 kN)
3 85 mm 93.95 tonnes (921.3 kN)
4 35 mm 80.46 tonnes (789.0 kN)
5 60 mm 82.32 tonnes (807.3 kN)
6 60 mm 90.12 tonnes (883.8 kN)

Table 11: Maximum applied force on beams at IKM

The force was measured in tonnes at IKM in Tananger. As shown in appendix B.4-B.9,
the results were given in tonnes. One tonne equals to 9.80665 Kilo Newtons. As shown in the table
11 above, force in Kilo Newtons as well. The steel design, and other calculations were done in Kilo
Newtons. As shown in the figure B.6 and figure B.8 the loading stops abruptly. This is the breaking
point of the threaded section of the reinforcement. As shown in the image below, the reinforcement

could not withstand the loading.
Due to the failure of the DIC, the analysis could not give us the number of the strain or

the crack width. The resolution of the pictures only showed the cracks at the end of the test, and

therefore they can not be used to see when the cracks started to occur.
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Figure 4.6: Threaded section after surpassing maximum design resistance

5 Comparisons between experimental findings and litera-

ture

5.1 Experimental findings

After the experiment was conducted at the IKM Tananger, the cracks were marked and measured
to calculate the crack spacing of the specimens. From literature, we know that the crack spacing is
shorter with smaller concrete cover distance. When measuring the crack spacing manually, it may be
some deviance of the measuring accuracy. The design of the load connections and the reinforcement
was also tested during the main test at the IKM. From the results shown in section 5.1.1, we see
that the load connections could withstand the force it was designed to handle. On the other hand,
there were two sets of reinforcement where one of the sets were not as capable of withstanding the
force as the other set. The source of this issue was most likely that the reinforcement bars were
manually threaded at the machine lab at UiS. The main test at the IKM was monitored by a Digital
Image Correlation (DIC) with the purpose of analysing the strain and crack width during the test.
As mentioned, the DIC failed due to poor calibration. The experimental findings from the main
test, without the results from the DIC, were mostly surrounding the design of the load connections,

reinforcement and the crack spacing.
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5.1.1 IKM Test

The ”force-controlled” bench at the IKM Laboratory in Tananger was able to adjust the force
put onto the specimen in steps with an increase of 100kN. The load connections were designed to
withstand a force of between approximately 800kN and 900kN. From the results, it is apparent that
the load connections were capable of withstanding the force they were designed to carry. When
testing the specimens, it was experienced that the ”force-controlled” bench was not able to carry
the beams without an angle. This issue meant that there would be some deviation in the results
and could be causing the specimens to fail where they were not supposed to. The angle of the
specimens were possibly one of the sources to the issue with the DIC, alongside the calibration and

change of lighting in the laboratory.

5.1.2 Crack Spacing

With different concrete cover, it is important to analyse the crack spacing data. When measuring
the crack spacing, it was noticeable that the cover thickness impacted the crack spacing. As seen
in the results, the amount of cracks increased, whereas the spacing decreased, with smaller cover
thickness. When searching for cracks using an optical microscope the reliability of the analysis
will be reduced. This issue was corresponding for the studies of Rimkus et al.(2019). [6] The crack
spacing of one face of the beams with 35mm, 60mm and 85mm is shown in figure 5.1, 5.2 and 5.3.

The other pictures are given in the appendix D.1-D.24.

Figure 5.1: 35 mm cover
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Figure 5.2: 60 mm cover

Figure 5.3: 85 mm cover

Concrete cover thickness | Mean value | Standard deviation

35 mm 177.78 mm 55.5
60 mm 200 mm 66.2
85 mm 212.2 mm 68.6

Table 12: Mean values and Standard deviation of crack spacing

42



5.2 Theoretical assumptions from literature

The EC2 and the MC2010 uses a semi-analytical crack width calculation model where they predict
the crack width by multiplying the mean stress with the crack spacing. When calculating the crack
spacing, or the transfer length, from the Eurocode 2 and the Model Code 2010 it is important to keep
in mind that the formulations from the two standards are considered conservative by researchers.
As previously mentioned, the current standards focus on the maximum values for the crack width,
and this may be an issue in the design stage. From earlier studies, we can assume that the pattern
of cracks will look similar when conducting an experiment with four reinforcement bars and shorter
concrete cover thickness. The studies of Rimkus shows that the calculations from the EC2 and
the MC2010 predicts that the maximum crack spacing is dependent on the % while the test results
were practically independent from the reinforcement characteristics. However, this experiment was
conducted using only one bar diameter, while the results from the studies of Rimkus [6] discusses

the importance of the right concrete cover thickness.

When calculating the crack width and the crack spacing with the formulations from the
EC2 and the MC2010, it was considered a ”short-term loading condition” in the ”stabilized cracking
stage”. The whole cross section area of the specimen was assumed for the ”effective tensile area
of the concrete”. This assumption was made because of the fact that most cracks propagate from

reinforcement bars to the surface of the specimen.

5.2.1 Crack spacing

Calculations from Eurocode:
From testing in laboratory:

From the Eurocode 2 it is given that the crack width and crack spacing are calculated

from the equation below:

k1kokao
pp,eff

Sr.max — ksc+

From the Eurocode 2:

k1 =08 ko =1.0 ks = 3.4 k4 = 0.425
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Other parameters:

o = 32mm

¢ = 35mm/60mm/85mm

Ag par = 220 — 804.2477mm?
Asitor = Aq par * 4 = 3216.990mm?
Acer = 300mm x 300mm = 90000mm

_ _A. _ 3216.990 _
Ppesy = Agef — QOOOOanm = 0.0357

Calculations of the maximum crack spacing:
35 mm concrete cover:

Srmaz = ke + EE2RS — 3 44 35mm 4 O8LOCASIMm — 493 767m

60 mm concrete cover:

Srmaz = ksc + k;zl)c;%qb = 3.4 % 60mm - 0.8*1.039(.)432557*32mm — 508.76mm

85mm concrete cover:

Srimaz = k¢ + B2k — 3.4 4 85mum 4 O-81100455:50mm — 593 76mm
Calculations of the crack width:

From testing:

fet = 2.87TN/mm?

E. = 34000N/mm?

Other parameters:

Es = 200000N/mm?

Qe = % = 5.8824

Calculations:
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From Table 9 the average load for each cover thickness is:
35mm cover: 788.2 kN

0s,35mm = 245M Pa

60mm cover: 845.55 kN

0s,60mm = 262.8M Pa

85mm cover: 904.35 kN

Os.85mm = 281.1M Pa

Crack width:

35 mm cover:

7
o's,Svan_kt ];t,isffl){(l"raeppyeff)

€cr = €sm — €cm = P = 0.000836

s

€min = 0.6 * % = 0.000735
€cr > €min

Use €g:

wk = Sr.mag(€cr) = 0.3543mm
60 mm cover:

Feteff
Us,GOmm*ktp'i‘(l‘i’aepp,e.ff)
€cr = €sm — €om = ”’Eﬁf = 0.0009224

€min = 0.6 % g%% = 0.0007884
€cr > €min

Use €.r:

wk = 8y maz(€cr) = 0.4693mm

85 mm cover:

fet eff
0s,85mm—kt 5t (14+ae Py eypy)
€cr = €sm — €om = p.eff = 0.00101

s
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€min = 0.6 % Z22mm — ,0008433
€cr > €min
Use e.r:

wk = 8y maz(€cr) = 0.5997mm
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Calculations from Model Code 2010:

ZS,max:k*C+i*M*ﬂ

Thms  Psef
E=1

c= concrete cover thickness - 35mm/60mm/85mm
fetm = 3.035N/mm?

As,bnfr’ = (¢24*7T) = 8042477mm2

As,tot = As,bar * 4 = 3216.990mm?

Acey = 300mm x 300mm = 90000mm

_ As  _ 3216.990mm __
Pp1eff - Acef — T90000mm 00357

Short-term, instantenous loading:

Toms = 1.8 % fctm

35 mm concrete cover:

3.035N/mm? % 32mm
1.8%3.035N/mm?  0.0357

J— 1 fct,m, ¢S J— 1
=k x 2o Letm oy @S — ] %
ls,mae = k*c+ 3 o ¥ B 1% 35mm + 3

60 mm concrete cover:

3.035N/mm? 32mm

ls,maw =kxc+ 1 * * = 1+ 60mm + 1* 1.8%3.035N/mm? * 0.0357

Tbms = Ps,ef

85 mm concrete cover:

3.035N/mm? x 32mm
1.8%3.035N/mm?2 = 0.0357

Lomaz = ko e fotm s 00 = 1a85mm + § +

Tbms DPs,ef
Calculations of crack width:

Maximum steel stress at crack formation stage:

Oap = pf;f;f % (14 ae * *xppef) = 97.275M Pa

Mean strain difference of steel and concrete:

35mm cover:
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em = Z22% = 0.0009331
60mm cover:

em = ZE = 0.001022

8dmm cover:

em = 2527 = 0.001114

Crack width:

35mm cover:

Wa =2 % ls max * €m = 0.2977Tmm
60mm cover:

Wa =2 %lsmaz * €m = 0.3771mm
85mm cover:

Wa =2 % ls max * €m = 0.4668mm

5.2.2 Differences in cover for reinforcement

From the calculations above, it is clear that from the EC2 and MC2010 the cover for reinforcement
is one of the main parameters for the crack spacing and the transfer length. From the results of the
experiment for this thesis,; it is noticeable that the concrete cover is a governing parameter for the
crack spacing and the crack width. Some researchers want to see a bigger effect of the bar diameter,
although Rimkus [6] states that the difference in bar diameter did not largely affect the result of
the crack spacing. Keeping this in mind, it is clear that difference in the cover for reinforcement is

very controlling when measuring the spacing.

As mentioned, the covers of 35mm, 60mm and 85mm were use for this experiment. The difference
in cover reflects the results, where the specimens with the smallest cover generated more cracks

and a smaller crack spacing.
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6 Discussion

6.1 Experimental investigation of crack spacing

To verify the experimental findings, it is important to compare the results of this thesis to similar
experiments. The maximum to mean crack spacing values vary from 1.2 to 1.9 from the results.
This ratio is supposed to vary from 1.2 to 1.7, but due to limitations when measuring, the ratio is
higher than expected. When excluding the results that most likely is high due to poor measuring,

the value of maximum to average spacing vary from 1.2 to 1.7.

Figure 6.1 shows the crack distribution for each of the three cover thicknesses. From the
histogram, it is noticeable that the majority of the spacing values for the 35mm cover vary from
100mm to 220 mm. As seen from Table 12, the mean value for the 35 mm cover is 177.78mm. When
comparing this to the calculations from the EC2 and the MC2010, the majority of the values are
half the maximum crack spacing. This comparison is corresponding for the 60mm and 85mm cover,
where the mean value for 60mm is 200mm, and 212.2mm for the 85mm. From the histograms, it is
clear that the smaller cover distances produces a more distributed crack spacing data. Comparing
the 85mm to the 35mm, it is clear that the 85mm is peaking with values from 180mm to 240mm,
while the 35mm is more evenly distributed in the area from 100mm to 220mm. In total, it was
possible to measure 151 cracks for the 85mm cover, 160 cracks for the 60mm cover and 180 cracks

for the 35mm cover.
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35 mm cover thickness
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Figure 6.1: Histogram of crack spacing distribution

6.2 Formulations from the Eurocode 2 and Model Code 2010

As previously mentioned, the calculations from both the Eurocode 2 and the Model Code 2010 are

considered conservative. Researchers, like Tan et al.(2018) [7], analysed the calculations models
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for the EC2 and the MC2010, where both models are very much alike. From this research, it is
suggested that the calculations of the crack spacing, or the transfer length, is in conflict with the
basic principles of solid mechanics. These models are according to Tan et al.(2018) [7], merging
the bond-slip theory and the no-slip theory into one formulation. These two theories are based on

opposite assumptions and therefore the models can be considered inconsistent.

This experiment focus on the importance of the concrete cover thickness, and experimental
studies supports the theory of the concrete cover being the main parameter when calculating the
crack spacing. Researchers have noticed the limited influence of the bar diameter. The bar diameter
has a beneficial effect for reducing the transfer length, although it is not heavily emphasized in
the models from EC2 and MC2. While Tan wishes a greater emphasis of the reinforcement bar
characteristics, other studies shows the lack of influence from the reinforcement. From the studies
of Rimkus et al.(2019) [6] it is implied that the calculations from the EC2 and the MC2010 with
different bar diameters have a much greater impact than the experimental investigation would

suggest.

7 Conclusion

The objective for this thesis was to conduct an experimental investigation of crack spacing to
observe the behaviour of cracks in reinforced concrete structures with different cover thickness, and
verify the results with similar experiments. The earlier studies on this subject is substantial, and
therefore this experiment was conducted focusing on the crack spacing. The aim of the experiment
was to compare results of the crack spacing with different concrete cover thicknesses when applying
axial tensile load. The next aim for the project was to compare these results to the calculations
made from the Eurocode 2 and the Model Code 2010. When examining the crack spacing from
the specimens, it is clear that the cover thickness is an important parameter. From the results we
see that with a reduction in cover thickness, the crack spacing reduces and the amount of cracks
increase. This was an assumption made from literature and it has been verified by the results from
our experiment. Furthermore, the formulations from the Eurocode 2 and Model Code 2010 have,
from literature, been considered conservative. From the earlier calculations in the thesis, it is clear
that the maximum crack spacing results is not the equivalent to the results from the calculations.
Due to the failure of the DIC we were unable to compare the crack width and strain from the

experiment to the results from the Eurocode 2 and the Model Code 2010.
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7.1 Recommendation for further research

Overall, the experiment conducted for this thesis was a success, but after completing this research
it would be interesting to observe other similar experiments. The recommendation is to conduct an
experiment with different concrete cover thickness in reinforced concrete structures with different
sizes of the bar diameter. The objective with such an experiment would be to observe the cracking
behaviour with different bar diameter and compare the results to the calculations from the Eurocode
2 and the Model Code 2010. As previously explained, the researchers Tan et al.(2018) [7] and
Rimkus et al.(2019) [6] have two opposite views of the effect of the bar diameter, therefore it would
be interesting to see the effect of the bar diameter while keeping the same and using different

concrete cover thickness.
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A Concrete Matrix

A.1 Sola betong matrix
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Sola Betong

T 47 51 64 49 49
W, @..:

pastdsala-betong.no

Resaept 251 ~ B35 M45 SKB dmax 16 std FA S|

Resept opplysninger

Resept 1251 ~ B35 M45 5KB dmax 16 std FA 5F2
Oprettet av : Rune Dato
Redigert av 1 proces Dato
Resepttype : Fast verdi Status
d 5 Ludhredns o

Varepris navn : Varepris
Familie 1B Familie navn
Tilslagsspec. 111 SKB ~ SKB 16
Bindemiddel spec. : 71 ~ Std Fa 90 10 Flyveaske 3,3% SILICA
Vannspec. 01 ~ Kaldt Vann

:31 B35 S5KB ~ 5X 23 1,0 %+ luft 0,1%

Kjemispec

1 18-10-2016 13:02:41
112-11-2019 09:53:51
1 Aktiv

1 B23516003000
: standard fa u/luft

MM

VC spec.nr. : V/C-Forhald 10,447
Bestandighetsklasse 1 Mas Ameringstal : Ingen valgt
Kloridklasse clo,10 Kontrollklasse : Ingen valgt
Modenhetsminutter : Klassifikasjon : Designet
Fasthetsklasse B35 Manuel berverdi 160
M= siden sidste preve(fam.): 91,15 M3 siden siste preve 119,00
Rct.prv.hyp. i pericde 130,76
Ekspeneringsklasse 1 X0, XC1, ¥C2, XC3, XC4, ¥F1, XD1, XS1, XAl XA2, XA4
I
Min. sement innhald '
Min. sement innhald Max
Min. filler innhold Max
Synkutbredelsesinterval  : 500 - 700 Betongtype :
Bruk tilstrebt synkuﬁ:mdels la Tilstraebt synkm3l 1 630
Ekstra Specifikationer Sertifiseringsorgan g
Auto % andel af vann vedﬂ- 100,00
RS
Uttak prave : Nei Dato 1 07-10-2016
Pravehyppighet i
Uttak prave bemerkninger :
Forprave gruppenr. : Ingen valgt Foraeld, H
Dato for siste preve 121-09-2020 Dato for siste produksjon @ 03.12.2020
Siste forprave 145580
i Temmetid Deltatid Blander korr.
40,00 7.00 0,00 0,00
40,00 7,00 0,00 0,00

Sak: o

n ru.g 1 Al-Tilslag 2 Al-Pulver Al-Vanm
0

Al-Kjeml 1 Al-Kjeml 2 Al-Fiber

16

16 o

Tnstall: — 5%
Vannsehov:
Luftinnhold %: 2,00

179,00

183,00 187,00
2,00 2,00

RS MR

Synkmal

Materialer

Velde 8-16mm

Velde 08mm sand
Velde 02mm fin sand

Alle
36,00
48,00
16,00

Unskravat o 26,00 2021 10:48:27
Systam 4009, Build 1.30.22

Utsketft or, 518

Side 1 Av £

Figure A.1: Concrete matrix
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Sola Betong

Resaept 251 ~ B35 M45 SKB dmax 16 std FA S|

oz

Synkm3
Materiale Alle
Silika 3,30
K-verdi 2,00
Tyrkisk flyveaske &,00
K-verdi 0,70
Standard sement FA 90,70
K-verdi 1,00
Materiale Proceni
wvarmt vann
Kaldt vann 100,00
BRI Suni i
Material Av materiale Forsinkelse 550 600 700
Mapeair 25 1:19 % av bindemiddel 0.10 0,10 0,10
Mapepump il % av bindemiddel 0,20 0,20 0,20
Dy 5X-23 % av bindemiddel io,00 1,00 1,05 1,15
Proporsionering
Synkudbradningsma3l 1200
Luft 12,0
Ekv. sement 1 346,756
Samlet vannbehov : 155,000
Materialer Kilo/m? Vo1 Vanninnholc Kilo/m3 Pris/Kg Pris/m3 €O2/m?
Valds 8-16mm 672,184 0,50 675,532 0,114€ 2,38
Valda 0Bmm sand 806,246 1,50 908,55¢ 0,114€ 3,18
Valds 02mm fin sand 302,143 1,50 306,613 0,114€ 1,07
Silika 11,274 0,00 11,374 2,5000 0,00
Tyridsk flyveaske 20,498 0,00 20,498 0,9735 0,00
Standard sement FA 300,850 0,00 309,860 0,9155 188,40
Kaldt vann 152,272 100,00 131,145 0,0000 0,00
varmt vann 0,000 100,00 0,000 0,0000 06,00
| Mapeair 25 1:19 0,342 99,70 0,342 0,7300 0,01
| | Mapepump all 0,683 99,10 0,883 16,8000 0,00
|| Dynamen 5x-23 2,221 77,00 2,221 9,9000 0,00
3387,723 3367,723 166,05
Min/max sementinnhold er anvendt under proparsjoneringen
Proporsjoneringsfell: Prod, synkmdl utenfor grenser (S00-700)
RN MM R
Resultat Krav Ok
Vannbehov (Fri) I 155,000 -
Effektiv bindemiddel (Frl) 346,758 .
W/€ fri beregning 0,447 -
Vannbehov (EN206) 155,000 .
Effektiv Bindemiddel (EN206) 346,756 300,000
V/€ | henhold tl EN206 0,447 0,458
Eff. Bindemiddel meengde fratrukket k| 0,000 -
Bindemiddel (total kg) 341,632 .
Luft % 2,000 -
Beregnat m* 1,000 .
Kioridinnhold 0,078 0,100
Andel reaktiv tislag % 0,000 .
Alkaliinnhold 4,384 !
F /bindemiddel forhold 0,223 0,350
Silika/bindemiddel forhold 0,033 0,110
Flyveaske, Ren sement andel 70,746 65,000
Slagg, Ren sement andel 0,000 -
Matrlksvolum eks. luft (I} 383,871 .
[0) 272,323 -
Samiet vurdering 4
=
. W Side 2 Av £

Figure A.2: Concrete matrix
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Sola Betong

Resaept 251 ~ B35 M45 SKB dmax 16 std FA S|

Blanket

Resept nr. 1251 ~ B35 M45 5KB dmax 16 std FA 5F2
Familie B
Anvendelse 1 H
Anvendelse 2 :
HL L)
Kiassifikasjor
Bestandighetsklasse 1 Ma5 Eksponeringsklasse + X0, XC1, XC2, XC3, XC4, XF1, XD1, X51,
+ XAl XA2, XA4
Fasthetsklasse 1 B35 Tilstreebt kons. 630
Kontrollklasse : Ingen valgt Ekstra Specifikationer H
Max. Steinstorrelse 16 Sertifiseringsorgan :
TEREENTE
Materiale sammensetning
Forkortelse Materiale Densitat Mengde Volum Deki.dato
Kg/m3 Kg/m3 Liter m?
Vie Velda B-16mm 2640,000 672,184 254,615  17-10-2016
vos Valda 0Bmm sand 2640,000 896,246 339,487 17-10-2016
Vo2 Valda 02mm fin sand 2670,000 302,143 113,162 17-10-2016
sliika Silika 2200,000 11,274 5124 07-10-2016
flyveaske Tyrkisk fiyveaske 2300,000 20,498 8912 07-10-2016
Standard FA Standard sament FA 3000,000 309,880 103,287 07-10-2016
K-vann Kaldt vann 000,000 152,272 152,272 17-10-2016
W-vann warmt vann 1060,000 0,000 0,000 17-10-2016
Luft Mapeair 25 1:19 1000,000 0,342 0,342 07-10-2016
Pump oll Mapepump oil 1060,000 0,683 0,683 07-10-2016
|sx-23 5%-23 1050,000 2,211 2,115  07-10-2016
Tilstrasbt huft | betong (2,0 Vol %) 30,000
2367,15 1000,000
Sand w08 W02 Stein V16
Matarialeklassa Materialeddasse
Humus Lette korn < 2200 kg/m?
Kjemisk svind Mijkg Lette korn < 2400 kg/m?
Innhold av reaktive kom Lette korn < 2500 kgfm?
Mgrtelekspansion % Uge Kritisk absorbtion av 10 Pct,
Acc. mertelekspansion % Ug Acc. mertelekspansion % Ug
Absorbtsion % 1,00 1,40 Absorbtsion % 0,40
DiLowar Dowar
Dleoar Dlncar
|
]
[Andre Ti Luft Purnp oil =X-23 ’
| % ) 0,30 0,80 23,00
Vann K-Vann V-vann
Matarialakinzsa
Terstofinnhald % 0,00 0,00
Kloridberegning Alkaliberegning
Innhold av Kg/m? % ol Kg/m3 9% Ekv. Alk Kg/mA
Valda B-16mm 672,184 0,000 0,000
Valde 08mm sand 96,246 0,000 0,000
Valda 02mm fin sand 302,143 0,000 0,000
Sillka 11,274 0,000 0,000 0,000 0,000
Tyrkisk flyveaske 20,498 0,000 0,000 0,000 0,000
Standard sement FA 309,860 0,085 0,263 1,400 4,334
Kaldt vann 152,272 0,000 0,000 0,000 0,000
varmt vann 0,000 0,000 0,000 0,000 0,000
Mapeair 25 1:19 0,342 0,050 0,000 0,200 0,001
Mapepump ol 0,683 0,050 0,000 0,100 0,001
Dynamon 5X-23 2,221 0,050 0,001 2,000 0,044
Total 0,265 4,384
— =
ST Side 3 Av €

Figure A.3: Concrete matrix
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Sola Betong

64 43
st

-betang.no

Resaept 251 ~ B35 M45 SKB dmax 16 std FA S|

KornKurver, gj 1 %%

ViE Vo8 Vo2 Total
Mengde, Kg 672,184 96,246 302,143 1870,572
Vol.—% 36,000 48,000 16,000 100,000
SIKt, mam
64,000 100,000 100,000 100,000 100,000
32,000 100,000 100,000 100,000 100,000
16,000 99,324 100,000 100,000 99,757
8,000 89,654 97,800 100,000 95,220
4,000 78,578 75,300 100,000 80,432
2,000 67,461 63,300 94,000 69,710
1,000 56,313 45,600 71,000 53,521
0,500 45,138 29,700 50,000 38,506
0,250 33,934 16,900 32,000 25448
0,125 22,699 9,400 18,300 15,772
0,063 11,425 5,300 10,000 8,257
0,000 0,000 0,000 0,000 0,000

Siktekurve

EY

Finhad (Sammanzat) : 2,8

Unskravat o 26,00 2021 10:48:27
Systam 4009, Build 1.30.22

Utsketft or, 518

Figure A.4: Concrete matrix
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Sola Betong Resept 251 ~ B35 M45 SKB dmax 16 std FA SI

Fig nr. Datotid Luft 9% Konslstens V/C forhold T2 T7 T28

48887 21-09-2020 09:04 2,00/0,0¢ SBO/G40  0,447/0,444/0,000 0,0 0,0 60,0/61,€
47705 20-08-2020 12:21 2,00/0,00 630/640  0,447/0,447/0,000 0,0 0,0 60,0/64,C
45630 15-06-2020 09:00 2,00/0,0¢ 630/620  0,447/0,447/0,000 0,0 0,0 60,0/53,4
45580 1B-06-2020 10:42 2,00/0,00 630/640  0,447/0,448/0,44¢ 0,0 0,0 60,0/59,
43021 21-04-2020 11:30 2,00/0,0¢ 630/680  0,447/0,448/0,44¢ 0,0 0,0 60,0/60,€
40123 13-02-2020 14:42 2,00/0,00 630/650  0,447/0,452/0,45: 0,0 0,0 60,0/56,%
36958 13-11-2019 08:28 2,00/0,0¢ 630/660  0,447/0,457/0,45: 0,0 0,0 60,0/57,%
32746 04-07-2019 11:35 2,00/0,00 630/660  0,447/0,447/0,000 0,0 0,0 60,0/62,1
32549 01-07-2018 13:12 2,00/0,0¢ 630/640  0,447/0,450/0,45( 0,0 0,0 60,0/66,2
31139 03-06-2018 07:01 2,00/0.00 630/630  0,447/0.448/0,000 0.0 0.0 60,0/64,7

Gennemsnit 0,00/0,0C 625/64€ _0,447/0,449/0,451 0,0 0,0 60,0/60,€

L Side 5 Av ¢

Figure A.5: Concrete matrix
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MAPE]

Superplastiserende
tilsetningsstoff
betong og mortel

PRODUKTBESKRIVELSE

Dynamon SX-23 er et svert effektivt
superplastifiserende tilsetningsstoff basert pa
modifiserte akrylpolymerer.

Produktet tilhorer Dynamon-systemet som er basert
P& DPP-teknologi, Designed Performance Polymers,

Typen av luftinnforende tilsetningsstoff gjores ut fra
tilgjengelig kunnskap om de andre delmaterialenes
egenskaper.

« Gulvbetong for & oppné en smidig betong med
forbedet stopelighet. Hoye doseringer og lave

utviklet av Mapei, hvor
skreddersys til forskjellige betongtyper.
Dynamon-systemet er utviklet p4 grunnlag av Mapeis
egen sammensetning og produksjon av monomerer.

BRUKSOMRADE
Dynamon SX-23 er spesielt utviklet ti

es i alle for

& gjore betongen enklere 4 bearbeide og/eller redusere
vannbehovet.

Noen spesielle bruksomréder er:

* Vanntett betong med krav om hoy eller svaert hoy
styrke, og med strenge krav il betongens holdbarhet
i aggressive miljoer.

« Betong med szerlige krav til hoy stopelighet.

* Selvkomprimerende betong med noe lengre &pentid.
Om nodvendig kan denne betongtypen stabiliseres
med et viskositetsokende tilsetningsstoff av type
Viscofluid eller Viscostar.

Frostbestandig betong - ved kombinasjon med et
luftinnforende tilsetningsstoff - type Mapeair.

kan medfore en viss retardering av
betongen.

Dynamon SX-23 skiller seg vesentlig fra
superplastiserende tilsetningsstoffer basert pa
sulfonerte melaminer og naftalener samt fra forste
generasjons akrylbaserte polymerer, ved en betydelig
hoyere vannreduserende effekt og okt apentid.
Nodvendig dosering for onsket bearbeidingsevne/
vannreduksjon vil vaere vesentlig lavere med
Dynamon SX-23 enn med eldre typer
superplastiserende tilsetningsstoffer.

Doseringstidspunktet for Dynamon SX-23 er ikke s&
viktig, men kortest blandetid oppnés ved tilsetning

av Dynamon SX-23 etter tilsetning av minst 80 %

av blandevannet. Ogsé her er det viktig 4 foreta en
utproving for optimal utnyttelse av aktuelt blandeutstyr.

EGENSKAPER

Dynamon SX-23 er en vannopplosning av aktive
akrylpolymerer som effektivt dispergerer sementen i
blandingen.

Denne effekten kan utnyttes pa tre méter:

27/ NS SR VTV e T TR

Figure A.6: Dynamon SX-23 Superplasticizer

A.2 Superplasticizers



B Test protocols

B.1 Young’s Modulus

T°"‘I Technik

Simple standard protocol

17.03.2021

Parameter table:

Test protocol

Type strain extensometer:

Tester Machine data : Controller TT0322
Customer : PistonStroke
Test standard : EN12390-13 method A LoadCell 3 MN
Strength grade: Extensometer
Creation date : Extensometer2
Age 0T
Other :
Results:
£02E1 | Eb2E2 | Eb3E1 | E03E2 | Acb23E| Aeb2sg| A€bsE1| Omat | Ombo | €at | €0 | Eco | Omas | Omb2 | €as | &2 | Ecs
Nr | mm | mm | mm | mm | % % % |N/mm|N/mm| mm | mm_|N/mm|N/mm|N/mm| mm | mm |N/mm
max. 10,0(| 10,0¢| 20,0C
min -10,0(| -10,0(|-20,0C
1 [0,056]0,093|0,062|0,091| 2,3¢] 0,64 9,5(|13,05| 5,03 |0,281|0,088|8332,(13,03| 4,96 |0,290|0,152| 11677
2 10,126|0,116|0,136|0,113| 1,9¢| 0,7¢| 4,6€¢/13,03| 5,03 |0,281|0,112|9514,:| 13,04 | 4,95 0,287 | 0,157 | 1247¢

Series graphics:

50

40

30

E
£
H
<
»
8 20
7]
10
o
0
Statistics:
Series| om Eco Ecs
n=2 |N/mm?| N'mm? | N/mm?
x 13,16 |8923,16| 12077,81
s 0,00 | 83592| 566,39
v 0,01 9,37 4,69

100 200
Testtimeins

Figure B.1: Young’s modulus
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B.2 Compression test

T°"il Technik

Parameter table:

Test protocol
Tester

: Test Bachelor

: Daniel og Yousef

Customer

Test standard :
Strength grade:
Other :

Results:

Date

ID Fm
kN

Simple standard protocol

17.03.2021

Type strain extensometer:

Machine data

Clock time

Om
N/mm?

17.03.2021

Nr.1 Terning | 546,66

13.40.28

54,67

17.03.2021

Nr.2 Terning | 685,25

13.44.31

68,52

17.03.2021

Nr.3 Terning | 696,64

13.48.29

69,66

17.03.2021

Nr.1 Sylinder | 695,58

13.55.42

39,36

17.03.2021

Nr.2 Sylinder| 726,18

14.01.29

41,09

~Njo|a|w (|2 ]|Z

17.03.2021

Series graphics:

Stress in N/mm?

Nr.3 Sylinder | 749,17

14.04.56

42,39

: Controller TT1412
PistonStroke
LoadCell 3 MN

4

Testtimeins

Figure B.2: Compression test
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B.3 Splitting tensile test

T°"il Technik

Parameter table:

Test protocol : UHPC

Simple standard protocol 17.03.2021

Type strain extensometer :

Tester : Fredrik Knutsen Machine data : Controller TT1412
Customer PistonStroke
Test standard : LoadCell 3 MN
Strength grade:
Other :
Results:
Date D Fm | Clock time

Nr kN

1 17.03.2021| AnlFa 28dg [238,95| 14.12.58

2 17.03.2021| AnlFa 28dg #2|190,07| 14.16.36

Series graphics:

50 T

Stress in N/mm?
L

Testtimeins

Page 1/2

Figure B.3: Splitting tensile test
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B.4 Applied forces at IKM

TOA07 best av betong nri INTAE Intestace-Teknik AB

Torn [ 02032021 08:57-54 JCi[00.03.2021 0B.S7:58 MM 05T m [ 05.03 2021 09:54. 26 |

110 4 t5g ] (7] [ir] 06 ] 0 1z i iG] 18 ] =2 2 76 2] 30 32z 7] E] 3
08 L]

105 3 |

Ch 2 = 50,49 Tann
1004 | |
DARIUSZ

iy
T—

T

o] i
253! f
o I

w4 —"J

.

0200 09:05 0810 015 02:20 0825 030 08:35
08.03.2021 09.03.2021 08.03 2021 (09,03, 2021 09.03.2021 08032021 09.03.2021 09.03.2021

Figure B.4: Load applied beam 1
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TO4DT test av betong nr2

INTAB |nterface-Teknik AB

Tonn . 08.05.3021 03 55-21

110 4 |

[ C1[08.05.2021 085521 [ 09.05 2027 10.54:06 ]

R
. 10

054 |

100 3 |

oz [ 6 1] ] Az i R L] 20 = 23 26 28 ] 32 1

Ch 2 = 8029 Tonn

DARILSZ
[P e —
|
|
|
I
j
—
!
]
|
I
!
i
!.#
-l
=
-
L a
T T T T T T T
10:00 10:05 1010 10:15 10:20 10:25 10:30
06.03.2021 (09,03, 2021 08.05.2021 09.03.2021 09.03.2021 08.03.2021 06.03.2021

Figure B.5: Load applied on beam 2
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Tonn u 08,05 3021 11:42-10

140 4

TADT Lesl av belong nrd

JCi]08.03.2021 11:42:90

Hﬁdﬁlﬂm

[ - - -l - - - - -5 - - - - - - - - -

1 [ 05 o6 -0
11 12

1354 |

130§ |
125 4 |

Ch 2 = 93,96 Tonn
DARIUSZ

W

14

16

E -

INTAB |rterface-Teknik AB

[ 0a.03 2021 12:28:20

=

11:50
(09,03 2021

12:00
00.03.2021

1210
08,03 2021

Figure B.6: Load applied on beam 3
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115

TO4DT test av belong nrd

INTAB |nterface-Teknik AB

1104 |

105 4 |

100 3 |

Tonn [ 08052021 12.50-12 [ Ci08.03.50%1 125012 HH S m [ 09.03 2027 13.34:00 ]
F 5 M 56 58 an 02 4 B W@ qa 1z 14 & 18 2 OE B OB® 3 30 = |
12 13
Ch 2 = 60,46 Tonr
DARIUSZ
|
1}
|
—\_F—\JI
r
II
]
)
i
|
|
{
—
I
{
|
|'I
||
JIf
et
n L_ 1
1300 13:10 13:20 1330
09.03.2021 09.03.2021 09.03.2021 09.03.2021

Figure B.7: Load applied on beam 4
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130

TO4DT test av betong nrS

INTAB |nterface-Teknik AB

Tonn [ 08052021 13.51.06 JC1 [0E.03.2021 135106 MM ZE S m M 08.05. 2027 14.17.30 ]
| | 54 5% 55 an oz [ 08 (] i jiF] 14 % 1
13 14
Ch 2 = 8232 Tonn
DARIUSZ
rl,_.__
)
|
r, —d
J
_
n 1
13:55 1400 1405 1410 14:15
08.03.2021 08.03.2021 08.03.2021 08.03.2021 09.03.2021

Figure B.8: Load applied on beam 5
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TRE0T test av betong nré INTAB Irmerface-Teknik AB

Tonn |W[0E.03.2021 12:36-27 [ci] MM [ 05.03.2021 15.30.30 1
120 5 W 5 ] ] ] (] i 18 20 2% L
115 14 15

110 3 Ch 2 =90,12 Tann

105 DARIUSZ

100

a5 ]

o [

5

14:40 14:50 15:00 15:10 15:20 15:30
09.03.2021 08032021 02.03.2021 08.03.2021 09.03.2021 09.03.2021
I mmmmm———

Figure B.9: Load applied on beam 6
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B.5

Crack spacing results

Beaml Side 1
Crack ~ |Rebar 1 | * |Spacin ~ |Rebar2 |~ |Spacing2  ~
0 0

1 191 191 152 192
2 370 179 377 185
3 579 209 508 231
4 810 231 810 202
5 1100 250 1111 301
6 1300 200 1277 166
7 1532 232 1521 244
8 1779 247 1751 230
9 2000 221 2000 249

Minimum 179 166

Maximum 290 301

Average 222222222 222222222

Beam 1 Side 3

Crack ~ |Rebar 1 | * |Spacin ~ |Rebar 2 | ~ |Spacing2 |~

1] v}

1 248 248 267 267
2 500 252 498 231
3 766 266 704 206
4 917 151 926 222
5 1195 282 1194 268
B 1432 233 1431 237
7 1577 145 1810 379
8 1794 217 2000 190
9 2000 2086

Minimum 145 190

Maximum 282 379

Average 2333322232 250,

Beam 1 Side 2
Crack ~ |Rebar1 |~ |Spacin ~|Rebar2 | ~ |Spacing2 ~
0 0

1 207 207 1584 1584
2 430 223 422 238
3 575 145 794 372
4 798 223 1116 322
5 1099 301 1245 133
6 1253 154 1515 266
7 1507 254 1718 204
3 1738 231 2000 281
g 2000 262

Minimum 145 133

Maximum 301 372

Average 222222222 250,

Beam 1 Side 4

Crack ~ |Rebar1 |~ [Spacin ~ |Rebar 2| * |Spacing2 |~

v} 1]

1 184 184 184 184
2 361 177 349 165
3 502 141 503 154
4 815 313 817 314
5 1140 325 1073 262
G 12596 156 1304 225
7 1527 231 1507 203
3 1742 215 1738 231
9 2000 258 2000 262

Minimum 141 154

Maximum 325 314

Average 2322333222 2233323223212

Figure B.10: Crack spacing - beam 1
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Beaml Side 1
Crack * |Rebar1 | v |Spacing | ¥ |Rebar 2 | ¥ |Spacing2 ™
0 0

1 191 191 192 192
2 370 179 377 185
3 5759 208 608 231
4 310 231 810 202
5 1100 280 1111 301
6 1300 200 1277 166
7 1532 232 1521 244
8 17759 247 1751 230
g 2000 221 2000 249

Minimum 179 166

Maximum 290 301

Average 2222223222 222232222

Beam 1 Side 3

Crack ~ |Rebar1 | ~ |Spacin ~ |Rebar2 |~ |Spacing2 ~

0 [+]

1 248 248 267 267
2 500 252 498 £zl
3 7E6 266 704 206
4 917 151 926 222
5 1199 282 1194 268
6 1432 233 1431 237
7 1577 145 1810 379
8 1794 217 2000 190
9 2000 206

Minimum 145 190

Maximum 282 379

Average 2222232232 250,

Beam 1 Side 2
Crack ~ |Rebar 1 |~ |Spacing | ¥ [Rebar 2 | v |Spacing2 |~
0 0

1 207 207 184 184
2 430 e, 422 238
3 575 145 794 372
4 798 2323 1116 322
5 1099 301 1249 133
6 1253 154 1515 266
7 1507 254 1719 204
8 1738 £zl 2000 281
9 2000 262

Minimum 145 133

Maximum 301 372

Average 222232222 250,

Beam 1 Side 4

Crack ~ |Rebar 1 |~ |Spacin ~ |Rebar 2 |~ |Spacing2 |~

[+] 0

1 1584 184 184 184
2 361 177 345 165
3 502 141 503 154
4 815 313 817 314
5 1140 325 1079 262
6 1296 156 1304 225
7 1527 231 1507 203
8 1742 215 1738 231
9 2000 258 2000 262

Minimum 141 154

Maximum 325 314

Average 222222222 223233222

Figure B.11: Crack spacing - beam 2
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Beam 3 Side 1 Beam 3 Side 2

Crack ~ |Rebar 1 | ~ |Spacin, ~ |Rebar2 ¥ |Spacing2 ~ Crack ~ |Rebar 1 | ~ [Spacin ~ |Rebar 2 ~ |Spacing2 ~
[+] 0 [+] [+]

1 333 333 223 223 1 202 202 156 156
2 431 98 330 107 2 414 212 285 99
3 599 168 446 116 3 5893 179 402 107
4 735 136 581 135 4 811 218 599 197
5 309 74 695 114 5 954 143 584 35
6 971 162 332 137 6 1172 218 807 123
7 1186 225 983 151 7 1359 187 556 149
8 1379 183 1202 219 8 1489 130 1165 209
9 1457 78 1698 496 9 1690 201 1358 193
10 1661 204 2000 302 10 2000 310 1483 125
11 2000 339 1696 213

Minimum 74 107 2000 304

Maximum 339 486 Minimum 130 85

Average 181.81818 200, Maximum 310 304

Average 200 166.66667,
Beam 3 Side 3 Beam 3 Side 24
Crack v |Rebar 1 | * [Spacing | ¥ |Rebar 2 | v |Spacing2 |~ Crack ~ |Rebar1 | ~ |Spacing | ¥ |Rebar 2 | ~ |Spacing2 |~
0 0 0 0

1 211 211 208 208 1 220 220 189 189
2 409 198 415 207 2 315 495 311 122
3 586 177 604 1859 3 418 103 418 108
4 726 140 733 129 4 596 178 501 182
5 962 236 965 232 5 713 117 736 135
6 1172 210 1181 216 6 965 252 969 233
7 1451 279 1481 300 7 1160 145 1186 217
8 1659 208 1653 172 8 1447 287 1463 277
9 2000 341 2000 347 g 1666 219 1655 192
10 10 2000 334 2000 345
11

Minimum 140 129

Maximum 341 347 Minimum 95 108

Average 23223322 223222332 Maximum 334 345

Average 200 200,

Figure B.12: Crack spacing - beam 3
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Beam 4 Side 4

Crack ~ |Rebar 1 ~ |Spacing ~ |Rebar 2 ~ |Spacing?2 |~

0 0

1 170 170 170 170

2 386 216 335 165

3 557 171 611 276

4 784 227 784 173

5 1018 234 933 209

G 1166 148 1159 166

7 1345 179 1515 156

3 1415 70 1420 105

9 1538 123 1552 132

10 1659 121 1672 120

11 1772 113 1514 142

12 2000 228 2000 186

Minimum 70 105

Maximum 234 276

Average 166.6666667 166.6666667
Beam 3 Side 3

Crack ~ |Rebar 1 ~ |Spacing ~ |Rebar 2 ~ |Spacing2 |~

[v] [v]

1 182 182 178 178

2 346 164 347 169

3 614 268 588 241

4 785 171 780 192

5 1026 241 933 213

6 1135 109 1136 143

7 1264 129 1285 158

3 1413 149 1410 115

9 1696 283 1542 132

10 2000 304 1661 119

1864 203

2000 136

Minimum 109 115

Maximum 304 241

Average 200 169.4545455

Figure B.13: Crack spacing - beam 4
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Beam 4 Side 2
Crack ~ |Rebar 1 ~ |Spacin, ~ |Rebar 2 ~ |Spacing2 |~
"] "]
1 162 162 190 190
2 354 192 341 151
3 618 264 630 289
4 791 173 789 159
5 992 201 973 134
3] 1145 153 1132 159
7 1230 85 1281 145
8 1423 193 1419 138
9 1559 136 1547 128
10 1665 106 1689 142
11 1811 146 1834 145
12 2000 189 2000 166
Minimum 85 128
Maximum 264 289
Average 166.6666667 166.6666667,
Beam 4 Side 4
Crack ~ |Rebar 1 ~ |Spacin, ~ |Rebar 2 ~ |Spacing2 |~
"] "]
1 350 350 170 170
2 593 243 335 165
3 792 199 611 276
4 1005 213 784 173
5 1139 134 993 209
6 1304 165 1159 166
7 1424 120 1315 156
8 1556 132 1420 105
9 1674 118 1552 132
10 1875 201 1672 120
11 2000 125 2000 328
Minimum 118 105
Maximum 350 328
Average 181.8181818 181.8181818




Beam 5 Side 1 Beam 5 Sicde 1

Crack - |Rebar1 |~ |Spacing |~ |[Rebar2 |~ |Spacing2 - Crack - |Rebar1 |~ [Spacing |~ |Rebar2 |~ |Spacing2 -
Ly 0 0 0

1 227 227 223 223 1 199 199 223 223
2 350 163 627 404 2 357 158 378 155
3 560 170 759 132 3 542 185 539 161
4 773 213 870 211 4 780 238 784 245
5 935 162 1205 235 5 1051 271 1039 255
6 1180 245 1444 239 6 1237 186 1241 202
7 1365 185 1764 320 7 1404 167 1466 225
8 1475 110 2000 236 8 1646 242 1657 191
9 1663 188 9 1778 132 1770 113
10 1772 109 10 2000 222 2000 230
11 2000 228

Minimum 109 132 Minimum 132 113

Maximum 245 404 Maximum 271 255

Average 1281.818182 250, Average 200 200,

Beam 5 Side 3 Beam 5 Side 4

Crack -~ |Rebar1 |~ |Spacing |~ |Rebar2 - |Spacing2 - Crack - |Rebar1 |~ |Spacing |~ |Rebar2 - |Spacing2 ~

0 0 0 0

1 204 204 202 202 1 198 198 169 169
2 350 146 362 160 2 354 156 361 192
3 559 209 553 191 3 554 200 525 264
4 783 224 789 236 4 781 227 745 120
5 976 193 985 196 5 987 206 976 231
6 1052 76 1077 92 6 1066 79 1061 85
7 1234 182 1241 164 7 1245 179 1236 175
8 1401 167 1406 165 8 1422 177 1439 203
9 1647 246 1631 225 9 1625 203 1614 175
10 1775 128 1778 147 10 1784 159 1775 161
11 2000 225 2000 222 11 2000 216 2000 225

Minimum 76 92 Minimum 79 85

Maximum 246 236 Maximum 227 264

Average 181.818182 181.818182 Average 181.818182 181.818182

Figure B.14: Crack spacing - beam 5
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Beam 6 Side 1
Crack -~ |Rebar1 |~ |Spacing |~ |Rebar2 |~ |Spacing2 ~
0 0
1 200 200 164 164
2 403 203 456 292
3 769 366 750 254
4 931 162 930 180
5 1365 434 1198 268
6 2000 G635 1416 218
7 1667 251
8 1805 138
9 2000 195
10
11
12
Minimum 162 138
Maximum 635 294
Average 333.333333 222222222
Beam 6 Side 1
Crack - |Rebar1 | - |Spacing |~ |Rebar2 |~ |Spacing? ~
0 0
1 197 197 164 164
2 376 179 456 292
3 579 203 750 294
4 794 215 930 180
5 958 164 1198 268
6 1169 211 1416 218
7 1388 219 1667 251
a8 1504 116 1305 138
9 1706 202 2000 195
10 1808 102
11 2000 192
12
Minimum 102 138
Maximum 219 294
Average 181.818182 222233222

Beam 6 Side 2
Crack ~ |Rebar1 |~ |Spacing |~ |Rebar2 @~ |Spacing2 -
0 0

1 168 168 194 194
2 390 222 358 164
3 533 143 517 155
4 795 262 780 263
5 920 125 965 185
6 1172 252 1178 213
7 1416 244 1494 316
8 1500 84 1703 209
9 1662 162 1800 97
10 1799 137 2000 200
11 2000 201
12

Minimum 84 97

Maximum 262 316

Average 181.818182 200

Beam 6 Side 4

Crack ~ |Rebar1 |~ |Spacing |~ |Rebar2 |~ |Spacing? -

0 0
1 184 184 192 192
2 382 198 373 181
3 511 229 585 212
4 779 168 788 203
5 935 156 944 156
6 1170 235 1169 225
7 1361 191 1381 212
] 1698 337 1510 129
9 1805 107 1702 192
10 2000 195 1805 103
2000 195

Minimum 107 103

Maximum 337 225

Average 200 181.818182

Figure B.15: Crack spacing - beam 6
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C Order and design of load connections

C.1 Order of load connections

Order load connection

From Morskstaal.no
HEB 1000 5355 steel. Produktgruppe 5223.

We need 900 mm. To be on the safer side, order around 1200 mm — 1500mm.

We use both flanges of the beam. Cut at middle (at 500 mm)

From workshop at UIS
First order from workshop will be:

Figure C.1: Complete order of load connections
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35 mm cover

£y

Center of holes at 51 mm from each side.
Hole diameter 26 mm

Cut beam in half at the height 500 mm. With the two halves we can complete the set

Figure C.2: Complete order of load connections
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60 mm Cover

Center of holes at 76 mm from each side.
Hole diameter 26 mm

Cut beam in hzlf at the height 500 mm. With the two halves we can complete the set for 50mm cover

Figure C.3: Complete order of load connections
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85 mm Cover

Center of holes at 101 mm from each side.
Hole diameter 26 mm
Cut beam in half at the height 500 mm. With the two halves we can complete the set for 85mm cover

The holes in flange overlap with the welded section between flange and beam. Have to make sure
the nut will fit, might have to remove some of the weld.

Figure C.4: Complete order of load connections
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C.2 Design of load connections

Design calculation of the New loading connection at IKM test

HEB 5355 1000
Section Properties of single element (Highlighted part)
D . E | Sectional propertes
W= 19mm of HEE section
11l tf ;= 36mm
hw := 430mm
IF = 300mm
Yield Strength of weband flage
fy:= 355 N EN1983 1.1 Table3.1
2
mm
CuT il
Yield Strength of batsecton
o Bolt is the threaded
| fybolt:= 300 reinforcement
mm
|
|
|
0
Allthe marked dimensions are in
mm
Resistance of T-Stubs - Step 1A
n:= 5lmm ml = 59.5mm EN1993 1.8 Table 6.2
el:=5lmm EN1993 1.8 Table 64 and
) M24 nut properties end to end
dw = 41.6mm diameter of nut
For a drcular failure pattem EN1993 18 Table 64
End leffl := 2 - 3.14159 - ml = 373.849 - mm (Unstiffened case)
bolt leffll := 3.14159m1 + 2 - el = 288.925 - mm
For a non-arcular failure pattern
End leff2 = 4-ml+ 125-n=0302m
bolt

leff22 = 2ml + 0.625-el + el =0202m

Figure C.5: Design of 35 mm load connection part 1/9
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M1 = 1
24.84mm + 23.16mm)
dboltm := % =0.024m
dboltm |
FiRd = 3.14-("TJ fybolt = 226.08 - kN
025 Ief11 - - fy
MplIRd— 222 Sy ' me N
~M0
2
025 1eff22 - e -
Mpurg— 2B EE 0t N
MO
Mode 1 failure -Complete flange yielding
FtIRd = _(8-m—2ew) MpliRd =7615% 106..,_1 N-m

2-ml-n-ew- (ml+m)
Mode 2 Failure - Bolt failure with flange yielding
2 - Mpl2Rd + nFiRd - 4
ml +n

Mode3 Failure - Bokt Faiure

Fi2Rd = =8376x 10m | Nm

Ft3Rd = 4 Fth=9.04-3x10573'

Resistance of flange

Minimum of Ft1Rd, Ft2Rd, F3Rd

Ft2Rd= 8376 ]Glj -N

EN1993 1.1NA2.15

EN1993 1.8 Table 6.2
(Design resistance for T-stub
finge)

Lesser of leff1 or leffl1

Lesser of leff2 or leff22

Figure C.6: Design of 35 mm load connection part 2/9
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Check for Beam Web tension - Step 1B EN1993 1.8 Section 6268

beffweb := 300mm — 86mm = 0.214m ENII1.8 Sechn 6.2 6.8

suggest to use Fig6.10 and
Table 6.6
twh = tw=19- mm Consider the combined secion
fywh = 35313
mmn-
Web tensie Capasiy
FewbRd = Deweb-twb-fywh _ 10t e EN1993 1.8in Eq 622

~ MO

Shear failure can occur at the loading shackle connection
Ref:
htips/fewwmachinedesign comfastenersiwhat-s-difference-between-bearing-shear-and-ear-out-stress

Ashear = 2. 257mm- tw=9.766% 10 " m

Figure C.7: Design of 35 mm load connection part 3/9
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fshear .= 0.6 - fywh =213 » IDSL2 -N

m
6 2
FshearRDD) := Ashear - fshear =208 10 m - Pa

Tearout Failure of web

Ref:
https/Awwwmachinedesign.comfastenersfwhat s-difference-between-bearing-shear-and-tearout-stress

To prevent tear-out, it is suggested that the distance from the edge of the material to the edge of
the hole be at least equal to the diameter of the hole

Therefore No tearout fai occur

Verification of nut and bolt connection

Nut Strength Veerification

The boltis considered as the threaded end of reinforcement and the nut s selected as M24 streangth
class 8.

Tensie strength of 4 bolt set

Fi3RA=9.043x 100 N Refer sheet No2

Verification for the thread stripping before tensile failure of bolts

Tensie strength of one bolt

Ftholt = @ =2261x 105 -N

Figure C.8: Design of 35 mm load connection part 4/9
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Shear sfrength of bolt from the reinforcement

085 s the EC2 factor used
Fshearbolt -= 0.85 - fybolt = 425 - MPa when caluaing sheae ks
Calculation of effective length
Ashearbolt = —22M_ _ 537, 1074w’
Fshearbolt
Leffshear = —opearbolt o oo 10 % m
3.14 - dboltm
In order to hold the Tensike strength of a bolt required length is Reference
www inbology-abc.com
Leffshear = 7059 % 10 “m hittp-fwww irbology-abe. comic

alculatorsle3 6ehtm

Thread stripping streangth of bolt (reinforcement) Fthreadbolt

Reference :
httplhwaw tribology-abe.comfsub9 him

Length of engagement
Leng:= 0.75- 24mm = 0.018m Assume only one nutis
used

ey
Aengshear = 3.14 - dboltm - Leng = 1.356 % 10 3m_

Fthreadbolt := Aengshear - Fshearbolt = 5.765 » 105 -N

Thread stripping does not occur before Tensile strength of
bolt

Figure C.9: Design of 35 mm load connection part 5/9
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Verification for the thickness of flange (steel plate connected to bolts)

Tensie Strength verification

cross section of steel plate - nut connection

dhboltm = 0.024m
rholtm =

=0.012m
Stress area in bottom face of steel plate Abottom
dbottom = dboltm + 2 - 3.5mm + 2 - of = 0.103m

rbottom = %‘m =0052m
3.3
m

Abottom = 3.14 - rlml‘lum2 - l‘hllll'lllz] =7876x 10

Stress area in bottom face of steel top Afop
dtop := dboltm + 2 - 3 5mm = 0.031m

riop = thop =0016m

[ — 4 )
Atop = 314 - t_r‘lap2 - 1hnlhn2} =3022x 10 -‘m’
Mean Tensie Area Atmean
Atop + Abotts —
Atmean = =BT 4059 ¢ 10 im?

Maximum possible tensile capasily of plate at single nut-bot Fiplate 1

Fiplatel = fy - Atmean = 1452 105 N

Figure C.10: Design of 35 mm load connection part 6/9
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Maximum possible tensile capasity of plate at 4 nut-bot Fiplated

Ftplated := 4 - Ftplatel = 5.806 « ‘105 -N

Shear Strength verfication

rshear := rboltm + 3 5mm + ; =0034m

Shear Area

-3 2
Ashearm=2-3.14 - rshear - tf = 7.574x 10 ~m"

Shear capasty of a single nut Fshear1
Fshearl := fshear - Ashearm = 1613 x 106 -N

Shear capasity of a 4 nuts Fsheard

Fsheard = 4 - Fshear]l = 6.433 x ‘106 -N

Figure C.11: Design of 35 mm load connection part 7/9
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Verification for the residual stresses can occure at the web-filange sechon.
Reference -Instabilitiesof cellular members loaded in bending or compression by D. Sonck et al

Minimum thickness when hot-rolling

tmin = tw =19 - mm

Assume the maximum load per single section

Fappl = Ft3Rd = 90432 - kN

& +
+

Addiionad Tensie stress due to residual stress at the joint

fresidual .= 03 - fy = 106.5- MPa

Figure C.12: Design of 35 mm load connection part 8/9
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Tensie residual force at the joint Take the length along the
joint

Fresidual := tmin - 300mm - fresidual = 6.071 IOj -N

Total applied force with residual force

Ftot := Fappl + Fresidual = 1.511 103 -kN
Tensie strength of the section. Take the length along the joint. Not at the
weakest part where the shjakel hole is located

Fmax] := tmin - 300mm - fy = 2.023 ‘103' kN

The strength is higher than the maximum applied load.

Figure C.13: Design of 35 mm load connection part 9/9
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Design calculation of the New loading connection at IKM test
HEB 5355 1000

Section Properties of single element (Highlighted part)
Sectional properties
W o= [Omm of HEB section
tf ;= Z6mm
hw = 450mm

If = 300mm

Yidd Strength of webandflage

fy - 355i EM1283 1.1 Table3.1
mm"~
iddd Strength of bdtsecton
- N Boit & the threaded
fybolt = 500 —— formement
mm~
Al the marked dimensions are in
mm
Resistance of T-Stubs - Step 1A
o= THmm ml ‘= 34 mm EN1803 1.8 Table 8.2
el = Témm EM1993 1.8 Table 6.4 and
. M24 nut properfies end fo end
dw = 41.5mm di rofrt
For a circular falure pattem EM1883 1.8 Table 6.4
End leffl = 2. 314 - ml = 21665 mm (Unsiffened case)
bolt 1effll = 3.14m1 + I - el = 26033 - mm
For a non-creular failure pattem
End Ieffl = 4 -ml + 125 - n=0233m
bolt

leff2? = Iml + 0825 - el + el = 0.1%3m

Figure C.14: Design of 60 mm load connection part 1/9
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dw
m:-T--:'.III'.m

M- 1 EM1883 1.1 NA 215
~Ml-1

dboltm - (24 B4mm - 23. 16mmi) - 0.024m

| dboltm EMN1903 1.8 Tabke 6.2

FRd- 314 = | fybolt - 22608 kN s resetos fo i
finge}
MpRa - 2= 2 H T e 10m N Lesserofiefil orlefi1
~{ A0
025 1ef2D M fy s
MpRd-—— - 0 T 5014107 Nom Locear of T or 22

~AL0

Mode 1 faiure -Complete flange yislding
(& -m-lew) MpllRd

2 ml n-ew (ml-m

51
=3374=100m ~-Nm

FtlRd =
Mode 2 Faiure - Bok failure with flange yielding
Fi?Rd ‘= M - 1023 % 1.:.5.{] .Nm
ml+-mn
Moded Failure - Bo#t Faiure
FtiRd- 4 FiRd - 0043 = 107 N
Resstance of langs

Mininum of Ft1Rd, Fi2Rd. FR3Rd

FORd=9.043= 107 - N

Figure C.15: Design of 60 mm load connection part 2/9
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Check for Beam Web tension - Step 18 EM18B83 1.8 Seclion §.2.6.8

EM1203 1.8 Secion 8268

beffweb = 300mm - 2fmm = 7 214m suggest i use Fig 6,10 and

Table 6.6
Wh = W = 17 mm Consider the combined secfion
fywh = 355
mm”
Web tensie Capasiy
FiwhRd . Do Wb fywb 0 EN1863 1.8in Eq 822

= A0

Shear faillure can occur at the loading shackle connection
Ref:
hitpsfesw machinedesign.comfasienersiwhat-s-difference-between-bearng-shear-and-tear-out-sress

Ashear = - 237mm- tw = 0765« 10 " m

Figure C.16: Design of 60 mm load connection part 3/9
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1
fobear = 06 fywb =213 % 10° — N
m

FshearBD .= Ashear - fshear - 2.03 » 1-3'511' -Pa

Tearout Failure of web
Ref
hipsdfwwwmachinedesign.comfastenersiwhat-sdifference-betwesn-beanng-shear-and-ear-out-stress

To prevent tear-out, it is suggestad that the distance from the edge of the material © the edge of
the hole be atkeastequal o the diameter of the hole

Therefore Mo tearout fai coour

‘ierfication of nut and bolk connecion

Nut Strength Verification
The bolt & considered as the threaded end of reinforcement and the nut s selkected as M24 streangh

class 8.

Tensie strength of 4 bolt set
Refer sheet No2

FiRd-0043 % 10 - N

\erification for the thread stripping before tensie failure of boks

Tensie strength of one baok
FORA _ 261 10°-N

Ftbolt ‘=

Figure C.17: Design of 60 mm load connection part 4/9
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Shear strength of bolt from the reinforcement

0.85 is the BC2 factor used
Fshearbolt = 0.5 - fybolt = 425 - MPa when caleuiating shear inks
Calculation of efective length
Ashearbolt = — 20 _ 533, 107
Fibearbolt
Leffshear - —omettbalt e 1077 m
314 . dboltm
In order to hold the Tensile strength of a bok required lengh = Reference
wwnirbology-abe.com
Leffshear = 7059« 10 m hitpiiwaw fibology-abe. comic

aloulatorsie3_Gehim

Thread stripping streangth of bolt (reinforcement) Fhreadbok

Reference -
it Fanwea iribology-abe.com'sub8 him

Length of engagement

Leng = 075 - 24mm = 0.013m Azzurme only one nut s
used

3 4

Aengshear .= 3.14 - dboltm - Leng - 1 336 = 107 "m

Fthreadbolt = Aengshear - Fshearbolt - 5765 = 107 - W

Thread siipping does not occur before Tensike sirength of
bok

Figure C.18: Design of 60 mm load connection part 5/9
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Verification for the thickness of flange (steel plate connected to bolts)

Tensis Strength verfication

cross section of steel plate - nut connecton

dboltm = 0.024m

rholtm - ZPOM o 01

Siress area in botiom face of steel plate Abotiom

dbottom = dboltm - 2 - 2 fmm + 2 - ff = 0.103m

dbottom
— = 0051m

rbottom -
[ b 7\ -
Abattom = 3.14 - \rbottom - rbolim | = 7875« 10 m

Siress area in botiom face of steel top Alop

dtop = dboltm + - 3 mm =0 031m

riop - dTm" - 0016m
Atop = 314 - 'rtcl]}' —rbeltm™ | = 3012« 1070 m"
Mean TEnsie Area Atmean
Atop -~ Abatt _3 1
Atmean - — B R L 0ge s 10 T m

Mlaximum possible tensie capasity of plate at single nut-bot Fiplate 1

p
Fiplatel - fv - Atmean - 1432 10° N

Figure C.19: Design of 60 mm load connection part 6/9
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Maedmum possible ensile capasity of plate at 4 nut-bot Fiplated

1

Fiplated = 4 - Fiplatel = 2208« 10" - N

Shear Strength verfication

rzhear ‘= rbolim + 3 mm - — = 0.034m

Shear Area

Achearm:= 2314 rshear - if = 7574« 10 5m'
Shear capasity of a single nut Fshear1
Fsbear]l ;= fshear - Ashearm = [.§13 = 1-C-j -N
Shear capasity of a 4 nuts Fshaard

5
Fsbeard := 4 - Fshearl = 6453= 107 - N

Figure C.20: Design of 60 mm load connection part 7/9
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‘erfization for the residual sTesses can oocure at the web-fange secion.
Reference -Instabiltesof cellulsr members lknaded in bending or compression by D, Sonck et al

Mlinimum thickness when hot-roling

tmin = W = 19 - mm

Assume the madmum load per single secton

Fappl - F3Rd - 004 30 kN

b

o A
e

Additionad Tensie stress due o residual stress at the joint

fresidual = 0.3 - ff = 1065 - MPa

Figure C.21: Design of 60 mm load connection part 8/9
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Tensie residusl force at the joint Take the length along the
joint

Fresidual = tmin - 300mm - fresidual = 6.071 = 107 - N

Total applied foroe with residual forcs
Ftot = Fappl - Fresidual - 1 511 = 10BN

Tensie strength of the sachion. Take the kength along the joint Mot at the
weakest partwhers the shiakel hoke is lpeated

3

Fmaxl ‘= tmin - 300mm- fy = 2023« 107 - KN

The strength is higher than the maxdmum appled load.

Figure C.22: Design of 60 mm load connection part 9/9
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Design calculation of the New loading connection at IKM test
HEB 5355 1000

| 00 | Seciion Properfies of single element (Highlighted part)

Sectional properties
tw = 15%mm of HEE section
h— tf == 30mm
bw = 430mm

If = 3{mm
500
Yidd Strength of web and flange

fy = 333 X EM1993 1.1 Tabde3.1
mm
curt thy  Yield Strengih of boltsecton
. N Bolt is the threaded
frbolt =300 —  ohiorcement
mm

Al the marked dimensions are in

mm
o
Resistance of T-Stubs - Step 1A
n:= 10lmm ml = 9 Smm EM1993 1.8 Table 6.2
el = 10lmm EN1393 1.8 Table 64 and
diw = 416 M24 nut properiies end to end
oS S diameter of nut
For a circular faiure patem EMN1993 18 Table 6.4
End leffl = 2-3.14. ml = 3966 - mm {Unsfiffiened case)
bolt leffll = 3 14ml + 2 - ¢1=23133 mm
For a non-circular faiure patiem
End leff2 =4 -ml-+ 135 .0a=0164m
bolt

leff2l = Iml + 0,615 .- el + el =0.183m

Figure C.23: Design of 85 mm load connection part 1/9
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dw

ew'=—=001m
1
~ALD =1
~AML =1
(24.84mm + 23 16m
dboltm = ~———— = ™ _0024m
dboltm |~
FiRd = 3.14 | i‘m | fybolt = 22608 - kN
MpliRd = 2 1L e 1PN
~MD
025 lefi2 . - fy
MpliRd = —— == 8% B 5594 10" Nem

~MD

Mode 1 failure -Complete flange yielding
(8 -m— Zew) - MpllRd

2.ml m-ew-{ml+n)

FtlRd =

Mode 2 Faiure - Bolt failure with flange vielding

2 - MpliFd -~ nFtEd - 4

ml - mn

FtIRd =

Mode3 Failure - Bolt Failure

FtiRd= 4 -FtRd =943 = ll:l:T -N

Resistance of fange

Minimum of Ft1Rd, Fi2Rd, Ft3Rd

FtlRd=0.043% 10° - N

=7.017% 10%m™

6 -1
=1169x 10 m

EM1993 1.1 NAZAS

EM1993 1.8 Table 6.2
(Design resstance for T-stub
finge)

Lesser of leff or leff1

Lesser of lefi2 or leff22

;-N'm

-Nem

Figure C.24: Design of 85 mm load connection part 2/9
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Check for Beam Web tension - Step 1B EM1993 1.8 Section 6.2.6.8

EN1993 1.5 Section 6.2.6.8
beffiveb = 300mm — $6mm = 0214m cuggeetio v Flggﬂlland
Table 6.5

twh = tw=19 mm Congider the combined secton

fywh = 353
min
Web tensile Capasity
FewbRd = —oiweb fwb frwb 10 N EN1993 1.8in Eq6.22

A0

Shear failure can occur at the loading shackle connection

Ref
https JAwww machinedesign_ comfastenersiwhat-s-difierence-between-bearing-shear-and-tear-out-stress

Ashear = 2. 257Tmm - tw=9.766% 10 " m

Figure C.25: Design of 85 mm load connection part 3/9
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1
fzshear = 0.6 - fywh =213 = lﬂg—_| -N

m

FshearED ;= Ashear - fshear = 2.08 = 1|3lj m: -Pa

Tearout Failure of welb

Ref:
httpsAwwwmachinedesign.comfastensrsfwhat-s-differen ce-between-beaning-shear-and-tear-out-stress

To prevent tear-out, it is suggested that the distance from the edge of the matenial to the edge of
the hole be at least equal to the diameter of the hole

Therefore Mo tearout fal occur

Verfication of nut and kol connection

Mut Strength Verification

The bolt & considered as the threaded end of reinforcement and the nut is selected as M24 sireangth
class 8.

Tensile strength of 4 bolt set

FtiFd = 5043 = 1I3-j -N Refer sheet No.2

Verfication for the thread sinpping before tensie faiure of bols

Tensile strength of one bolt

FiiRd

Fholt = =2261%10°-N

Figure C.26: Design of 85 mm load connection part 4/9
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Shear strength of bolt from the reinforcement

Fzhearbolt = 055 . fybolt =425 - MPa

Calcukation of efiective length
Fehol s s
Ashearbolt= — 0 =533x 10 *m”
Fzhearbolt
Leffshear = —2mearbolt _ o0 107 %m
114 dbeltm

In order to hold the Tensile strength of a bolt required lkength is

E]

Leffshear = 7059 = 107 "m

Thread stripping streangth of bok {reinforcement) Fthreadbolt
Reference -

hitpfaraw ribology-abe. comisubd him

Length of engagement
Leng =075 24dmm=001%m

Aengshear = 3.14 . dboltm - Leng = 1.336x 10 "m

Fihreadbolt = Aengshear - Fshearbolt = 3 765 = lil:T -N

Thread stripping does not occur before Tensie strength of
boft

-
=

0.55 is the EC2 factor used
when calculating shear Inks

Reference
wawwirbology-abe.com

hitp erwrw ribology-abe.comic
alculators’e3Behtm

Assume only one nut is
used

Figure C.27: Design of 85 mm load connection part 5/9
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Verification for the thickness of flange (steel plate connected to bolts)

Tensie Strength verfication

cross section of sizel plate - nut connection

dholtm = 0.024m
dbolim

rholtm = =0.012m

Siress area in botiom face of steel plate Abottom

dbottom = dboltm - 2 - 3 5mm+ 2. tf = 0103 m

dh
rhottom = Lhotrom _ 0.052m

-

Abottom = 3 14 . |rholmm' - rhulrm_l =7876% 10 "m

Stress area in botiom face of steeltop Afop

diop = dboltin - 2 - 3 5mm =0.03]lm

dtop
]

rtap = =0016m

Atop= 314 - lrtop” — rholim™ | =3.022% 107 “m"

Mean Tensie Area Atmean

Atop + Abottom -3

Atmean = =4089x 10 “m-

Maximum possible tensie capasity of plate at single nut-bot Fiplate1

Ftplatel ‘= fy - Atmean = 1452 x 10° . N

Figure C.28: Design of 85 mm load connection part 6/9
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Maximum possible tensie capasity of plate at 4 nut-bot Fiplated

1

Ftplate4 = 4 - Fiplatel = 5806« 10" - N

Shear Strength veriication

- tf .
rshear = rholtm + 3 Smm + - = 003 m

Shear Area

Ashearm =2 314 . rshear - f = 7574 % 107 "m"

Shear capasity of a single nut Fshear1
Fshearl = fshear - Ashearm = 1 613 « '.Uﬁ N
Shear capasity of a 4 nuts Fsheard

Fsheard .= 4 - Fshearl = 6,457 = IEE- N

Figure C.29: Design of 85 mm load connection part 7/9
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“erication for the residual stresses can occure at the web-flange section.
Reference -Instabiitiesof cellular members lbaded in bending or compression by D. Sonck et al

Mnimum thickness when hot-roling

tmin = tw = 19 . mm

Assume the maximum lead per single section

Fappl = Ft3Rd = 904,32 . kN

7 o
P T

7 N N

e 4] A
S

Addiionad Tensike stress due to residual stress at the joint

fresidual = 0.3. fy = 106.5 . MPa

Figure C.30: Design of 85 mm load connection part 8/9
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Tensie residual force at the joint. Take the kength along the
joint

Frezsidual = tmin - 300mm - fresidual = 6.07] = IU:T -N

Total appled force with residual force:

Ftot = Fappl - Fresidual = 1511 = 107 KN

Tensie strength of the section_ Take the length along the joint. Mot atthe
weakest part where the shigkel hole is located

Fmaxl = tmin - 300mm - fy = 2.023 = 133 -EN

The sirength is higher than the maximum appled load.

Figure C.31: Design of 85 mm load connection part 9/9
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D Images of cracks in concrete

Figure D.1: Beam 1 - Side 1

Figure D.2: Beam 1 - Side 2
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Figure D.6: Beam 2 - Side 1
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Figure D.10: Beam 3 - Side 2
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Figure D.14: Beam 4 - Side 2
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Figure D.18: Beam 5 - Side 2
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Figure D.19: Beam 5 - Side 3

Figure D.22: Beam 6 - Side 2
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Figure D.23: Beam 6 - Side 3

Figure D.24: Beam 6 - Side 4
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