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ABSTRACT

Following the developments since 1960, plain reinforcement bars have been replaced
by ribbed reinforcement bars in the design of concrete structures. However, some
of the existing old structures with plain reinforcement bars are still in use and
there is insu Lcieht knowledge available for the assessment of structures with plain
reinforcement bars.

The aim of this thesis was to evaluate the anchorage capacity of naturally corroded
plain reinforcement bars with end-hooks. The studied specimens were earlier cut
from edge beams of a decommissioned bridge. There were two types of beams:
with one or two pairs of hooks. Three-point bending tests of the beams had been
carried out before this thesis project. Digital Image Correlation was used to monitor
deflections and crack developments. In this thesis, the structural behavior of both
types of beams was evaluated. The yield penetration and corrosion level of plain
reinforcement bars with end-hooks were evaluated from 3D scanned data. Further,
the bond stress in the yielded zone and the force anchored by the hooks were assessed.
Finally, the experimental results were compared to the design capacity in accordance
with two di[erknt available codes, BBK 04[3] and ACI[1].

In comparison, the beams with two pairs of hooks showed a larger load-carrying
capacity. The end-hook of beams with one pair of hooks managed to carry the
yield force in some cases, while for the beams with two pairs of hooks, shear failure
limited the deformation capacity of the beams. The results showed that the average
corrosion level varied from 0% to 2%. The bond stress in the yielded zone was
found to vary between 0 MPa and 4.5 MPa. The force anchored by the hooks varied
depending on the assumed value of the bond stress in the unyielded zone. For an
assumed bond stress ranging from 1 MPa to 12 MPa, the evaluated force anchored
by the hooks was similar in both types of beams and varied between 32 kN and 53
kN. The calculated force anchored by the hooks in the experiments was on average
84% and 64% of the code results according to BBK 04[3] and ACI[1], respectively.

Key words: Natural corrosion, plain reinforcement bars, reinforced concrete, anchor-
age, bond stress, DIC, 3D scanning
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1

Introduction

1.1 Background

In recent years, sustainability has become increasingly important in our society. As
such, in the future of structural engineering, more e orts will be put onto assessing,
repairing and strengthening the existing structures. Reinforced concrete uses large
amounts of cement, which at production requires large energy consumption, which in
turn produces carbon dioxide. Starting from the concept of sustainable development,
it is essential to research and maintain the existing old reinforced concrete structures
and make full use of them in order to reduce the negative environmental impacts of
newly constructed reinforced concrete structures. Under the precondition of safety,
the service life of structures should be prolonged as much as possible, in order to
avoid waste of resources.

Older reinforced concrete structures are characterized by the use of plain reinforce-
ment bars. Generally speaking, plain reinforcement bars are those with no surface
deformations. After decades of development, plain reinforcement bars have been
gradually replaced by ribbed reinforcement bars, since the latter one has surface
ribs that will increase its bond strength when used in reinforced concrete. Past
research has shown that bond strength between reinforcement bars and concrete
consists of three main mechanisms: chemical adhesion, friction and mechanical in-
terlock. Friction and chemical adhesion usually play a fundamental role for plain
reinforcement bars compared with ribbed reinforcement bars, while mechanical in-
terlock contributes only at the micro-level for plain reinforcement bars. As a result,
the bond of plain reinforcement bars will be naturally lower and weaker than that
of ribbed reinforcement bars.

In fact, concrete structures reinforced with plain reinforcement bars were quite com-
mon up to 40s. In many cases, the reinforcement bars ended with hooks in the an-
chorage zone to increase the anchorage capacity and compensate for the weak bond.
Many structures from that time are still in use. Currently however, there is insu -
cient knowledge available for the assessment of structures with plain reinforcement
bars since corrosion e ects on bond is unknown.

It is well known that under the in uence of various environmental factors, these

reinforced concrete structures are bound to su er dierent degrees of corrosion.
Corrosion is the most common cause of deterioration in reinforced concrete struc-
tures. Corrosion is commonly due to chloride contamination. Corrosion results in a
reduction in the e ective cross-sectional area of reinforcement bars. Further, corro-
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1. Introduction

sion products occupy a larger volume than the steel they originate from, which can
cause cracking of the concrete cover, and thus further deterioration.

Since the mechanical behaviors of plain reinforcement bars and ribbed reinforcement
bars di er, their bond behaviors are expected to be di erent after the reinforcement
bars are corroded. However, there is little knowledge on the e ect of corrosion on
the structural behavior of reinforced concrete structures with plain reinforcement
bars, which may lead to unnecessary demolishment and reconstruction.

Before this thesis work, seven naturally corroded reinforced concrete beams were
tested in three-point bending tests in Structures Laboratory at Chalmers University
of Technology. Three of the beams included spliced reinforcement bars with hooks
and four included reinforcement bars that were anchored by hooks at their ends.
Depending on the hook positioning, the failure modes varied between shear and
bending failure.

1.2 Scope and Obijectives

The aim of this thesis was to acquire knowledge on the structural behavior of end
hook anchorage in naturally corroded reinforced concrete structures with plain bars.
More speci cally, the overall aim was to evaluate the anchorage capacity of naturally
corroded, plain reinforcement bars with end-hooks. To reach this aim, the following
objectives were identi ed:

To study the e ect on structural behavior of plain rebars with end-hooks under
the in uence of corrosion;

To study and assess the load-carrying capacity of the beams with corroded
reinforcement bars anchored with end-hooks.

1.3 Method

In three-point bending tests had been carried out earlier, mid-span de ections and
crack developments were monitored by Digital Image Correlation(DIC). After the
tests, the reinforcement bars were extracted for further evaluation.

With the aim of obtaining data, the reinforcement bars were cut and sandblasted.
Geometrical data were acquired by 3D scanning and processed by software VX
elements and GOM Inspect for further evaluation of yield penetration and corrosion
level. A set of current MATLAB codes were modi ed and used to evaluate the
corrosion level of the reinforcement bars. At the same time, the plot of both cross-
sectional perimeter and area along the longitudinal reinforcement bars was obtained.
The yield penetration was evaluated by comparing the trends of the cross-sectional
perimeter and area. Further, the forces anchored by the hooks were calculated from
the evaluated corrosion level and yield penetration, and on an assumed bond stress
in the straight part of the reinforcement bars. The value of this assumed bond stress
was based on a literature study. The theoretical design capacity of hooks was also
calculated, from two di erent codes, BBK 04[3] and ACI[1]. Finally, the calculated
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1. Introduction

force anchored by the hooks were compared to the theoretical design capacity.

1.4 Limitations

N

The structural tests had already been carried out before this thesis work
started, this project focused on interpretation of the results and an analyt-
ical study.

The specimens were originally parts taken from a decommissioned bridge. The
corrosion level in uenced by environment, geometry of the beams could thus
not be controlled.

Due to the limited space of the sandblasting machine compared with the rein-
forcement bars dimensions, the reinforcement bars were cut into two separate
sections. This implies that information on the corrosion status might be lost
at the cutting area.

1.5 Oiriginal features

The original features of this study are as follows:

N

Beams from an 80-year old bridge including naturally corroded reinforcement
bars with end hooks were investigated.

Corrosion level and yield penetration for each reinforcement bar were identi-
ed.

1.6 Outline

The outline of the thesis is as follows:

Chapter 1 introduces background, aim, method, limitations and original features of
the study.

Chapter 2 provides an overview of structural behavior of naturally corroded plain
bars with hooks and on the e ect of corrosion by reviewing existing literature.

Chapter 3 focuses on the methodology of obtaining the geometry of the bars and
the post-processing as well as the calculation and analysis of the data.

Chapter 4 presents the structural behaviour of the beams, and the results of yield
penetration and corrosion level of the bars. The force anchored by the hooks is also
calculated and compared to the design capacity.

Chapter 5 discusses the results.
Chapter 6 concludes the study.
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Theoretical background

The purpose of this chapter is to provide theoretical support for this study, and
to gradually establish a rational theoretical framework. In particular, the e ect of
corrosion on the bond of plain reinforcement bars is discussed. Additionally, the
bond of plain bars is discussed with particular attention to the role of end-hooks.

2.1 Plain reinforcement bars with end-hooks

Due to the widespread utilization of ribbed rebars in concrete structures, a large
number of research papers exist that investigates the bond of ribbed rebars. Plain
reinforcement bars have been replaced in the design of concrete structures following
developments in the understanding of the steel/concrete bond mechanism since 1960
(Cairns & Feldman, 2018)[5]. However, plain reinforcement bars are still present
in large quantities in many existing structures in European countries, and the re-
guirements for load-carrying capacity have gradually increased. Additionally, such
structures are likely to be a ected by corrosion, which is the most common cause of
deterioration for reinforced concrete structures (Bell, 2004)[2].

The bond mechanism of plain bars is di erent from those of ribbed bars. The in-
troduction of ribs allows the ribbed reinforcement bars to interlock better with the
surrounding concrete, thus increasing the bond capacity. The bond mechanism is
the interaction between reinforcement and concrete. The ability that makes it pos-
sible to combine the compressive strength of concrete and the tensile strength of
reinforcement in reinforced concrete structures is also attributable to this transfer
of stress (Lundgren, 2005a)[15]. In general, bond is considered to be a result of three
di erent mechanisms: chemical adhesion, friction and mechanical interlocking be-
tween the ribs of the reinforcement bars and the concrete (Lundgren, 2007)[17]. The
basic behaviors of the structures are greatly in uenced by these bond mechanisms,
which are manifested in many aspects such as crack development and spacing, crack
width and ductility (Lundgren, 2005a)[15].

For ribbed bars, the bond strength principally depends on the bearing, or mechanical
interlock (Cairns et al., 2006)[4]. The inclined forces generated by the bond action
of the ribs continue to transmit forces between the reinforcement and concrete even
after the chemical adhesion has disappeared. The inclined stress can be resolved
into parallel and radial components. The component parallel to the direction of the
reinforcement axis is called bond stress and is a function of the normal con ning
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2. Theoretical background

pressure exerted by the surrounding concrete on the surface of the reinforcement.
Perpendicular to the direction of the reinforcement axis is the radial stress, also
referred to as the splitting stress (Saether, 2011)[20], see Figure 2.1. In other words,
the introduction of ribs can improve the bond capacity of the reinforcement by
increasing the mechanical interlocking.

Figure 2.1: Bond and splitting stresses between a ribbed bar and the
surrounding concrete, from Magnusson (2000)

However, plain rebars with a smooth surface have signi cantly weaker bond capacity
compared to ribbed rebars. More speci cally, friction is the major component of
bond resistance of plain bars, which usually fail by pulling out of the concrete,
leaving the cover uncracked (Cairns & Feldman, 2018)[5]. In addition, the role of
adhesion can no longer be ignored since the splitting force is much smaller for plain
reinforcement bars.

Among the existing studies on bond of plain reinforcement bars, Cairns et al. (Cairns
et al., 2006)[4] observed that the casting position has an e ect on the bond strength.
Their experiments showed that in the absence of corrosion, the bond strength of top-
cast bars was weaker than that of bottom-cast bars, more speci cally by an average
of 55%. Subsequently they also suggested the use of a reduction factor of 0.5 for
the bond of plain reinforcement bars in poor casting position. In addition to this,
they concluded that an increase in concrete cover may improve the bond strength
of plain bars. Further studies seem to con rm that minimum cover has a strong

in uence on bond resistance (Cairns & Feldman, 2018)[5].

Currently, most of the buildings from the 60s and 70s in European countries, es-
pecially in Italy, are somewhat under-designed (Fabbrocino et al., 2002)[8]. These
structures were reinforced with plain bars and exhibited poor bond, and thus many
used speci ¢ anchoring end details to ensure a satisfactory interaction with concrete.

Anchor end-hooks, used to increase the bond capacity of plain reinforcement bars,
are typically bent at 90, 135 and 180 degrees angles (Fabbrocino et al., 2002)[7].
Fabbrocino et al. noted that the end detail of rebars are essential for the devel-
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2. Theoretical background

opment of the strength and the deformation mechanisms in the beam to column
region. Figure 2.2 showed the force transfer for the behavior of the tensile reinforce-
ment bar. The anchored bar is divided into two parts: one straight region and the
anchorage region, indicated by a circular hook, see Figure 2.3 for more details. From
a theoretical point of view, the end anchorage results in a restraint for the inner end
of straight part of the rebar. Figure 2.3 highlights two boundary conditions for the
straight region. One case is when the end detail is ideally free, which means the
anchorage is not present, and slip occurs at the unloaded end (B, but the bar
stress is zero. The other case is when the anchorage is ideally rigid and the bar
stress is not zero when the unloaded end slip is zero (s=0) because of high ratio
between the applied force and the anchorage reaction force. The stress-slip response
of common anchorages lies between these two bounds, so that neither the slip nor
its derivative is zero.

Figure 2.2: Global joint deformation: the slippage of anchored reinforcement.
(Fabbrocino et al., 2002)[7]

Figure 2.3: The anchored plain reinforcement bar. (Fabbrocino et al., 2002)[7]

Rigid anchorage allows full development of exural strength and is thus e ective in
avoiding premature anchorage failure. On the other hand, it produced the minimum
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2. Theoretical background

values of slippage at the loaded end. Thus, the actual stress-slip response of the
anchors is in the shaded area, see Figure 2.4 (Fabbrocino et al., 2004)[9]. From
the pull-out tests on hook anchorages in their research, the results showed that
the slip of the hook at yielding is constant. Furthermore, they concluded that the
mechanism of the stress-slip response of the hook reduced the yield penetration in
the anchorage device.

Figure 2.4: Stress vs. loaded end slip of anchored smooth bars. (Fabbrocino et
al., 2004)[9]

2.2 E ect of corrosion

Corrosion of embedded reinforcement is a major cause of deterioration of concrete
structures, with the result that the service life of the structure is usually limited.
The direct impact of corrosion on reinforcement bars is re ected in the main points:
loss of bar cross-section; the oxide produced by corrosion of the reinforcement bars
occupies a larger volume than the parent metal, and the increase in volume caused
by corrosion products leads to an increase in the stresses on the concrete, eventually
leading to cracking and spalling of the concrete cover; and the formation of corro-
sion products changes the properties of the interface between the concrete and bar
(Cairns et al., 2006)[4]. Therefore, the e ects of corrosion on the residual structural
capacity can be divided into e ects on the reinforcement itself, e ects on the sur-
rounding concrete, and e ects on the bond between the two. A detailed diagram of
e ect of corrosion on plain round bars is shown in Figure 2.5.
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2. Theoretical background

Figure 2.5: E ects of corrosion on residual strength (plain round bars). (Cairns
et al., 2006)[4]

Corrosion of reinforcement is caused by many factors, the most prevalent of which
are carbonation and chloride penetration. Corrosion occurs on the bar surface in
the presence of water and oxygen when the protective layer on the steel surface is
damaged by chloride or carbonation ions. It is possible for both types of corrosion
to occur simultaneously. Carbonation, also known as general corrosion, has a mech-
anism of action in which the protective layer is completely dissolved, resulting in a
general loss of reinforcement bar cross-section. Chloride ingress (pitting corrosion)
leads to localized destruction of the protective layer, resulting in a greater local loss
of the reinforcement bar cross-section.

At the initial stage of the corrosion process, corrosion products accumulate on the
surface of the reinforcement, resulting in an increase in the radial compressive stress
between the reinforcement and the concrete, thus increasing the frictional component
of the bond (Saether, 2011)[20]. This, however, eventually causes spalling of the cover
(Lundgren, 2005b)[16].

With reference to previous studies, there are many parameters that a ect the bond
strength between reinforcement and concrete, such as the reinforcement bar type,
the diameter, and the thickness of concrete cover (Fang et al., 2006)[12](Fang et al.,
2004)[11](Wu et al., 2016)[22](Yalciner et al., 2012)[23].

It is well known that the di erent types of reinforcement, such as plain and ribbed
reinforcement, have e ect on the bond strength (Fang et al., 2006)[12]. The re-
sults of a study by Wu et al. (Wu et al., 2016)[22] in which di erent diameters
of ribbed reinforcement were used in the experiments showed that the tendency of
the deterioration to a ect the bond strength also varies depending on the size of

9



2. Theoretical background

the reinforcement diameter, probably also because of the varying thicknesses of the
protective concrete.

Previously, Yalciner et al. have compared and evaluated the bond strength of dif-
ferent concrete cover depths by pull-out tests (Yalciner et al., 2012)[23]. They took
the same diameter size for all the ribbed bars and set three di erent cover thick-
nesses. It was found that the bond strength of the specimens in the uncorroded
condition increased with the ratio of c¢/D (cover-to-bar-diameter ratio), where the
highest ultimate bond strength was obtained for this value of 3.2.

Williamson and Clark (Williamson & Clark, 2002)[21] studied the e ect of corrosion
and loading on the bond strength, and showed that corrosion enhances the bond
strength of plain bars unless cracking and loss of con nement is severe.

Fang et al. performed pull-out tests to assess the e ect of corrosion on bond and
bond-slip behavior, where the specimens also contained plain rebars (Fang et al.,
2004)[11]. In these tests, it was found that for uncon ned plain rebars, the bond
strength increases with the corrosion level when the corrosion level is low, and the
ultimate bond strength can be 2.5 times that of non-corrosion; while the bond
strength decreases rapidly when the corrosion level is high. 2-4% of the corrosion
level was found to be a breaking point in their tests. When it comes to plain re-
bars with con nement, the situation is slightly di erent. The bond strength can
increase with the degree of corrosion up to a relatively high degree of corrosion.
Other experiments tested the bond stress-slip response of corroded reinforcement to
concrete under cyclic loading; these also involved plain reinforcement bars (Fang,
et al., 2006)[10]. Their experiments showed that the bond behavior of plain rein-
forcement bars, whether con ned or uncon ned, is signi cantly reduced under cyclic
loading.

In the long term, if proper measures are not taken and corrosion is allowed to develop
on the surface of the reinforcement, the bond strength between the reinforcement
and the surrounding concrete will be seriously a ected and, more seriously, the
safety and integrity of the building structure will be reduced. Thus, the assessment
and repair of plain reinforcement bats, for which there are relatively few references,
will continue to be an important topic.
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Methodology

Gullspang bridge was located in central Sweden, close to the Sweden's largest inner
lake, Vanern. During an 81-year service life, the bridge had been exposed to de-
icing salts, resulting in visible corrosion damages. After the demolishment of the
bridge, the edge beams were divided into segments and used for research. This
thesis focuses on analyzing the results from the structural tests of the edge beams,
particularly on the remaining capacity of the end-hooks of the plain reinforcement
bars. The study was divided into two parts. The rst part is mostly experimental,
focusing on obtaining data, such as the geometry of the bars, including the corrosion
level, and on post-processing of data from the structural tests of the edge beams.
In the second part, the obtained data, the corrosion level, yield penetration and the
remaining capacity of the hooks are compared with equations in code provisions.

3.1 Specimen

3.1.1 Geometry

Seven beams, cut from the edge beams of Gullspang bridge, were tested in three-
point bending in 2018. The edge beams were reinforced with plain reinforcement
bars ending in hooks. The reinforcement bars had 16 mm diameter, further the
beams included stirrups of 6 mm diameter. The distribution of the stirrups varied

a lot from beam to beam. The straight bars at the cut ends of the beams were
prevented from slipping by the use of the bolts and washers applied prior to the
structural test. In this study, one beam (named as beam 11) was excluded from the
evaluations; this was due to that the beam had been repaired during the service life
of the bridge with a welded end steel plate. This was discovered after extracting
the reinforcement bars from the beam. The tested beams were classi ed into two
categories. One was beams with one pair of hooks at both top and bottom layers,
de ned as beams with one pair of hooks (1); the other was beams with two pairs
of hooks at both top and bottom layers, de ned as beams with two pairs of hooks
(2). These two types of beams also had di erent distributions of reinforcement bars.
In the rst case, the hooks were located at one end of the beam (see Figure 3.1),
while in the second case the hooks were located at the middle part of the beam
(see Figure 3.2). The cross-sectional dimensions of the beams are illustrated in
Figure 3.3. In Figure 3.3, the left gure showed the cross section of the beams with
one pair of hooks and the right gure showed the cross section of the beams with
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3. Methodology

two pairs of hooks. The reinforcement bars in the beams with one pair of hooks were
labelled as TI-Top Inner; TO-Top Outer; Bl-Bottom Inner; BO-Bottom Outer; The
reinforcement bars in the beams with two pairs of hooks were labelled as TI-Top
Inner; TO-Top Outer; TICR-Top Inner Center to Right; TOCR-Top Outer Center

to Right; Bl-Bottom Inner; BO-Bottom Outer; BICR-Bottom Inner Center to Right;
BOCR-Bottom Outer Center to Right; Both the top and bottom mentioned referred

to the original position of the reinforcement bar in the bridge. The left side of the
cross sections was the inner side of the beams. The concrete cover, which is the
distance from the bars towards to the top or bottom, and the con guration of the
hooks are listed in Table 3.1 to Table 3.2.

Figure 3.1: Beam with one pair of hooks

Figure 3.2: Beam with two pairs of hooks

12



3. Methodology

Figure 3.3: Cross section of edge beam. Rebars in the beams with one pair of
hooks (left gure) were labelled as following: TO - Top Outer; Tl - Top Inner; BO
- Bottom Outer; Bl - Bottom Inner. Rebars in the beams with two pairs of the
hooks (right gure) were labelled as following: TI - Top Inner; TO - Top Outer;
TICR - Top Inner Center to Right; TOCR - Top Outer Center to Right; Bl -
Bottom Inner; BO - Bottom Outer; BICR - Bottom Inner Center to Right; BOCR
- Bottom Outer Center to Right

Table 3.1: Geometry of the beams with one pair of hooks

Beam ID | Length (mm) | ¢ry (mm) | cro(mm) | cg (MM) | Cgo (MM)
1 885 54.5 56.5 34 34
18H 880 34 34 17 19
19 912.5 71 415 34 34

Table 3.2: Geometry of the beams with two pairs of hooks

Beam ID | Length (mm) | ¢r; (mm) Cro (mm) cg; (MmM) | cgo (Mm)
10D 920 45(R) 33(L) | 25(R) 34(L) | 34 34
13G 995 34(R) 38(L) | 36(R) 24(L) | 34 34
16K 895 68(R) 52(L) | 35(R) 38(L) | 34 34

In Figure 3.3, the label CR of beams with two pairs of hooks stands for center to
the right which means that hook positioned in the center and the bar ends on the
right side, see the labels of bottom reinforcement bars in Figure 3.4.

13



3. Methodology

Figure 3.4: Labels for reinforcement bars in the beams with two pairs of hooks at
bottom layer

Beams with two pairs of hooks were upside down during the tests and only the
tensile reinforcement bars were saved, which were originally top reinforcement bars
in the bridge. For Beam 18H, only the bottom reinforcement bars were saved after
the test. Through measuring the con guration of the hook, it could be seen whether

the hook was deformed during the structural test. The measurement of lengths and
distances are illustrated in Figure 3.5, and the results for each bar are shown in
Table 3.3.

Beam Labelling | Distance | Distance | Distance | Length 1 | Length 2 Length 3
ofbars | 1 (mm) | 2 (mm) | 3 (mm) | top (mm) | mid (mm) | straight (mm)
T 52 52 52 100 150 690
10D TO 53 54 55 111 167 702
TI CR 61 63 64 120 173 717
TOCR |59 60 61 122 173 835
Beams with T 61 63 64 117 169 883
two pairs | 13G TO 59 60 60 127 184 904
of hooks TICR 56 52 50 117 169 710
TOCR |58 58 58 113 168 734
T 65 71 76 138 192 714
16K TO 59 59 59 104 157 709
TICR 57 57 57 121 173 608
TOCR |53 54 54 127 177 651
18H Bl 57 57 57 113 164 841
BO 53 55 54 106 153 1050
BI 59 60 60 115 169 817
Beams with | 19 BO 59 61 62 114 162 852
one pair T 56 57 58 117 170 853
of hooks TO 56 56 55 121 171 875
BI 60 61 62 163 214 783
1 BO 65 70 75 145 195 848
T 61 63 64 163 213 753
TO 62 72 78 145 200 794

Table 3.3: Labelling of the reinforcement bars in beams and the corresponding
con guration of the hooks
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3. Methodology

Figure 3.5: The con guration of the hooks

3.1.2 Material

Concrete

The bridge was older than 80-year-old, there was no vibration of concrete during
casting, but tamped. Eight concrete cylinders with a 100 mm diameter were drilled
from the edge beams of the bridge and subjected to compression tests according to
SS-EN 12390-3:2009/AC:2011 (Robuschi et al., 2018). The results of the compres-
sion tests are shown in Table 3.4[18]. The average compressive strength of concrete
in those tests was measured to be about 45.55 MPa with a standard deviation of 4.6

MPa. This compressive strength has thus been used in the subsequent analytical
calculations.

Test datum: 2018-05-18
Label Height Diameter Density Max. load Compressive strength

[mm] [mm] [kg/m3] [KN] [MPa]
17D 200 198 100 2400 402 51.0
10G1 200 200 100 2380 378 49.0
14D 198 100 2380 346 43.9
18A 200 197 101 2360 388 48.9
10C 200 199 100 2380 358 45.4
16B 200 196 100 2390 293 37.1
14H 200 198 100 2370 382 48.5
10G2 200 100 2380 328 41.6

Table 3.4: Results of compression test

Steel

Uncorroded sections of plain reinforcement bars were extracted from the edge beams
of Gullspang bridge and were tested in tension to characterize the stress-strain curve
of the steel. The relation between stress and strain is illustrated in Figure 3.6. The
result of test showed that average yield strength of the plain reinforcement bars was
to be about 252 MPa. The deviation of 10.1 MPa for yield strength was determined
in Robuschi et al.(2020). Therefore, 252 MPa was used as the yield strength of
reinforcement bars in further calculations.
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Figure 3.6: Stress-strain curves of the reinforcement bars of Gullspang bridge.
Higher and lower bond is given with dotted line, an average is provided in orange.

3.2 Structural tests

3.2.1 Three-point bending tests

The beams were placed on two 50 mm wide supports under the whole width for
all beams, the span of the beam between the supports was 700 mm. The beams
were between 880 mm and 1000 mm in length and 300 mm in height, and the
center of the support was positioned between 90 to 148 mm from the beam end on
each side depended on the length of the beams, as shown in gure 3.7 and 3.8. The
reinforcement bars were restrained at the end of the beam by the use of the bolts and
washers to prevent the reinforcement bars from failing in anchorage. The stirrups
were positioned with di erent spacing of c/c distance in each beam, as shown in
Figure 3.7 and 3.8. All beams except Beam 18H were placed upside down during
the test relative to their original placements on the bridge. The load was applied
in the mid-span on a 90 mm wide plate to avoid the crushing of concrete. The test
was displacement-controlled at the mid-span: a loading rate of 2 mm/min was used
up to 35 kN, while compressing the wood layers underneath the load and support
plates. The load rate was then changed to 1 mm/min up to 60 kN. From 60 kN, the
loading rate was set to 0.4 mm/min, to capture the pre-cracking behaviour of the
beam in detail. It was increased again to 1 mm/min after the recorded deformation
had reached 10 mm.
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Figure 3.7: Three-point bending test for the beams with one pair of hooks: Beam
1, Beam 18H, Beam 19. Nominal measurement values are giving in italics.
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Figure 3.8: Three-point bending test for the beams with two pairs of hooks:
Beam 10D, Beam 13G, Beam 16K. Nominal measurement values are giving in
italics.
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3.2.2 DIC

In the structural tests, DIC (Digital image correlation) method was used to mea-
sure the displacements of the specimens. Images of the tests were acquired at a
rate of 1/7 Hz. DIC was set to monitor the external side of each beam, i.e. the
outer side of the edge beams as positioned on the bridge. An ARAM®&djustable
stereo camera system was used. The surface of each beam was painted in white.
Subsequently, black paint was applied with the help of a brush to generate a ran-
dom pattern that would allow the acquisition of geometrical data. The results were
subsequently processed by using the software G@MCorrelate. In the GOM Corre-

late, an extensometer tool was used to monitor changes in the distance between two
points. Extensometers were used at the supports and at the mid-span to document
the mid-span de ection. Further, extensometers were also used to document the
width of the cracks at di erent load levels, see Figure 3.9.

Figure 3.9: Contour plot of principal strains in Beam 10D, measured by the DIC
method

3.3 Post processing

After the bending test, the bars were extracted from the beams. The reinforcement
bars were corroded and slightly damaged on the surface. The reinforcement bars
were cut, cleaned with sandblasting and 3D scanned for further evaluation.

3.3.1 Extraction of the rebar, labelling and cutting

The original lengths of the reinforcement bars was between 60 and 100 cm depending
on the hook con guration. Due to the limitation on the length of the sandblasting
machine, the reinforcement bars were cut into segments with an appropriate length.
In addition, the three-point bending tests caused some bending in the reinforcement
bars. Thus, the reinforcement bars were cut at the position where the largest dis-
placement took place to keep each segment as straight as possible. This was done
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to minimize the errors in calculating the cross-section areas, the corrosion level and
the yield penetration from the 3D scanned data.

The reinforcement bars taken out were named according to their position inside the
beam, as shown in Figure 3.10. The dierent parts of the reinforcement bar were
named 1 of 2, for the section with the hook, named 2 of 2, for the straight section,
respectively, see Figure 3.10.

Figure 3.10: Division of rebar

The rebar cutter RC-20 was used to apply lateral force in the direction perpendicular
to the reinforcement bars. The shear force of the reinforcement bars reached the
maximum strength, and the plastic fracture was seen on the cutting surface. Due
to the lateral extrusion of the machine, a local elliptical deformation also appeared
near the cut. Therefore, the reinforcement bars were locally damaged because of the
rebar cutter. The sections with hammer damage or cutting damage were removed
in software GOM Inspect to ensure that only the corrosion damage was included.

3.3.2 Sandblasting

When the reinforcement bars were taken out from the concrete beams, rust and
concrete particles where still attached on the surface, as shown in Figure 3.11. It was
therefore necessary to clean the reinforcement bars before acquiring the geometry of
the reinforcement bars by 3D scanning. Sandblasting was considered an appropriate
method that can clean the surface without damaging the surface (Fernandez et al.,
2018)[13]. A sandblasting cabinet was used to spray sand particles on the surface of
the reinforcement bars to clean and smooth the outer surface. After sandblasting,
the rust and concrete particles attached to the surface were removed, see Figure 3.12.

Figure 3.11: Reinforcement bar 16K TO CR before sandblasting
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Figure 3.12: Reinforcement bar 16K TO CR after sandblasting

3.3.3 3D scanning

Handy Scan 700TM from Crea-Form was utilized for the acquisition and optimiza-
tion of 3D data. The mesh length corresponded to 0.2 mm, which was considered to
be a suitable accuracy. The scanning procedure started with setting up a suitable
frame and reference points setting. The frame with reference points was needed
to establish a reference system in the 3D space, that could be used to export the
geometry of the reinforcement bars. The software was in fact able to construct a
3D reference coordinate system from the scanned reference points. Further clipping
planes were used to de ne the scanning space. Finally, the geometry of the rein-
forcement bars was acquired. Once the geometric data of the reinforcement bar was
obtained, the le was imported into the software VXelement for the rst processing
step, which consisted in the alignment of the non-bend part of the reinforcement bar.
The axis of the coordinate system were aligned to the cross-section of the straight
bar, and the origin of the coordinates was located at one of the extremities of the
bar, see Figure 3.13 and Figure 3.14.

Figure 3.13: Axis setting of hook part
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Figure 3.14: Axis setting of straight part

Corrosion in the bent part of the bar was estimated only at those locations where
corrosion damages were observed. The segment with corrosion was selected and the
axis of the coordinate system were set as in Figure 3.15, with the Z-axis parallel to
the selected segment, and the XY-plane parallel to the cross section. The yellow
border indicates the selected part as shown below. In general, the coordinates was
set in the part further away from the end-hook.

Figure 3.15: Plot of axis setting of the corroded section at bent part, selected
area is marked by the yellow box, and the red and blue axes indicate the X-axis
and Y-axis respectively

The second part of the process to obtain the geometric data of the bars was to import
the obtained mesh into GOM Inspect. Here, noise and frames supporting the rein-
forcement bars during scanning were removed, allowing more accurate geometrical
data to be collected.
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3.4 Evaluation of corrosion level and yield pene-
tration

3.4.1 Corrosion level

The data obtained by 3D scanning was then used to calculate the perimeter and area
of the reinforcement bar at di erent cross-sections. By using MATLAB, the data in
Cartesian coordinate system was converted into polar coordinate system to calculate
the radius of the cross section along the length. Afterwards, the codes calculated two
di erent types of diameter, based on cross-sectional area and perimeter respectively.
They were compared to each other to nd acceptable cross-sections which had a
small deviation between two types of diameters. By ltering away the diameters
with large deviations, the remaining data kept a high degree of consistency of two
types of diameters which means that the data used in following corrosion level
calculation was re ned and more accurate. Plotting the obtained cross-sectional
areas and perimeters of each bar along the length allowed to observe the distribution
of corrosion damages, but also to observe that some of the bars yielded during the
three-point bending test. In Figure 3.16, the cross-sectional area and perimeter
of the reinforcement bar 10D TO CR 20f2 is shown, and in Figure 3.17 the area
variation due to corrosion along the length. The nominal area of the reinforcement
bar is as well shown in Figure 3.18.

Figure 3.16: The cross-sectional area and perimeter along length for 10D TO CR
20f2
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Figure 3.17: 10D TO CR 20f2 after sandblasting

Figure 3.18: The cross-sectional area and the nominal area along length for 10D
TO CR 20f2

The results of a study by Robuschi et al. (Robuschi al., 2020) showed that there
was a variation in the diameter of the reinforcement bars. The nominal perimeter
was 50.65 mm with a deviation of 0.39 mm. The cross-sectional area decreased
after corrosion. On the other hand, the perimeter tended to increase due to the
irregularity of the corrosion damages. The corrosion level was expressed as the ratio
of loss of cross-sectional area after corrosion and the cross-sectional area before
corrosion. For peak corrosion level:

An Apeak

A 100 [%] (3.1)

Cpeak =
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For mean corrosion level:

A A
Cmean = % 100 [%] (3.2)
n

In the above formulas, C is the corrosion level and is expressed in percentaye s
the nominal cross-sectional area of the reinforcement bar, calculated from the uncor-
roded cross-sections in the unyielded zoné\nean and Apeax are, respectively, the
average area along the reinforcement bar in the unyielded zone and the minimum
area of the reinforcement bar in the unyielded zone.

Calculating the cross-sectional area of the section with the hook was challenging,
since the angle between the reinforcement bars and coordinate axis was constantly
changing. The standard coordinate system was not appropriate for calculating the
geometrical properties of the part of the reinforcement bar with the end-hook. To
simplify the problem, the reinforcement bars were divided in three di erent zones:
two straight parts and a hook part, as illustrated in Figure 3.19. In the hook
part, the corrosion level was estimated separately, and local axis was tted to the
speci ¢ section, to minimize the e ect of the curvature. Speci cally, the sections
showing signs of corrosion were selected for corrosion level calculation. The rest of
the sections were assumed to be uncorroded and the average cross-sectional area of
this part was based on the adjacent uncorroded parts in the hook.

Figure 3.19: lllustration of the division of the straight parts and the hook part.
S-straight part, H-hook part.

3.4.2 Yield penetration

Yield could be observed from the perimeter and area variation along the length of
the reinforcement bar. Yield was identied as a continuous segment where both
the perimeter and the area signi cantly decreased, as shown in the black box in
the Figure 3.20. Additionally, the yielded part was not considered in the evaluation

of the average corrosion level of the bar, since the yield also caused area loss and
a ected the accuracy of the corrosion analysis. The yield penetration was evaluated
in Appendix A.1 and the results were attached in Appendix B.
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Figure 3.20: Yield, here in the marked zone, was identi ed when both perimeter
and area were decreasing and formed a shape of basin.

Besides the evaluation of the yield penetration, total length, unyielded length and

length of the hook end for all bars were also evaluated in order to observe the
location of the main crack where maximum tensile force occured in relation to the
yield penetration, as shown in Figure 3.21 and Figure 3.22. The results was attached
in Appendix B.
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Figure 3.21: Yield penetration of the beams with one pair of hooks. The black
hatched zone in the reinforcement bars was the yield penetration.
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Figure 3.22: Yield penetration of the beams with two pairs of hooks. The black
hatched zone in the reinforcement bars was the yield penetration.

3.5 Remaining capacity of the end hooks

In the three-point bending tests, the capacity of the beams was evaluated from the
maximum applied load. After taking out the reinforcement bars and evaluating the
corrosion level and yield penetration, the overall length of reinforcement bar was
divided into the yield penetration and the unyielded length of the straight part and
the hook part; the forces changed along the length of reinforcement bar concerning
the yield, as shown in Figure 3.23.

The tensile force in the reinforcement bar was evaluated from the applided load. In
Figure 3.23, the maximum tensile force was usually appeared in the cracked section
in the mid-span of the beam and was de ned ab;. Since this thesis focuses on
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the hook part, only the length of the cross section where maximum tensile force
was located towards the side where the end hook was located was evaluated in
the subsequent calculations. The yield force was de ned &5 at the cross section
where yielded zone changed to unyielded zone. The length between the cross section
where the maximum tensile force was located and the section where the unyielded
length began was the yield penetration, de ned as,. The bond stress in the
yield penetration was de ned as y. At the cross section, where it went from yield
penetration to unyielded length,L .y, the bars carried the yield force. The force
anchored by the hooks was complementary with the bond capacity, and de ned as
Fn. Fn in this thesis was estimated from an assumed bond capacity in the unyielded
zone.

Figure 3.23: The reinforcement bars were divided into yield penetration and
unyielded length with respect to the yielding.

3.5.1 Bond stress in the yielded zone

The bond stress of the reinforcement bars was a ected by yielding. The maximum
load applied on the beam was found in the diagram of applied load versus mid-span
de ection obtained from three-point bending test results. The bending moment
corresponding to the maximum load was then calculated equilibrium, see Eq. 3.3.

M = Fma;'— (3.3)

M = bending moment in middle section

Fmax = the maximum applied load
L = the length of the span between centre line of supports

The tensile forces in the reinforcement bars were at the mid-span calculated from
the maximum moment, Eq. 3.4.
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3 M

09 d n

F; = tensile force in reinforcement bar at mid-span
d = e ective height, average distance between tensile reinforcement bars and top of
the cross section. The commonly used approximate assumption of the inner level
arm is that to be 90% of the e ective height was used in this equation, Eurocode

2[14].

n = amount of reinforcement bars in the cross section

F (3.4)

The reinforcement bars had reached yield at the maximum loads in all beams. This
could clearly be seen both from the applied load versus mid-span de ection curves
for all beams, and also in the 3D scanned results of the reinforcement bars after
the tests. The yield penetration was described in Section 3.4.2. The yield force was
calculated in Eq. 3.5

Fy=1y, A (3.5)

Fy = yield force
fy = yield strength, de ned in Section 3.1.2
A, = nominal cross-sectional area

The bond stress in the yielded zone was calculated in Eq. 3.6. which related to
the perimeter, tensile force and the yield penetration. The yield penetration was
considered from the crack to the beginning of unyielded section.

y= o (3.6)

y = bond stress in yielded zone

P, = nominal cross-sectional perimeter, de ned in Section 3.4.1
L, = yield penetration, evaluated from Section 3.4.2

Fy = yield force, from Eq. 3.5

F. = tensile force, from Eq. 3.4

3.5.2 Force anchored by the hook

Beside the evaluation of yield penetration, unyielded length was also evaluated in
the most cases|.,, shown in Figure 3.23. The exact bond stress in the unyielded
zone was unknown. In order to be able to calculate the force from the bond in
unyielded zone, an assumed bond stress,, was used in Eq 3.7.

The force in the cross section where, changes ta. ,y, as shown in Figure 3.23, was
the yield force. Concerning the force equilibrium, the force anchored by the hooks
was equal to the di erence between the yield force and the force from the bond in
the unyielded zone, as shown in Eq. 3.8.
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Fu = uy Luy Pn (3.7)

uy = assumed bond stress in the unyielded zone
= the length of unyielded zone, evaluated from Section 3.4.2

Luy
P, = the nominal cross-sectional perimeter, de ned in Section 3.4.1

Fh=F, Fy (3.8)

Fy, = force anchored by the hook
Fy = yield force
F, = force from bond in the unyielded zone, from Eq. 3.7

3.6 Capacity calculation of the hooks according
to ACI Journal and Swedish Handbook for
Concrete Structures (BBK 04)

There are di erent codes containing formulas to calculate the anchorage capacity
of hooks, ACI 318-71[1] and BBK 04[3]. Since the reinforcement bars were cor-
roded, the average corrosion level was considered when using the geometric data of
reinforcement bars, such as the average cross-sectional area.

Marques and Jirsa studied the strength of hooks through experiments in 1975 and
concluded that the strength of the hook was related to the diameter of the steel bar
and the compressive strength of the concrete. The relation was expressed in Eq. 3.9.
(J. Marques, J. Jirsa. 1975)[1].

o [
f,=700(1 03dy) fo<=f, (3.9)

f1, = strength of hook in psi
dy, = diameter of the reinforcement bar in inch
f 9= concrete compressive strength
= coe cient which depends on the size of the bar, the length of the lead straight
embedment, side concrete cover and cover extension of the talil

In accordance with the handbook published by Swedish Boverket (Boverket, 2004)[3],
the concentrated anchorage force carried by hook could be calculated by using
Eqg. 3.10.

Fa=As fe (3.10)

As = the cross-sectional area of reinforcement bars
f.c = the compression strength of concrete
= factor which depends on the outline and angle of the hooks, is 90 for plain
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reinforcement bar terminating in end hook

3.7 Shear capacity of the beams

Since shear cracking took place in the beams with two pairs of hooks, it was of
interest to calculate the shear capacity of the beams. The c/c distance of stirrups
in the beams with two pairs of hooks varied a lot from beam to beam, as shown
in Figure 3.8. The shear capacity of reinforced concrete beams with stirrups was
calculated according to Eurocode 2: Design of concrete structures[14] for every beam
with two pairs of hooks, in Eq. 3.11.

Vra:s = Shear capacity in a reinforced concrete beam with vertical stirrups
n = amount of stirrups that shear crack has passed, in Figure 3.8

fywa = yield strength of stirrups, de ned in Section 3.1.2

Asw = cross-sectional area of stirrups, de ned in Section 3.1.1
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Results

This chapter is divided into four parts. First, the structural behavior of the speci-
mens under three-point bending test is described, subsequently, the corrosion level
of the reinforcement bars and the yield penetration are presented, and their e ects
on bond stress are analyzed. Finally, the force in the end-hooks is evaluated, and
compared to code provisions.

4.1 General behavior of the structural tests

Six beams were analyzed in this study. Three beams with one pair of hooks (1, 18H,
and 19), and three beams with two pairs of hooks (10D, 13G, and 16K).

4.1.1 Load versus de ection curves

The deformation and crack-opening of the beams under the three-point bending
tests were recorded by using Digital Image Correlation (DIC) method. From these
measurements, the mid-span de ection was evaluated. In Figure 4.1, the applied
load versus mid-span de ection of the tested beams for all tests is shown. Speci cally,
Figure 4.1a shows the load versus mid-span de ection curve of the three beams with
one pair of hooks (Beam 1, 18, 19), and Figure 4.1b shows the load versus mid-span
de ection curve of the three beams with two pairs of hooks (Beam 10D, 13G, 16K).
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(@) Applied load versus mid-span de ection for beams with one pair of hooks

(b) Applied load versus mid-span de ection for beams with two pairs of hooks

Figure 4.1: Applied load versus mid-span de ection in the three-point bending
tests

Regarding the beams with one pair of hooks, the applied load developed linearly
with the mid-span de ection for small de ections. As the load continued to increase,
small cracks appeared and the beams went from stage | to stage Il, and the curves
slightly deviated from the initial elastic status. When the applied load reached ap-
proximately 180 kN in all tests of beams with one pair of hooks, there was a visible
load-drop in the load-de ection curves. By comparing Figure 4.1a. with correspond-
ing DIC measurements as illustrated in Figure 4.2a: when the applied load reached
between 175 kN and 190 kN, a visible crack appeared in the beams. After a load-
drop, cracks in concrete passed the bottom reinforcement layer, the reinforcement
bars were activated and started to engage (Figure 4.2b). With contribution from
steel hardening, the beams showed an increase of load-carrying capacity of about
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