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Bond of corroded reinforcement

Analytical description of the bond-slip response
HENDRIK SCHLUNE

Department of Civil and Environmental Engineering
Division of Structural Engineering

Concrete Structures

Chalmers University of Technology

ABSTRACT

As maintenance and assessment of concrete structures become more and more
important, a good understanding of the bond and anchorage behaviour of corroded
reinforcement is essential. This master thesis aims to give practical recommendations
how to consider the change in bond behaviour for corroded reinforcement by
adjusting bond-slip curves for uncorroded reinforcement.

Results from a parameter study done by finite element analyses were analysed to
examine the influence of different parameters on the bond behaviour of corroded
reinforcement. The parameter study covered different geometries, different bar
diameters, different types of concrete and different levels of corrosion penetration.
The results were used to develop a method that gives the bond-slip curve of corroded
reinforcement if the bond-slip response of uncorroded reinforcement is known. This is
done by shifting the bond-slip curve of uncorroded reinforcement along the slip-axis;
thus it is possible to obtain the bond-slip response including the maximum bond stress
for the corroded reinforcement. The shift along the slip axes is determined by the
degree of corrosion. The method is based on the hypothesis that the bond stress is
mainly determined by the radial stresses around the reinforcement bar. The method
assumes that each geometry has a unique radial stress-radial deformation curve, and
that the radial deformations caused by corrosion can be related to the radial
deformations caused by slip. The method was also applied on the bond-slip model
given in the CEB-FIP Model Code 1990 to extend its area of validity to corroded
reinforcement.

The method was shown to be valid for different loading sequences. It was further
compared to test results available in literature. With the introduced method it is
possible to estimate the influence of corrosion on the bond-slip response, including
the bond strength and the dissipated energy.

Key words: corrosion, splitting stresses, bond strength, concrete-cover cracking, steel-
concrete interface, pull-out tests, bond, transverse reinforcement, Model
Code 1990.
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Notations

Roman upper case letters

NN

trans

SRS

RS

N0 e B

Area of one reinforcement bar

Area of transverse reinforcement

Stiffness in the elastic stiffness matrix in normal direction
Stiffness in the elastic stiffness matrix in longitudinal direction
Stiffness in the elastic stiffness matrix in tangential direction
Young’s modulus

Dissipated energy
Normalized dissipated energy

Yield line describing the friction
Yield line describing the upper limit at a pull out failure

Roman lower case letters

c

main

cmain,min

)

trans

main

trans

Y

Jex

cm

~

L 3

conv

s crack ,x
s crack eff’

Slrans
th

u

u,

u Ibond
u

r

u rbond
u

rcor

u thond

v

Free increase in the radius of the steel bar
Concrete cover of the main reinforcement

Minimum of concrete cover hand half clear bar spacing
Concrete cover of the transverse reinforcement
Diameter of the main reinforcement

Diameter of the transverse reinforcement

factor to describe the ratio between splitting deformation caused by slip
and corrosion

Characteristic concrete compressive strength

Mean concrete compressive strength

Height

Number of bars enclosed by stirrups

Slip

Slip, till where the dissipated energy was calculated

Slip that caused a cover crack for a corrosion penetration of x
Effective slip when the first cover crack appears

Spacing of the transverse reinforcement

Thickness
Relative displacement across the interface
Longitudinal displacement, slip

Longitudinal displacement in bond layer, slip in the bond layer
Relative radial displacement at the interface

Radial deformation in the bond layer

Real increase of the radius of the reinforcement bar due to corrosion
Tangential displacement in the bond layer



w Width, main bar spacing

Wotour Clear main bar spacing
x Corrosion penetration
X ek Corrosion penetration when the first crack reaches the surface

Greek upper case letter

As Shift of the bond-slip curve for uncorroded reinforcement

X

Greek lower case letter

[0 Secant stiffness

(o Stresses at the interface

o, Radial splitting stress

o, Stress in tangential direction
T Bond stress






1 Introduction

1.1 Background

Steel-to-concrete bond is a main parameter that influences the structural behaviour of
reinforced concrete structures. The transfer of stresses makes it possible to combine
the compressive strength of concrete with the tensile strength of steel.

In the past, a lot of research has been made in this field and a wide knowledge has
been gained. Less effort has been put into the bond between corroded reinforcement
and concrete. During recent years, the durability and sustainability of concrete
structures became more and more important. It is commonly assumed that the lifetime
is ended when corrosion has been initiated; this leads to large concrete covers. In
addition, in many existing structures corrosion has already been detected, see Figure
1.1. By estimating the maximum allowable corrosion in combination with the
corrosion rate it is possible to extend the service life over the initiation period into the
propagation period.

Figure 1.1  Corroded reinforcement at the Notesunds Bridge, Sweden

The effect of corrosion on structural integrity is essential to predict the residual
strength and the residual lifetime. The steel area decrease is relatively easy to consider
while the changed bond properties are usually neglected by those working with
assessment and maintenance. This approach can be on the unsafe side; this has been
proved by experimental studies, see CEB (2000). The reinforced concrete elements
are generally more susceptible to anchorage failure due to reinforcement corrosion
than to a decrease in load bearing capacity caused by the reduction in steel area. The
interaction between reinforcement and surrounding concrete is decisive for both the
load bearing capacity and ductility in the ultimate state, as well as the stiffness and
distribution of cracks in the service state. Therefore it is of interest how to consider
the changing bond properties depending on the corrosion penetration of the
reinforcement bars.
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1.2 Aim, Scope and Limitations

The aim of this thesis is to give practical recommendation how to consider the change
in bond-behaviour for corroded reinforcement. It should quantify the effect of
corrosion penetration for different concrete types and different geometries.

In a first step a parameter study was analysed. The results were used to develop a
method to modify bond-slip curves for uncorroded reinforcement to obtain the bond-
slip curves for corroded reinforcement. This method was then introduced in the bond-
model given in Model Code 1990 to extend it to corroded reinforcement. That should
make it possible to predict the mean bond-slip response under various conditions
without running a FE-analysis or performing any test.

The work was limited to bond behaviour of ribbed bars. Most results are based on the
parameter study carried out by San Roman (2006) and therefore dependent on its
correctness and accuracy.

1.3 Method

A parameter study, carried out by San Roman (2006), was analysed to get further
knowledge of the bond-slip behaviour of corroded reinforcement. Within this study a
simple model that represents a part of a beam or slab has been modelled in the finite
element program DIANA. The recorded bond-slip curves together with the crack-
pattern were used to investigate how corrosion of the reinforcement bar influenced the
bond performance. The effect in bond-strength, dissipated energy and stiffness was
quantified depending on the geometry. These results were here used to extend the
bond model given in Model Code 1990 to corroded reinforcement. Finally, the drawn
conclusions were checked with other reported tests.
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2 Description of the Analysed Parameter Study

To get further knowledge of the bond-slip behaviour of corroded reinforcement a
parameter study, carried out by San Roman (2006), was analysed. It is shortly
described in the following.

2.1 Description of the bond model

The bond model used for the analysed parameter study has been developed and more
precisely described by Lundgren (2005a). For the FE-analyses a frictional bond model
has been implemented within special interface elements between the reinforcement
bars and the concrete. The model is based on the elasto-plastic theory. The steel bar
and the surrounding concrete are modelled using solid elements. The interface
elements describe the relation between the stresses ¢ and the relative displacement
u in the elastic range according to equation (2.1). The stresses and displacements are
defined according to Figure 2.1.

o, = radial stress

7 = bond stress

o, = tangential stress

u; = slip

u, = relative radial displacement

in the layer

u,= tangential displacement

Figure 2.1  Physical interpretation of the variableso,,t,0,,u,,u, and u, modified
from Lundgren (2005a)

O-r D 11 0 O u rbond

T |=| 0 D, 0 | %pong (2.1)
o 0 0 Dy || Upona

t

In equation (2.1), D, prevents the bar from rotating while D,, and D,, describe the

relation between displacements and stresses in radial and transversal direction
respectively. The included yield surface is described by two functions. One function
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describes the friction, /|, while the other, F,, describes the upper limit at pull-out
failure, see Figure 2.2.

F =ld+u-0,=0 (2.2)

F,=1"+0 +c-0,=0

(2.3)

Figure 2.2 The two yield lines, modified from Lundgren (2005a)
In addition, a softening parameter has been established to consider the reduced bond

stress for increasing slips due to deterioration of the microstructure. The model has
been calibrated for normal strength concrete and reinforcement of type BS00B @16.
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Figure 2.3 Load versus slip in pull-out tests with short embedment length. The
experimental results are from Baldazs and Koch (1995) and
Magnusson (1997), modified from Lundgren (2005a)

The model has been tested for various kinds of pull-out tests. The agreement between
results from the analyses and different experiments was rather good, see Figure 2.3. It
could be observed that the model is able to predict splitting failure, yielding failure,
and to simulate cyclic loading.

2.2 Description of the corrosion model

The corrosion model, which has been used in the analysed parameter study, has been
developed by Lundgren (2005b). In this model the increase in volume of corrosion
relative to the uncorroded steel, v, is modelled with special interface elements denoted
as the corrosion layer. Furthermore, the mechanical behaviour of rust is taken into
account.

To explain better the normal stresses produced by corrosion, see Figure 2.4, where the
penetration of corrosion is denoted by x, the free increase in the radius of the steel bar
is denoted by a (stresses equal to zero) and u,,, 1s the real increase of the radius of the
bar due to restraint forces produced by the surrounding concrete (stresses different
from zero).

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2006:107 5



Initia] cross-section

Corrosion penetration: x
Volume rust / volume steel: v

Free increase of the radius: a
x+a
Uncorroded

steel

Real increase of the radius: u,.,,

Figure 2.4 Physical interpretation of the variables in the corrosion model modified
from Lundgren (2005b)

Few studies have been made to describe the mechanical behaviour of rust. The studies
concluded that it behaves as a granular material. The stiffness of the rust varies
depending on the stress level and can be described as

o =K, € (2.4)

cor

where K, represents the stiffness of the corrosion products in radial direction, £,

”

represents the strain in the rust and pis an exponent to describe the granular
behaviour.

The corrosion model has been combined by Lundgren with the bond model described
in section 2.1 considering the corrosion effect as an increase of volume in the steel
bar. The effect in frictional behaviour between reinforcement and concrete is taken

X

into account introducing a function k( J in the friction coefficient equation

r

k)= k(ij w(), bur u(e)>04 2.5)

where 1, (k) is the friction coefficient for uncorroded reinforcement.

Values of k(fj are given in Figure 2.5.

r
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Figure 2.5  Function k(—j versus corrosion penetration — reinforcement radius
r

ratio.

2.3 FE-model

2.3.1 Geometry

The different analysed geometries have been chosen to represent a part of a reinforced
concrete slab or beam. A mean geometry has been defined and parameters have been
varied according to Figure 2.7. For the mean geometry a spacing of the main
reinforcement bars of w=100mm has been assumed. A concrete cover of
¢,.., =30mm related to the main reinforcement has been chosen. The transverse

trans =300 mm.

=20 mm for the transverse reinforcement. A

main

reinforcement had a diameter of d, =10 mm and a spacing of s

trans

That led to a concrete cover of ¢

trans

concrete type C40 has been chosen. The mean geometry is shown in Figure 2.6.
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Fart of a slab
or beam

Detail of the FE-model

FE-model

Interface Steel
elements elements

‘ Parameters Value [mm] ‘
h 150
w 100
€ main 30
 yyain 20
[ - 10
L w2 |, S e 300
I ]

Figure 2.6 Geometry (values for mean geometry are defined in the table)
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- a - D e N
Concrete C20 C40 C80
strength

\ | Y, \ | Y, \ Y,

N e B e N
Concrete cover Cmain=30 mm Cmain=45 mm
\ | Y, \ | Y, \ Y,
e N N e B e N
Bar diameter dinain=10 mm dain=20 mm diain=25 mm
\ | J Y, \ | Y, \ Y,
- N N e D e ~
Transverse No transverse d¢rans=10 mm dirans=10 mm
reinforcement reinforcement Strans—300 mm Strans—=150 mm
I J (. / \\ I J g /
N 4 N\ ( ) 4 N\
Bar spacing w=150 mm w=100 mm w=300 mm
\ VRN Y, \ Y, \ Y,

Figure 2.7  Analyses scheme (mean geometry is marked grey)

2.3.2 Material Data

Different concrete types have been used in the parameter study to study the effect of
the concrete strength on the bond behaviour of corroded reinforcement. All values
were mean values according CEB-FIP Model Code 1990 for a maximum aggregate
size d_, =16mm. These values only differ marginally from values according to EC

2.

The reinforcement steel has been modelled as ribbed bars with three different
diameters d =10mm, d =20 mm and d =25mm. As the expected

stresses have been assumed to be lower than the yield stress, a linear elastic model
with a modulus of elasticity of £ =200 GPa has been chosen.

main,1 main,2 main,3

2.3.3 Loading

The loading consisted of two phases. In the first phase the corrosion has been applied
in 50 steps. The step size depended on the final corrosion penetration that varied
between x =0um andx =200 um. In the second phase the reinforcement bar has
been subjected to a pull-out load in 400 steps with the step size of 0.005 mm. That led
to a total pull-out displacement of 2 mm.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2006:107 9



2.3.4 Boundary conditions

In the x-y-plane, the right boundary translation has been restrained in x direction. The
left hand side has been restrained to remain as a straight line and able to rotate around
the z-axis. Finally, translations in y direction have been restrained in the longitudinal
mid-plane of the steel elements. The last restraint that has been used is shown in
Figure 2.8 (b) where the back surface corresponding to the x-y-plane of the model has
not been allowed to move in z direction.

Eotation allowed

N 4
- <8 o
N 4
- 4 4
T SN
& ¢ Steel nodes hed
] to the same
T ) N deformation
I T M I:I Steel elements 4 inz direction
I — N I:I Interface elements 4
—— 1 14 )
———1 1 1, .
——— 1 b
¥ R T T T . >
L. SN * (b)
“ a e .

Figure 2.8  Boundary conditions in different planes (a) x-y-plane (b) z-y-plane

2.3.5 Limitations

First of all it should be stated that the parameter study only varied some parameters
while others have been left without consideration. The influence of transverse
pressure and the loading history are only two important parameters, besides others,
that were not taken into account. In addition the results were based on only a few
variations of each parameter. As mainly one parameter at the time has been varied the
interaction of the parameters was difficult to observe. The analysed geometry
represented only a small part of the slab or the beam. The transverse reinforcement
has only been modelled as embedded reinforcement along a line perpendicular to the
main reinforcement bar. Therefore it was not possible to consider the influence of
closed stirrups on the confinement. Corrosion of the transverse reinforcement has not
been considered.

As the parameter study has been conducted by using FE-analysis instead of
performing tests, some more limitations have to be considered. The used bond and
corrosion models have mainly shown good agreement with tests. Even so the accuracy
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should not be overestimated. For more information of the precision see Lundgren
(2005a) and Lundgren (2005b). As the analysed structure showed brittle behaviour,
some analyses did not converge. Especially the results for the post cracking behaviour
were mesh and load step dependent. After cracks had separated the specimen into two
pieces, the results were not reliable anymore.

2.3.6 Results

The results of the parameter study have been reported in San Roman (2006). Bond-
slip curves have been presented together with the obtained crack-pattern. The stresses
of the transverse reinforcement have been checked for some specimens. In addition
access to all output files has been provided by San Roman to get further insight of the
structural behaviour of the specimens.

The most important data are summarized in Appendix A.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2006:107 11



3 Evaluation of the Results

In addition to the bond-slip curves reported by San Roman (2006), the crack pattern
and the stresses and strains were used to analyze the results.

3.1 General results

The slip and the corrosion cause splitting deformation that can cause splitting cracks.
The point when the first crack reached the surface turned out to limit the bond stress
and gave a change in the bond stiffness. For uncracked specimens the bond strength
decreased by less than 15% due to corrosion. When the applied corrosion cracked the
cover before the pull-out was applied, a much higher influence of the corrosion on
bond-strength can be observed. Therefore, an analytical equation was developed to
predict that point, see Chapter 3.6. The bond stiffness development is described in
Chapter 3.7. To explain the influence of corrosion on bond strength and the dissipated
energy, a distinction between four different cracking modes was introduced, see
Figure 3.1. The dissipated energy is in the following defined as the area under the
bond-slip curve. As some analyses did not converge the calculated area was limited to
the slip, s, , until which most analyses showed convergence; see Appendix A.

The crack pattern was mainly influenced by the cover to clear bar spacing ratio. For a
concrete cover to clear bar spacing ratio of ¢yuin/Werear = 0.5 the specimens developed
first a horizontal crack. This cracking mode will in the following be called “cracking
mode 17, see Figure 3.1(1). For a ratio of the concrete cover to the clear bar spacing
between 0.5 and 0.375 the first crack developed vertically. The second crack
developed horizontally; see Figure 3.1(2). This cracking mode will in the following be
called “cracking mode 2”. For wide specimens with a concrete cover to clear bar
spacing ratios smaller or equal to 0.375 the first crack again developed vertically
while the second crack developed inclined to the same surface, see Figure 3.1(3). This
cracking mode will in the following be called “cracking mode 3”. In wider cases
without transverse reinforcement the first crack reached the top surface and the
second crack developed vertically to the bottom surface. This will be called “cracking
mode 4”.
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Figure 3.1  Cracking modes

3.2 Cracking mode 1

__l__C
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| , Vetoar /2 | /

Figure 3.2 Crack pattern for cracking mode 1

For specimens with a concrete cover larger than half the clear bar spacing the
specimens developed a horizontal crack to the side surface. In this case the specimens
were suddenly separated into two pieces. The confinement was lost and the bond
stress dropped to a very small residual value, see Figure 3.3. If the crack reached the
surface by only applying the corrosion almost no bond stress developed when the
reinforcement bar was pulled out, see Figure 3.4. Therefore the corrosion had a major
influence on the dissipated energy when it led to a cover crack, see Figure 3.5. When
this cracking mode developed, the transverse reinforcement had no favorable effect.
How closed stirrups would have influenced the residual bond strength has not been
included in the study.
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Figure 3.4  Development of the bond strength over the corrosion penetration for
specimens with cracking mode 1
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Figure 3.5  Development of the dissipated energy over the corrosion penetration for
specimens with cracking mode 1

3.3 Cracking mode 2

[
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Fip

Figure 3.6 Crack pattern of cracking mode 2

For specimens with an intermediate ratio between the bar spacing and the concrete
cover, the first crack emerged vertical to the upper surface. The second crack
developed horizontally to the side. After the first crack developed to the surface, the
bond stress decreased to a certain value depending on the amount of transverse
reinforcement. As the transverse reinforcement limited the opening of the crack the
bond stress stayed almost constant until the horizontal crack reached the surface, see
Figure 3.7. For higher amounts of transverse reinforcement the horizontal crack
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developed faster as the bond stress and the splitting stress stayed on a higher level
after the first crack had developed. When the corrosion caused the first vertical cover
crack before the pull out was applied, the bond strength did not reach the maximum
value of the uncorroded case. When the corrosion caused also the second cover crack
almost no bond stress could develop, see Figure 3.8. The sudden drop of the bond
stress and the dissipated energy is now delayed to the development of the second
crack, see Figure 3.9.

10 -

9 AN

/L
E 7 //’/\\_\L_f x=0
2 6 f / ——x=10
g 51 / x=25
i’i 4 / x=50
2 / \ x =100
@] 3,,
@ / \ x =200

2

|

1/ — = — —

0 : : : ‘

0.0 0.5 1.0 1.5 2.0

Slip, s [mm]

Figure 3.7  Typical bond slip curves for cracking mode 2 (d=25)
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3.4 Cracking mode 3
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Figure 3.10 Crack pattern of cracking mode 3

For large bar spacing the first crack developed to the upper surface. For increasing
radial stresses the second crack emerged inclined to the same surface. After the first
cover crack the bond stress decreased. Then the second crack propagated. As the
second crack passed the reinforcement no sudden drop of the radial stresses was
obtained, see Figures 3.11-3.12. Instead the crack opened slowly with increasing load
and the bond stress decreased concurrently. Therefore the development of the
dissipated energy was less critical than for the other cracking modes, see Figure 3.13.
When the same specimens were tested without transverse reinforcement failure mode

4 occurred.
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Figure 3.11 Typical bond slip curves for cracking mode 3(w=75)
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3.5 Cracking mode 4
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Figure 3.14 Crack patter of cracking mode 4

For the specimen without transverse reinforcement and a cover to clear bar spacing
ratio of ¢, ,, < 0.5 the first crack reached the upper surface. The second crack
propagated vertically to the lower surface and separated the specimen. The second
crack developed slowly through the specimen so that a certain resistance remained
until the crack finally separated the specimen.
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Figure 3.15 Typical bond slip curves for cracking mode 4 (no transverse
reinforcement)
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Figure 3.17 Development of the dissipated energy over the corrosion penetration for
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3.6 First cover crack

When the first crack reached the surface the concrete can not resist the tensile ring
stresses anymore, which are needed to counteract the splitting stresses, see Figure
3.18. Just before that, the maximum bond stress was obtained. In addition, the
development of the first cover crack had influence on the stiffness development. The
cover crack can be caused by corrosion, by slip or a combination of both.

Splitting crack

AN

(¢ H =8 ( HG>

=~ U L

Figure 3.18 Tensile ring stresses in the anchorage zone, according to Tepfers
(1973)

3.6.1 Cover crack due to corrosion

Corrosion penetrations between 20 and 45 um without any pullout led to a crack that
reached the surface. A best subset regression analyses was performed to identify the
most important predictors to describe for which corrosion penetration the cover
cracked. It turned out that a model using two factors already gave good prediction for
the parameter study, see Figure 3.19. The chosen predictors were cover-to-diameter
ratio and the concrete strength and led to the following equation:

X, =(9.13-M+0.313-f6m]-10‘3 G.1)
where
X,.. 1S the corrosion penetration for which the first crack reaches the surface (in
mm)
C pain.min 18 the minimum of the concrete cover and the half clear bar spacing (in mm)
d,.. 1sthe diameter of the main transverse reinforcement bar (in mm)

Sfor = f +8MPa  is the mean concrete compressive strength (in MPa)
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Figure 3.19 Comparison of Xcracr according to equation (3.1) and according to the
parameter study

The transverse reinforcement appeared to be the third most important factor. Its
influence on the appearance of the first cover crack was not as high as the effect of the
cover-to-bar diameter ratio and the concrete strength. Hence it has not been
considered in the empirical expression. The transverse reinforcement became more
important after the crack had developed to limit the crack width.

Equation (3.1) was compared with test results from several researchers. The analytical
corrosion penetration at cracking divided by the corrosion penetration at cracking
measured in the experiments was plotted versus the cover-to-bar ratio, see Figure
3.20. It is obvious that the obtained results are not satisfactory. For smaller cover-to-
bar ratios, equation (3.1) overestimates the corrosion that is needed to crack the cover.
For higher cover-to-bar ratios the opposite occurs. That led to the conclusion that the
effect of the cover-to-bar ratio was underestimated.
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Figure 3.20 Comparison of measured and calculated corrosion penetration
according to equation (3.1) that led to cover cracking

As the equation obtained from the parameter study did not lead to feasible prediction
for the reported tests, the test results were used to obtain an empirical equation. In a
first step the most important predictors were analysed. Possible predictors were

Cmainmin/d, (cmam,mm/d)z, Jem and 4/ f.. . An equation using Cmginmin/d as the only
predictor was chosen. It led to the following expression:

_ cmain,min -3
X, . =|20.9-menmn | 0 (3.2)

main

The agreement with the test results is now better as before, but still not satisfactory;
see Figure 3.21.

The influence of the concrete strength was left without consideration in equation
(3.2). It turned out that the effect of the concrete strength was dependent on the
considered tests. When tests performed by Fang (2004) were not considered the
concrete strength had a negative effect on the corrosion penetration at cracking. By
taking Fang’s test results into account the opposite occurred. The effect of the
concrete strength was in both cases much smaller than the cover-to-bar diameter ratio.
It is surprising that the effect of the concrete strength and the concrete tensile strength
are almost negligible in the analysed tests. One explanation might be that the effect of
the concrete type is overshadowed by other factors that were not taken into account in
the empirical formula. Another explanation might be that the higher tensile capacity
of higher strength concrete is compensated by higher radial stresses caused by
corrosion in higher strength concrete. As higher strength concrete is more compact it
can be assumed that a volume expansion of the corrosion products leads to higher
radial stresses as the corrosion products have less free volume to penetrate in.
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Figure 3.21 Comparison of measured and calculated corrosion penetration
according to equation (3.2) that led to cover cracking

3.6.2 Cover crack due to slip

For uncorroded specimens, an active slip between 0.19 mm and 0.375 mm caused a
cover crack. Again a best subset regression analyses was performed to identify the
most important predictors to describe for which slip the cover cracked. It turned out,
that now the bar diameter was more important than for corrosion induced cracking,
while the influence of the transverse reinforcement decreased. Besides that, the cover-
to-bar diameter ratio was again the most important factor.

3.6.3 Cover crack due to slip and corrosion

The parameter study showed that corrosion decreased the slip that was needed to
crack the cover. That is due to the fact that both corrosion and slip cause splitting
deformations and this is in good agreement with reported tests, see e.g. Auyeung
(2000). It was assumed that there is a specific factor, f, to describe the ratio between
the splitting deformation caused by slip and corrosion. By comparing the uncorroded
case with the case for different corrosion penetrations, equation (3.3) was obtained.

s +x-f (3.3)

S crack x=0 — ®crack,x

— f — Scrack,x—Ox_ Scmck,x (34)

where
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S ek ve0 slip that caused a cover crack for uncorroded reinforcement (in mm)

S rack slip that caused a cover crack for a corrosion penetration of x (in mm)
X corrosion penetration (in mm)
f factor to describe the ratio between splitting deformation caused by

slip and corrosion

Equation 3.4 was applied for all different geometries of the parameter study and a
mean value of f =8.1 with standard deviation of 1.7 was obtained; see Appendix A,

column 17. Using this factor, f, an effective slip that caused cracking was calculated

according to equation (3.5), that takes into account the splitting stresses caused by
corrosion.

Scmck,e_[f = Scrack,x + f "X (35)
where
S crack off is the effective slip when the first cover crack appears (in mm)
S rack slip that caused a cover crack for a corrosion penetration of x (in mm)
f factor to describe the ratio between splitting deformation caused by
slip and corrosion
X corrosion penetration (in mm)

It can be seen, thats,,,, , 18 almost constant for the each geometry, see Figure 3.22.

Therefore it can be concluded that the introduced effective slip is an appropriate factor
to consider the effect of corrosion on cracking.
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Figure 3.22  Effective slip when the first cover crack appeared according to equation
(3.5) over the corrosion penetration

This observation makes it possible to predict the slip at cracking for corroded
reinforcement when the slip at cracking is know for the uncorroded case, according to
equation (3.6).

Scrack,x = Scmck,x:O - f - X (36)
where
S crach slip that caused a cover crack for reinforcement with a corrosion
penetration of x (in mm)
S ek v slip that cause a cover crack for uncorroded reinforcement
f factor to describe the ratio between splitting deformation caused by
slip and corrosion
X corrosion penetration of the corroded reinforcement (in mm)

3.7 Stiffness development

Corrosion decreases the slip for which the maximum bond stress and the first cover
crack develops. As the bond strength decreased less than the slip for which the
maximum bond stress is obtained, it can be said that the stiffness of the bond
increases considerably for the uncracked state. The slope of a line, from the root of the
coordinate system to the maximum bond stress, was calculated. This slope,
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representing a secant stiffness, was compared for different corrosion penetrations; see
Figure 3.23.
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Figure 3.23 Bond stiffness variation due to reinforcement corrosion (Mean,
different mesh)

It could be observed that the slope increased for higher corrosion penetration up to the
amount of corrosion that led to the first cover crack. When the cover cracked, the
stiffness rapidly decreased. The slope of each secant was divided by the slope of the
related uncorroded case. In addition, for each specimen the corrosion penetration was
divided by the corrosion penetration that led to the first surface crack. In Figure 3.24
the obtained results are summarized. In a final step two best fitting graphs were
drawn. One describes the stiffness increase before cracking and the other one
describes the stiffness decrease after cracking. Due to the large scatter of the secant
stiffness after cracking these results should be handled with caution.
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4 Method to Obtain the Bond-slip Response for
Corroded Reinforcement

4.1 Observed pattern from the parameter study

When looking at the results of the parameter study, it became obvious that the bond-
slip curves of corroded reinforcement could be estimated by the bond-slip curves of
uncorroded reinforcement. This can be done by moving the bond-slip curve of the
uncorroded case to the left side, see Figure 4.1. The shift to the side,As , is

determined by the degree of corrosion of the curve that it should now describe. It was
calculated according to equation (4.1). The same factor, f, as in Chapter 3.6.3 was
chosen, where it was used to relate the effect of corrosion on cracking to the effect of
slip on cracking. This method was applied to all bond-slip curves of the parameter
study and the agreement was good, independently of the cracking mode; see Figure
4.2-45.

bond
stress
- ]
! \
. . L .~
bond-slip curve of ¢ s
!
uncorroded ; ) ‘
reinforcement b bond-slip curve of
! corroded
i IS
i reinforcement
!
f
)
t
I
1] ~
3 Slip, s

Figure 4.1  Schematic view of how to modify a bond-slip curve of uncorroded
reinforcement for corroded reinforcement

When slip is applied for corroded reinforcement bond stresses develop. The stresses
increase until they approximately reach the shifted bond-slip curve. Then the bond
stresses tend to follow the shifted bond-slip curve; see Figure 4.2-4.5.

As =—f-x (4.1)
where
As, shift to the side of the bond-slip curve for uncorroded reinforcement (in
mm)
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corrosion penetration of the corroded reinforcement (in mm)

factor to relate the effect of corrosion on cracking to the effect of slip

on cracking, according to Chapter 3.6.3.
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Figure 4.2  Bond-slip curves for cracking mode 1(c=45)
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Figure 4.3 Bond-modified slip curves for cracking mode 2 (d=25)
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Figure 4.5  Bond-modified slip curves for cracking mode 4 (no transverse
reinforcement)
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4.2 Explanation of the observed pattern

As mentioned in Chapter 3, it could be observed that the development of the bond-slip
response is mainly governed by the development of cracks. This is due to the fact that
cracks have a high influence on the radial stresses around the reinforcement bar.
These radial stresses are needed to transfer the bond stresses in the concrete.

Cracks are caused by radial deformations of the concrete around the reinforcement
bars. The radial deformations that cause cracking of the cover and the crack pattern is
mainly described by the geometry and the material properties. It can be assumed that
the crack development and the crack pattern are independent of the source of the
radial deformation. That was verified by the parameter study where the cracking
modes did usually not change for applied corrosion.

As both corrosion and slip cause radial deformations, their effect could be related to
each other. This was verified in Chapter 3.6.3, where the effect of corrosion on the
radial deformation was added to the effect of slip on radial deformation. A modified
slip was obtained that represented a radial deformation stage that could be used to
predict cracking.

It can be summarized that it is possible to estimate the bond-slip response for
corroded reinforcement by shifting the uncorroded bond-slip curve to the left side due
to the following reasons:

e Bond stresses are related to radial stresses around the reinforcement bar.
e Every geometry has a predefined radial stress-radial deformation relationship.

e The radial deformation due to corrosion can be related to the radial
deformations caused by slip.

4.3 Suggested method to obtain the bond-slip response for
corroded reinforcement

The following method can be used to obtain the bond-slip response for corroded
reinforcement from the bond-slip response of uncorroded reinforcement. It is valid for
different loading sequences. As the bond-slip curve of uncorroded reinforcement is
the base of the bond-slip curve of corroded reinforcement it is in the following called
“master curve”. The obtained bond-slip curve for corroded reinforcement will be
called “slave curve”. The terms “under the master curve” and “if the master curve is
exceeded” are defined according to Figure 4.6.
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Figure 4.6  Definition of “under the master curve” and “if master curve is
exceeded”.

4.3.1 Scheme to obtain the slave curve from the master curve

To use the scheme, shown in Figure 4.7, it is important to distinguish between the
four mentioned cases. For each case the expected stress development is described in
the grey marked box. The shift of the master curve along the slip-axis is described in
the last row of the scheme. After one loading has been considered it is possible to
continue with the next one. In this case the instructions have to be applied on the
previously obtained master and slave curve. The numbers in the boxes refer to the
chapter where the boxes are explained in more detail.
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Figure 4.7  Scheme how to obtain the bond-slip response of corroded reinforcement

by uncorroded reinforcement

4.3.2 Explanation of the Scheme
4.3.2.1 Obtain the master curve

In the first step the bond-slip response for uncorroded reinforcement is needed. It can
be obtained by several sources such as Model Code 1990; see Chapter 5.

4.3.2.2 Distinction between applied slip and applied corrosion

Applied slip and corrosion have in common that they cause radial deformations. The
difference between these cases is that applied slip causes bond stresses while applied
corrosion does not show any influence on bond stresses as long as the master curve is
not exceeded.
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4.3.2.3 Applied slip, under the master curve

When slip is applied the bond stresses increase. For uncorroded reinforcement the
slave curve and the master curve are identical. For corroded reinforcement
approximately the same bond stress development as for the uncorroded case can be
assumed. Therefore the first part of the master curve can be used to describe the
increasing bond stresses for applied slip of the slave curve; see Figure 4.8. This is
valid until the slave curve reaches the master curve.

previously obtained master curve
bond
stress

new obtained slave curve

same bond stress

development for slave and
/ master curve

starting
point

applied slip Slip, s

Figure 4.8  Scheme how to obtain the slave curve from the master curve for applied
slip and bond stresses under the master curve

4.3.2.4 Applied slip, if the master curve would be exceeded

If for increasing slip the bond stresses of the slave curve would exceed the master
curve, then the method, described in Chapter 4.3.2.3, is not valid anymore. Instead for
increasing slip the bond stresses of the slave curve have to follow the master curve,
see Figure 4.9. That is due to the fact, that the master curve limits the possible bond
stresses for certain radial deformation stage.
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4.3.2.5 Applied corrosion, under the master curve

Corrosion does not have any effect on the bond stresses as long as the master curve is
not exceeded. Therefore the bond stresses can be assumed to stay constant for applied

corrosion and bond stresses under the master curve.

Corroding reinforcement causes an increase of the radial deformations. In the
previous two sections the increase of these deformations was described by increasing
the slip of the slave curve. This is now not possible as the corrosion has no effect on
the applied slip of the slave curve. Instead the radial deformation can be considered by
moving the master curve to the left side, according to equation (4.1). The shifted
master curve now represents again an upper limit for the bond stresses for a certain

radial deformation stage.
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Figure 4.10 Scheme how to move the master curve for applied corrosion and bond
stresses under the new obtained master curve
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4.3.2.6 Applied corrosion, if the master curve would be exceeded

In this case the master curve has to be moved to the left side as described in the
previous chapter.

In addition the bond stresses can not exceed the master curve. This is due to the fact
that the master curve describes the maximum possible bond stresses for the new
obtained radial deformation stage. Therefore the bond stresses have to drop as shown
in Figure 4.11.

previously obtained master curve

bond new obtained master curve
stress
. . starting previously obtained slave curve
shift to the side - i :
for applied ) N I new obtained slave curve
. ~
corrosion { > .
i N drop in bond stresses as the master

~ " curve is limiting the bond stresses
for a certain radial deformation stage

Slip, &

Figure 4.11 Scheme how to move the master curve for applied corrosion and how to
change the bond stress if the master curve would be exceeded

4.3.3 Example

To verify that the previously described method is valid for various loading sequences
an analysis was conducted with the following loading: In a first step a slip of
s, =0.2mm was applied. Then a corrosion of x =25um was assumed. In the final

step slip of s, =1.8 mm was applied. This example is in the following used to explain
and verify the method.

4.3.3.1 Obtain master curve

In the first step the master curve is needed. The master curve is the bond-slip curve for
uncorroded reinforcement. In this case the master curve is obtained by the analyses
for the uncorroded case; see Figure 4.12.
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Figure 4.12  Bond-slip curve for uncorroded reinforcement

4.3.3.2 First slip is applied
For applied slip it is mentioned in Chapter 4.3.2.3 that the same bond stress

development for master and slave curve can be assumed. This is valid as long as the
master curve is not exceeded. For the now applied loading of s, = 0.2 mm the slave

and master curves are equal, see Figure 4.13.
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Figure 4.13 Master and slave curves after applied slip of s;=0.2 mm

4.3.3.3 Corrosion is applied

For an applied corrosion of x =25um, it is mentioned in Chapter 4.3.2.5 and 4.3.2.6
that the master curve has to be moved to the left side according equation (4.1). In this
case it leads to a shift to the side of

As =-8.1-0.025 =-0.20 mm (4.2)

In addition it is mentioned that the bond stress stays constant for a stress state under
the master curve; see Chapter 4.3.2.5. In other cases the bond stress has drop so that it
does not exceed the master curve; see Chapter 4.3.2.6. This is the case here; see
Figure 4.14.
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Figure 4.14 Master and slave curves after applied slip and corrosion

4.3.3.4 Second slip is applied

For applied slip the slave curve has to follow the master curve, see Chapter 4.2.3.4.
Otherwise the bond stress of the slave curve would exceed the master curve; see

Figure 4.15.
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4.3.3.5 Final bond-slip curve

After all loading steps were considered, the final bond-slip curve is now obtained.
This bond slip curve was compared with the bond-slip curve that was obtained by the
FE-analysis when the mentioned loading sequence was considered; see Figure 4.16. It

can be seen that the agreement is good.
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Figure 4.16 Comparison of the bond-slip curves
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4.3.4 Limitations

The previously described method only holds if the assumptions mentioned in Chapter
4.2 are valid or give a good approximation of the real behaviour. Therefore, the
method is only valid if the bond stress development of the uncorroded case is already
governed by cover cracking; i.e. splitting failure. This only holds for smaller cover to
bar diameter ratios. Different limits for this ratio are reported in the literature. In
Model Code a ratio of ¢, /d <5 is proposed when no transverse pressure is applied

while in CEB (2000) a ratio of ¢

method should not be used for concrete cover-to-bar diameter ratios that are larger
than ¢, . /d =3 when no transverse pressure is applied. For larger concrete covers or

/d <3 is mentioned. To be on the safe side, this

main

under high transverse pressure even very high applied slip can not cause a cover crack
for uncorroded reinforcement. That is due to the fact that the radial deformations
caused by slip have an upper limit. If the maximum radial deformations do not cause
cover cracking the failure is characterised by shear failure of the concrete between the
steel ribs instead of cracking of the cover. That leads to a more ductile bond-stress
development than for splitting failure. As corroded reinforcement increases the radial
deformations it can lead to cover cracking of specimens that would not have been
cracked for uncorroded reinforcement. This can cause a sudden drop in bond stress or
even lead to almost no bond stress development when the specimen is cracked before
the slip applied.

The factor that relates the radial deformations caused by corrosion to the effect of slip
was obtained by analysing a parameter study that was conducted by using FE-
analysis. Therefore the factor has to be verified by tests before it can be trusted.

For very high amounts of reinforcement corrosion it has to be assumed that the
development of a weak corrosion layer and a degradation of the rib area of the
reinforcement steel have an influence on the bond properties, see Al-Sulaimani
(1990). This change in the interaction between the reinforcement steel and concrete is
not considered by the method. One analysed study indicated this limitation, see
Chapter 6.4, while in the other studies no clue could be found to confirm this
limitation.

As no reported test series could be found where the bond-slip response of corroded
reinforcement for small concrete covers has been reported it was not possible to
determine unerringly if the previously described hypotheses is true.

In addition the previously described method does not cover the bond stiffness increase
due to corrosion.
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5 Extension of the Bond-slip Model from Model
Code 1990 to Corroded Reinforcement

5.1 Description of the CEB-FIP Model Code 1990

In the CEB-FIP Model Code 1990 a local bond stress-slip curve is presented for
uncorroded reinforcement bars subjected to monotonic loading. For ribbed bars, the
bond-slip curve consists of four different parts. The first refers to the stage where
local crushing and micro-cracking occurs for small slips. The second part is a
horizontal line, which appears only for well-confined concrete. In this stage crushing
and shearing of the concrete between the ribs develop. The following decreasing
branch represents the reduction of bond resistance due to splitting cracks along the
bars. The residual bond capacity, described by a horizontal line, is maintained by
transverse reinforcement which keeps a certain degree of integrity.

The Model Code distinguishes between four cases according to Table 5.1. Linear
interpolation of s,,s,,7,, and 7, is possible for intermediate confinement. The bond

stresses can then be calculated according to equations (5.1-5.4).

T=Tmax[si]a for 0<s<s, (5.1)
|

=1, fors <s<s, (5.2)
r=7._ (. —T/.{Si__S;J for 5, <s<s, (5.3)
t=1, for s, <s (5.4)
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Table 5.1 Parameters for defining the mean bond stress-slip relationship,
according to CEB-FIP Model Code 1990

Unconfined concrete Confined concrete
Good bond All other bond Good bond All other bond
conditions conditions conditions conditions
s, [mm] 0.6 0.6 1.0 1.0
s, [mm] 0.6 0.6 3.0 3.0
s, [mm] 1.0 2.5 Clear rib Clear rib
spacing spacing
a 0.4 0.4 0.4 0.4
T nax 2041, 1.0y f, 254 . 1.25.\f.,
T, 0.157_,. 0.157_,. 0407 .. 0407_,.

Ju—
[oze]

—_ —_
e (o)}
~
w
=
~
]

|
(5.2) \*__ (5.3) - +- unconfined;

good bond

conditions
unconfined; all

; ‘. / / \ (5.4) other bond
8 . ) conditions
) "4 \ /1 —— confined; good
f— (53) bond conditions

6 Ty /
L . confined; all
4 other cases

—_ —
(=) N

g
\

Bond stress, T [MPa]

Figure 5.1  Analytical bond stress-slip relations according to CEB-FIP Model
Code 1990, for concrete C40
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5.2 Comparison of the uncorroded case

In the Model Code, confined conditions can be assumed when the bond failure
develops by shearing of the concrete between the ribs of the reinforcement bars.
Unconfined condition can be assumed when failure occurs due to splitting of the
concrete. The latter applies for all specimens in the parameter study.

Special conditions are defined in the Model Code to distinguish between the confined
and unconfined cases. A concrete cover ¢=1-d and a minimum transverse

main

reinforcement according to equation 5.5 will lead to unconfined concrete.

Apyans min = 0.25n4, (5.5)
where
A, area of transverse reinforcement, provided as stirrups, over a length equal to
the anchorage length
n number of bars enclosed by stirrups
A area of one main bar

S

Confined concrete can be assumed for a concrete cover ¢ = 5d

> IOdmain

be seen in Tables 3.2 and 3.3, the analysed geometries are mainly unconfined
according the Model Code. The contribution of the transverse reinforcement to the
confinement is difficult to consider, as the transverse reinforcement is not provided as
stirrups in the parameter study. In addition the Model Code defines the transverse
reinforcement, A as the area of transverse reinforcement over a length equal to the

a clear bar spacing

main >

or closely spaced transverse reinforcement with an area 4, . > nA, . As can

trans

trans >
anchorage length without defining the anchorage length. It still can be assumed that
the amount of transverse reinforcement in the parameter study is far away from
providing confinement.

Table 5.2 Comparison of concrete covers

Concrete cover

Model Code 1990 parameter study
unconfined confined mean geometry min. max.
>1 dmain >5 dmain 1.5 dmain L. deain 3 dmain
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Table 5.3 Comparison of clear spacing

Clear spacing

Model Code 1990 parameter study
unconfined confined mean geometry min. max.
- >1 Odmain 4dmain 3 dmain 1 4dmain

Usually good bond-conditions can be assumed for bond tests. The specimens are
mainly small, well compacted and the reinforcement bars are most often not placed at
the top of the specimens. As the bond model, described in Chapter 2.1, has been
adjusted to this kind of tests it can be expected to fit best with good bond conditions.

Therefore, it is seems natural to compare the results from the parameter study mainly
with good bond conditions in unconfined concrete according to the Model Code. In
Figure 5.2 and Figure 5.3 the bond-slip curves of the Model Code are shown together
with the bond-slip curves of the parameter study. Only uncorroded cases for a
concrete type C40 are compared.

Parameter study

20

18

= % = Model Code;
unconfined;

good bond

\ conditions

Model Code;
unconfined; all
other cases

\ —&— Model Code;

confined; good
bond conditions

Bond stress, T [MPa]

....................................... Modle Code;
confined; all
other cases

2.0 3.0 4.0 5.0 6.0 7.0
Slip, s [mm]

Figure 5.2 Comparison of bond-slip curves of the parameter study and the CEB-
FIP Model Code 1990 for concrete C40
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Figure 5.3 Comparison of bond-slip curves of the parameter study and the CEB-

FIP Model Code 1990 for concrete C40 (detail of Figure 5.2)

As expected, the results agree best with the unconfined concrete with good bond
conditions. In Table 5.4 the mean bond strengths of unconfined concrete with good
bond conditions according to Model Code is compared with the mean bond strength
obtained from the parameter study. Good agreement is obtained for all concrete types.

Table 5.4 Comparison of bond strength
Concrete type Bond strength Mean bond strength Relative error
according to Model | of the parameter
Code 1990, study [MPa]
unconfined, good
bond conditions
[MPa]
C20 8.94 7.43 -16.9%
C40 12.65 11.72 -7.4%
C80 17.89 17.28 -3.4%
5.3 Modification of the Model Code 1990

The here described method is valid for reinforcement that is corroded before the pull-
out is applied. For other loading sequences see Chapter 4.3. Now an additional
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parameter is needed as input to predict the bond-slip response. The corrosion
penetration, x, is needed to calculate the shift of the bond-slip curve of the uncorroded
case. This is done according to the following equation:

As=-8.1-x (5.6)
where

As is the shift of the bond-slip curve of uncorroded reinforcement along the x-axis
(in mm)

X is the corrosion penetration (in mm)

The shift along the x-axis is considered in Table 5.5 and in equations (5.8-5.10). The
shifted bond-slip curve for uncorroded reinforcement is used as an upper limit of the
bond stresses. As soon as the bond stresses reach this upper limit they have to follow
the shifted curve for further applied slip.

The bond stress development for corroded reinforcement can be approximated by the
bond stress development for uncorroded reinforcement as long as the shifted bond-slip
curve is not exceeded. The following equations are needed to obtain the bond-slip
response:

o
S
=7 |— | for 0<s<y, (5.7
S
T=7,, fors ishified <8 = S ghifiea (5.8)
S = Soshifted
T=Thax — (Tmax -7 for s 2shified <SS 830 (5.9)
S3shified S 2shified
T=17, for s34 <5 (5.10)
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Table 5.5 Parameters for defining the mean bond stress-slip relationship,

according to CEB-FIP Model Code 1990

Unconfined concrete Confined concrete
Good bond All other bond Good bond All other bond
conditions conditions conditions conditions
S\ shifiea [UM] 0.6+ As 0.6+ As 1.0+ As 1.0+ As
S shifieq [M] 0.6+ As 0.6+ As 3.0+ As 3.0+ As
S3ghifie LTM] 1.0+ As 2.5+ As Clear rib Clear rib
spacing+ As spacing + As
s, [mm] 0.6 0.6 1.0 1.0
a 0.4 0.4 0.4 0.4
T o 2041, 1.0y £, 254, 1.254 f.,
T, 0157, 0.157,,, 0407, 0407,

Then three different cases have to be considered:

- For 0<s, <5, the bond-slip response has to be calculated according to

equation (5.7) for 0 < s <,

equation (5.8) for s, <s < S shified

equation (5.9) for s, 4.0 <5 <8300

equation (5.10) for s,,,, <s; see Figure 5.4.
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Figure 5.4 Bond-slip curve for 0<s, <8, 0.

- For s, <51 < S3g.4 the bond-slip response has to be calculated according

to

. | equation(5.7)
min for 0<s <5, 00

equation(5.9)

equation (5.10) for s,,.,, <s; see Figure 5.5.
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Figure 5.5 Bond-slip curve for s, 1.4 <S5\ < S3g1ea

- For 55,4 <s, the bond-slip response has to be calculated according to

. |equation(5.7) )
min ) ; see Figure 5.6.
equation(5.10)

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2006:107 51



// —— unshifted curve

~f5'9) | (5.7 - * - shifted curve

Bond stress, T

bond-slip curve
for uncorroded
reinforcement

I I
S3shifted S1

Slip, s

Figure 5.6 Bond-slip curve for s, 4., <,

5.3.1 Limitations

Besides the limitations mentioned in Chapter 4.3.4 it has to be considered that the
reliability of the bond model described in Model Code has to be further assessed
before it can be used directly in real applications. The same holds for the modified
bond model described in Chapter 5.3.
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6 Comparison of the Results

The bond strength obtained by the modified Model Code was compared with two
different reported test series; see Chapter 6.1 and 6.2. Another test series was analysed
that showed a change in failure mode; see Chapter 6.3. Finally, a test series was used
to check if it is possible to relate the effect of corrosion on failure to the effect of slip;
see Chapter 6.4.

6.1 Bond strength of corroded bars according to Rodriguez
(1994)

6.1.1 Description of the tests and results

Rodriguez tested cubic concrete specimens with four bars in the corners, with and
without stirrups, see Figure 6.1. The main parameters that were varied were level of
corrosion, cover-to-bar diameter ratio, the bar position and the amount of stirrups, see
Table 6.1. Only the main reinforcement bars were corroded by applying a current.
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Figure 6.1  Type 2 specimens for bond test according to Rodriguez (1994).
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Table 6.1 Specimens for bond tests according to Rodriguez (1994).

Specimens | Main bar diameter | Stirrups diameter Stirrups Concrete
type d, ., [mm] d, .. [(Mmm] spacing s [cm] cover

cmain [mm]

1 16 8 7 24

2 16 6 10 24

3 16 - - 24

4 16 6 10 40

5 10 6 10 15

For uncorroded bars almost no influence of the amount of stirrups on bond strength
has been observed. In contrast stirrups had a significant influence when specimens
with corroded bars were tested. The bond strength of highly corroded bars without
stirrups was close to zero while the presence of stirrups resulted in a residual strength
of 3.0-4.0 N/mm”. For specimens with a cracked cover due to reinforcement corrosion
the influence of ¢/d,..in Wwas negligible. A regression analysis has been carried out and
led to the following expression:

r. =K-x* (6.1)
where
... is the bond strength in N/mm®
X 1s the corrosion penetration in pm

K,K’ are constants to fit with experimental results, see Table (2.4)

The bond strength versus decrease of rebar radius is shown in Figure 6.2.
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Table 6.2 Values of fitting constants according to Rodriguez (1994).
Type of specimen K K’
Top Bottom Top Bottom
reinforcement | reinforcement | reinforcement | reinforcement
1 7.03 7.43 0.067 0.098
2 5.05 5.83 0.035 0.051
3 4.11 4.17 0.153 0.194
4 6.55 6.98 0.066 0.088
5 5.38 5.53 0.021 0.043
° —— TYPE1 woe TYPEZ --=+= TYFE j
1 -=es= TYPE4 — TYPE$§ |
g -
o
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T
=
0]
pd
]
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Figure 6.2
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Bond strength versus decrease of rebar radius for bottom cast bars

according to Rodriguez (1994)

6.1.2 Comparison to the modified Model Code

In the Model Code it is not clearly defined how to obtain the bond-slip response for
intermediate confinements. Therefore it was chosen to study type 2 specimens
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according to Rodriguez (1994), that agreed quite well with the unconfined case
according to Model Code, see Table 6.3.

Table 6.3 Evaluation of the degree of confinement for type 2 specimens

Type 2 specimen Unconfined Confined
according to Model | according to Model
Code Code
concrete cover ¢ 1.5-d,,, 1.0-d,,, 5.0-d,,.,
transverse A,=3/2-7-3" | Aypin =025-n- 4, Ay min 21 A,
reinforcement Ay, —a4 —503 —901.1
[mmz] - . . .

The method described in Chapter 5.3 was applied for different corrosion penetrations.
The bond-slip curve from the modified Model Code for unconfined concrete was used
and the bond strength was reported. Good bond conditions were assumed. The
obtained bond strength development over the corrosion penetration is shown in Figure
6.3 and compared with the reported test results.

12
10
< .
S s
=) — Bond strength
g ] according to the
e ] modified Model
én 6 Code
5 . -t
5 - - = Bond strength for
T 4 . . . specimen type 2,
R -, . according to
Rodriguez (1994)
2 \
0 T T T T
0 100 200 300 400 500

corrosion penetration, X [pm]

Figure 6.3  Comparison of the bond strength versus corrosion penetration for
specimen type 2, according to Rodriguez (1994) and the modified
Model Code
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It can be seen that already for the uncorroded reinforcement the difference in bond
strength is high. For the performed tests an average bond strength of 7, =6.5 MPa

has been reported for bottom cast reinforcement. By applying the Model Code a bond
strength of 7, =11.3 MPa was obtained.

In addition the decrease of the bond stress is overestimated by the modified Model
Code. That could be due to the fact, that corner bars have been tested. The
confinement of corner bars due to stirrups was not considered in the modification of
the Model Code.

6.2 Bond strength of corroded reinforcement bars
according to Shima (2002)

6.2.1 Description of the tests

Shima tested concrete prisms in which one steel bar was eccentrically embedded, see
Figure 6.4. The effect of different concrete covers, degrees of corrosion and amounts
of transverse reinforcement on bond strength were studied. The specimens were
soaked in an artificial salt solution and the corrosion was accelerated by an applied
current. After that a pull-out force was applied by an oil jack.
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Figure 6.4  Test specimen, according to Shima (2002)

6.2.2 Comparison to the modified Model Code

The modified Model Code was used to predict the bond strength development over
the degree of corrosion. The test series with a concrete cover of ¢,,;,=25 mm and a
cover-to-bar ratio of ¢, . /d =1.12 was compared with the modified Model Code for

main
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unconfined concrete and good bond conditions. The normalized bond strength was
plotted over the weight loss of the reinforcement bar, see Figure 6.5.

1.2

0.8

modified Model Code

0.6 .
\-\- —= Shima (2002)

0.4

0.2

normalized bond strength, Ty, /Tmax uncorroded

Weight loss [%]

Figure 6.5  Development of the bond strength over the degree of corrosion for test
according to Shima (2002) and the modified Model Code

It can be seen that the modified Model Code overestimates the decrease of the bond
strength for applied corrosion.

6.3 Effect of reinforcement corrosion on bond strength
according to Almusallam (1995)

6.3.1 Description of the performed tests and results

Cantilever bond test specimens have been used to study the effect of corrosion on
bond, see Figure 6.6. Current has been used to accelerate the reinforcement corrosion.
The degree of corrosion has been measured according to the weight loss method. The
appearance of the first crack was monitored. The load-slip response has been reported,
see Figure 6.7. A change in failure mode from pull-out failure for specimens with
corrosion penetrations up to x =123 pm to splitting failure for higher corrosion

penetrations has been reported.
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6.3.2 Comparison to the method with modified slip

It was difficult to predict the bond-slip response by using the Model Code. A high
cover to bar diameter ratio of ¢, . /d =5,83 provided confinement, while no

transverse reinforcement had been used to keep a certain degree of integrity after
cracking.

For this high cover to bar ratio, the failure mode changed when a corrosion
penetration of x =238 um had been applied. The drastic change in the bond strength
and the dissipated energy due to corrosion becomes obvious when comparing the
bond-slip curves for x =158 um and x =238 pum. The failure mode change can not
be predicted by the modified Model Code. Therefore it has been chosen to limit the
area of validity of the modified Model Code to concrete cover-to-bar diameters ratios
that are smaller than three.

In Figure 6.8 the bond-slip curve for corroded reinforcement are shifted in the
negative direction according to equation (4.1). This should lead to congruent force-
slip curves. It can be seen that the agreement is feasible as long as the failure mode
did not change.
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Figure 6.8  Force-modified slip curves for different corrosion penetrations, tests
from Almusallam (1995)
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6.4 Bond behaviour of corroded reinforcement according
to Auyeung (2000)

6.4.1 Description of the performed tests

Auyeng tested concrete prisms in which two steel bars were embedded, see Figure
6.7. Corrosion was accelerated by induced current. The magnitude of the corrosion
was measured by the weight loss method. The two reinforcement bars were pulled in
the opposite direction. The configuration simulated reinforcement bars in the tension
zone. The bond-slip response was reported. In addition, the slip at failure for different
corrosion penetration was summarized in a table, see Table 6.4. The post failure
response was not reported.

Side View Cross Sectlonol View

Figure 6.9  Details of specimen, according to Auyeung (2000); (Note: All
dimensions are in inch)

6.4.2 Comparison to the method with modified slip

/d=
4,2 that has been used in the tests. When looking at the slip at failure it can be seen
that it is much higher for uncorroded reinforcement than for corroded reinforcement.

This can indicate a change in failure mode that is not considered in the modified
Model Code.

The modified Model Code is not valid for a cover-to-bar diameter ratio of ¢

main

By using the reported results, it was possible to study the effect of corrosion on slip at
failure. This can be used to verify that the effect of corrosion on radial deformations
can be related to the effect of slip on radial deformations.

Due to the assumed change in failure mode the mean slip for a corrosion penetration
of x =0.036 mm was compared with the slip at failure for other corrosion penetrations
according to equation (6.2). This made it possible to calculate the factor f, according
to equation (6.3) which relates the effect of corrosion on failure to the effect of slip to
failure.

Scrack,x=0.036 + f ’ 0036 = Scrack,x + f "X (62)
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= f=

where

Scrack,x:0,036

N crack,x

X

(Scrack x=0.036 Scrack X )
s ’ 6.3
(x—0.036) (63)

1s the mean slip at failure for a corrosion penetration of x =0.036 mm

in mm
is the slip at failure for a corrosion penetration x in mm

1s the corrosion penetration in mm

As the slip at failure of sample no. 5 did not fit to the other results it was left without
consideration when the mean value, the standard deviation and the coefficient of
variance was calculated. A mean value of f =1.367 was obtained, see Table (6.4).
That did not agree with the factor of f =8.1 obtained by analysing the parameter
study. Some variation of the /' can be explained by the fact that the descending branch
of the bond stresses could not be considered in Auyeung’s tests. Even when a small
slope of the descending branch of the bond-slip curve is assumed the factor would still
be smaller than four; see Figure 6.7.

1460

1200

3

8

600

Normalized Bond Stross (pal)

200

A mean value of £=1.367 was
obtained when a sudden drop of
the bond stress was assumed

¥ in pum

36
- f=4 when a small slope

of the descending
83 branch was assumed

40

66
111 0

mean slip at faihwre
145 for =36 pm

263 ‘/
¥

]

0.001 0.002 0.003 0.004 0.005 Q.006 0.007 0.008 0008 0,01

Blip (in.)

Figure 6.10 Bond-slip curves, modified from Auyeung (2000)
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Table 6.4 Slip at failure load for various corrosion penetrations (marked boxes
were not considered when the average, standard deviation and the
coefficient of variation were calculated), modified from Auyeung (2000)

Corrosion f=(Scrackx-
penetration slip at Scrack,x=0.0036)/( | Scracksmod=Scrack xTT*X
Sample No. [mm] failure [mm] x-0.0036-x) [mm]
1 0.000 0.660 0.660
2 0.000 0.432 0.432
3 0.036 0.198 0.247
4 0.036 0.147 0.197
5 0.049 0.241 -5.253 0.308
6 0.066 0.142 1.011 0.233
7 0.072 0.091 2.246 0.190
8 0.085 0.079 1.906 0.195
9 0.111 0.066 1.421 0.218
10 0.145 0.061 1.025 0.259
11 0.263 0.038 0.593 0.398
average: 0.103 1.367 0.242
standard
deviation: 0.051 0.564 0.063
coefficient of
variation: 0.494 0.412 0.262

By using the new obtained factor it was checked whether the failure could be
predicted by using the modified slip according to equation (6.4).

Scmck,mod = Scmck,x + f "X (64)

A mean value of s =0.242mm with a coefficient of variation of 26.2% was

crack,mod
obtained. For specimens with the same corrosion penetration, the slip at failure was
compared without considering the corrosion to get an ideal of the scatter of the tests.
A coefficient of variation of 20.9% for specimens one and two and 14.7% for
specimens three and four was calculated. As the coefficient of variation of the
modified slip at failure was not much higher than for slip at failure for specimens with
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the same corrosion penetration, it can be assumed that it is possible to relate the effect
of corrosion on the effect of slip. Thus, the modified slip seems to be an adequate
parameter to take the effect of corrosion into account.

For the sample with the highest corrosion penetration the largest error was obtained
when the modified slip at failure was compared with the mean modified slip at failure
for the corroded cases. This can indicate that for high corrosion penetrations the factor
£ 1s not constant anymore, see Figure 6.11.

L4 good prediction of the
modified slip at
1,2 failure for
intermediate
1 corrosion penetrations
0,3

corrosion

scrack,mod/scrack,mod,mean

0 ™\ probably change in m
’ /\_/

b )4/ failure mode due to

0, y can indicate a variation
of "f"" over the corrosion
0,2 penetration
0 T T T T T
0 50 100 150 200 250 300

corrosion penetration [pm]

Figure 6.11 Modified slip at failure divided by mean modified slip at failure over the
corrosion penetration

6.5 Summary of the verification of the results

When comparing the results from the modified Model Code with tests found in
literature the accuracy is not sufficient. Even for uncorroded reinforcement the
prediction of the bond strength using the unmodified Model Code is not satisfactory.
Hence it is not clear how much error is introduced by the modification of the Model
Code. The hypothesis that the effect of corrosion on cracking can be related to the
effect of slip on cracking was confirmed by one test series. The factor that was
obtained by the parameter study to relate the effect of corrosion to the effect of slip on
cracking could not be verified. In addition, a change in failure mode from pull-out to
splitting failure due to corrosion could be observed in two tests. As the modified
Model Code does not cover this change it can not be applied for geometries that
showed pull-out failure for uncorroded reinforcement.

The method described in Chapter 4 showed promising results when it was applied on
the parameter study. When it was combined with the bond-slip model of the Model
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Code and then compared with performed tests, the results were not satisfactory
anymore.
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7 Conclusions

7.1 General conclusions

For the analysed parameter study it seems to be possible obtain the bond-slip curve
for corroded reinforcement by the bond-slip curve of uncorroded reinforcement. This
can be done by shifting the bond-slip curves for uncorroded reinforcement along the
slip-axes according to the corrosion penetration of the reinforcement that it now
should describe. The shifted bond-slip curve can then be used as an upper limit of the
bond stresses for the corroded case. When this method was combined with the bond-
model given in the Model Code and then compared to reported test the results were
not sufficient anymore.

In addition it seems to be possible to relate the effect of corrosion on cracking to the
effect of slip on cracking for specimens that showed splitting failure already for
uncorroded reinforcement.

In the parameter study the effect of transverse reinforcement on bond-behaviour of the
corroded reinforcement was almost negligible for most studied geometries. This
disagrees with reported tests; see Rodriguez (1994) and Fang (2006). That is due to
the fact that in the mentioned tests the transverse reinforcement has been provided as
stirrups while in the parameter study the transverse reinforcement was modelled as a
single bar. If the transverse reinforcement is not provided as stirrups it is not working
when the cracks develop parallel to the surface. As the type of the transverse
reinforcement occurred to be decisive for the effect on bond, results from tests using
stirrups can not be applied to other types of transverse reinforcement.

The development of the bond strength and the dissipated energy is governed by the
crack pattern. Only when the cracks pass the transverse reinforcement, it keeps a
certain degree of confinement. The most important factor controlling the crack pattern
is the concrete cover to bar spacing ratio.

The first cover crack turned out to limit the bond strength when splitting failure is
obtained. The most important factor controlling the appearance of the cover crack is
the concrete cover to bar diameter ratio.

7.2 Suggestions for further research

The method to obtain bond-slip curves described in Model Code 1990 is not very
user-friendly. The linear interpolation between the confined and the unconfined case
considering three different parameters is not very applicable. Without a practical
model describing the bond-slip response of uncorroded reinforcement it is not
possible to develop a convenient model that covers even the corroded cases.

The hypothesis behind the modification of the Model Code 1990 due to reinforcement
corrosion has to be validated. Therefore some tests are needed that are within the
scope of the method. The mentioned assumptions have to be checked and their
application area has to be restricted under the consideration of the expected error.
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More information of the factor that relates the splitting expansion of the corrosion
products to the radial deformation caused by slip of ribbed bars is needed. Therefore
more tests are needed with different geometries and different rib profiles of the
reinforcement steel.

The analysed parameter study has shown that transverse reinforcement does not
necessarily provide confinement. As this does not agree with performed tests using
stirrups as transverse reinforcement, more research is needed to evaluate the effect of
leg spacing of the transverse reinforcement on confinement.
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APPENDIX A Summary of the parameter study

In the first column the name of each specimen is given. The factor differing from the
mean analysis is usually chosen as the name, i.e. “C20” denotes a specimen with a
concrete type “C20” instead of “C40” for the mean geometry. Under the name of each
specimen the ratio between the concrete cover of the main reinforcement to the top
surface and the clear bar spacing to the side, Cigin/Weiear, 1S calculated.

In the second column the different corrosion penetrations, x, are reported. In column 3
to 6 the parameter defining the geometry are shown. The concrete strength is reported
in the 7™ column.

In column 8 the bond strength is shown. To study the development of the bond
strength over the corrosion penetration the bond-strength for corroded cases was
divided by the bond strength for the uncorroded case. The quotient is called
normalized bond strength shown in column 9.

In column 10 the area under the bond-slip curve, F, is calculated. The area represents
the dissipated energy. As some analyses did not converge the calculated area was
limited to the slip,s,,,, , till which most analyses showed convergence. This slip is

reported in column 10, too. For analyses that showed severe problems to get
convergence, even for earlier stages the dissipated energy is not calculated and the
cell is marked. As s differed for the different specimens the comparison of the area

under the bond-slip curves between theses specimens can lead to wrong conclusions.
Therefore the next column shows the normalized dissipated energy to see the
development depending on the corrosion penetration. To normalize the dissipated
energy it was divided by the dissipated energy of the uncorroded case.

To get more information about the bond stiffness development the slip that caused the
maximum bond stresses is shown in column 12. In the next column the slope of a line
from the origin of the bond-slip curve to the maximum bond stress with its related slip
was calculated, see Figure 3.5. This slope, ¢, representing a kind of secant stiffness,
was again normalized by the uncorroded case in the next column.

The next column indicates the obtained crack patterns that are described in detail in
Chapter 3.4-3.7. In column 15 the slip that led to the first cover crack is reported. For
cases that already cracked for the applied corrosion, the critical corrosion penetration
is reported and the cell is marked. The next column contains the same information as
column 15 but now for the development of the second cover crack.

In column 17 a factor, £, is calculated that relates the effect off corrosion to the effect
of slip. For more information about that factor see Chapter 3.2.3.

In column 18 the factor, £, is used to calculate the effective slip at failure according to
equation (4.6).
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Scom=1.3 mm
Mean 0O 50(30|20| 2.62[40(11.34| 1.00| 8.73 1.00| 0.28 413 3 027 | 1.35 0.27
Nr. 1 10| 50(30(20| 2.62]|40|11.23| 099 | 827| 0.95| 0.20 562 | 3 0.2 1.2 7.0| 0.28
251 50(130(20| 2.62(40]|10.30| 091 | 7.39| 085| 0.08| 1374| 3 0.08| 095| 7.8| 0.28
Conain/Welear 50| 50({30(20| 2.62]|40| 7.09| 0.62| 7.00| 0.80| 0.05]| 141.8| 3 30 09| 9.0 0.24
0.375 100 50(30|20| 2.62[40| 599| 0.53| 6.12| 0.70 3 30| 0.33 0.24
200 50(30(20| 2.62]|40| 590 | 0.52 3 30 0.24
Sconv=0~78
mm
C20 0 50[30]|20| 2.62[20| 7.43| 1.00| 4.16| 1.00| 0.22 345 2 0.19 | 0.83 0.19
Nr. 2 10| 50(30({20| 2.62 (20| 7.20| 097| 4.10| 099 | 0.13 576 2 0.18 08| 1.5] 0.26
251 50(30(20| 2.62 (20| 5.59| 0.75| 3.54| 085 0.10 5591 2 20| 0.73| 9.5| 0.16
Crnain/ Welear 50| 50(30(20| 2.62|20| 482| 0.65| 226| 0.54| 0.08 642 | 2 20| 0.35 0.16
0.375 100 50(30]20| 2.62[20| 1.37| 0.18| 0.73| 0.17| 0.15 9.1| 2 20 56 0.16
200 50({30(20| 2.62]120| 0.00| 0.00 2
Scom=1.8 mm
C80 0 50(30|20| 2.62|80|17.28| 1.00]| 15.20 1.00| 0.33 5321 3 0.38 0.38
Nr. 3 10| 50(30(20| 2.62|80|17.11| 0.99|1447| 0.95| 0.28 622 3 0.3 7.5] 0.38
251 50(130(20| 2.62|80|16.26| 094 |13.88| 0091 0.18 929 | 3 0.23 6.0 0.43
Conain/Welear 50| 50(30(20| 2.62|80| 1.84| 0.11| 2.06| 0.14| 0.03 73.6 | 1 40 9.4 | 0.33
0.375 100 50(30|20| 262|800 | 1.20| 0.07| 198 | 0.13 1 40 0.33
200 50(30(20| 2.62|80| 1.21| 0.07| 0.64| 0.04 1 40 0.33
Scom=1.3 mm
dt=10-
150 0| 50(30|20| 524[40(11.42| 1.00| 4.54 1.00| 0.28 415 3 027 | 0.48 0.27
Nr. 4 10| 50|30({20| 524 (40| 11.28| 099 | 4.11 0.91 0.20 5641 3 02| 038 65| 0.28
251 50(30(20| 524(40|10.31| 090 | 2.14| 047| 0.10| 103.1| 3 0.1 0.15| 6.6 0.30
Conain/ Welear 50| 50(30(20| 524]140| 800| 0.70| 0.95]| 0.21| 0.05]| 160.0| 3 32| 0.03| 83| 0.26
0.375 100 50(30|20| 524[{40| 090| 0.08| 1.00| 0.22 3 32 0.26
200 50(30(20| 524]140| 1.17| 0.10| 0.87| 0.19 3 32 0.26
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Scomv—1.4 mm

no
transverse 0| 50|30(20| 0.00|40]|10.87| 1.00| 3.54 1.00 | 0.26 42,6 2 0.26| 1.2 0.26
reinforcem 1.1
ent 10| 50(30[{20| 0.00|40]|10.68| 0.98 | 3.54 1.00 | 0.18 61.0| 2 0.2 5 6.0 0.28
Nr. 5 25| 50[30]20| 0.00|40| 6.01| 0.55| 2.38| 0.67| 0.05| 1203| 2 25| 1.1| 104 | 0.20
Conain/ Welear 50| 50(30(20] 0.00[40] 2.47| 0.23] 1.39| 0.39] 0.05 4941 2 25| 1.1 0.20
1.1
0.375 100| 50|30|20| 0.00(40| 1.23| 0.11] 0.50| 0.14] 0.05 246 | 2 25 5 0.20
200 50|30({20| 0.00[40| 0.15] 0.01| 0.16| 0.05| 0.02 10.0| 2 25| 1.1 0.20

Scony=0.8 mm

0.7
d=25 0] 50|30(25] 2.62[40|11.80| 1.00| 6.02| 1.00| 0.25 4721 4 | 0.25 5 0.25
0.6
Nr. 6 10| 50[30[25] 2.62140|11.74] 099 | 541| 090| 0.18 67.1] 4 | 0.18 3 7.5] 0.26
0.4
25| 50[30]|25| 2.62]|40(1049| 0.89| 4.03| 0.67| 0.06| 1749| 4 | 0.08 8 7.0 0.28
Conain/Wetear | 50| 50 |30]25] 2.62[40| 8.67| 0.73| 2.66| 044| 0.08| 115.6]| 4 27| 0.3 93] 0.22
0.400 100| 50|30|25| 2.62|40| 1.74| 0.15] 090| 0.15] 1.50 12| 4 27| 78 0.22
200 50|30(25| 2.62(40| 1.17| 0.10| 0.28 | 0.05| 0.05 233 | 4 27| 78 0.22
Scom=1.2 mm
0.9
d=10 0| 50|30[10| 2.62[40| 9.34| 1.00| 5.56| 1.00| 0.35 267 3 0.35 8 0.35
0.9
Nr. 7 10| 50[{30]10| 2.62|140| 9.04] 097| 507| 091] 0.28 3291 3 0.3 5 5.0 0.38
0.7
25| 50(30|10] 2.62]|40| 824 | 0.88| 441| 0.79| 0.15 55.0( 3 0.23 5 5.0] 0.43
0.7
Conain/Welear | 50| 50130 10| 2.62[40| 525| 0.56| 3.92| 0.70| 0.08 699 3 43 5 8.1 0.35
0.3
0.333 100| 50|30|10| 262 (40| 3.63| 039]| 293| 0.53] 0.10 363 3 43 5 0.35
200 50|30(10| 2.62[40| 0.71| 0.08| 0.57| 0.10 3 43 0.35
Scom=1.0mm
w/2=150 0] 150|30(20| 2.62[40|11.34| 1.00| 7.31| 1.00| 0.28 41.3] 3 0.3 0.30
Nr. 8 10| 150 ({30 |20| 2.62 40| 11.23| 0.99| 7.02| 0.96| 0.18 642 3 0.23 7.5 0.31
251 150(30|20] 2.62]140[1030| 091 | 6.68| 091 | 0.08] 1374| 3 0.13 7.0] 0.33
Conain/Wetear | 50| 150 [30]20| 2.62|{40| 7.09| 0.62| 583| 0.80| 0.05| 141.8| 3 30 10.0 | 0.24
0.107 100 | 150130 |20 | 2.62 40| 599 | 053] 4.76| 0.65| 0.10 599 | 3 30 0.24
200 | 150 |30 (20| 2.62 40| 591 | 0.52| 3.75| 0.51 3
Scom=0.8 mm
w/2=75 0] 75130(20| 2.62[40|11.17| 1.00| 547| 1.00| 0.27 4221 3 0.3 0.30
Nr. 9 10| 75(30|20| 2.62|40]|10.83| 0.97| 5.83| 1.06| 0.18 619 3 0.23 7.5 0.31
25| 7513020 2.62]40|10.07| 090| 527| 096| 0.08| 1343| 3 0.13 7.0 0.33
1.1
Conain/Welear | 50| 75130 (20| 2.62 40| 7.28 | 0.65| 4.50| 0.82| 0.05| 145.5] 3 28 5| 10.7] 0.23
0.8
0.231 100 7513020 | 2.62|40| 5.08| 045| 398| 0.73]| 0.05] 101.7] 3 28 3 0.23
200 753020 | 262 (40| 3.82| 0.34| 2.84| 0.52 3
Scom=0.6 mm
c=45 0| 50|45[20| 2.62[40|13.33| 1.00| 2.94| 1.00| 0.33 41.0] 1 0.35 0.35
Nr. 10 10| 50[45[20] 2.62140|13.07| 098] 2.79| 095| 0.25 52311 0.28 7.5] 0.36
25| 50[45]120| 2.62]140|12.14| 091 1.69| 0.58 | 0.13 97.1] 1 0.15 8.0 0.35
Conain/Welear | 50| 5045|120 | 2.62[40| 0.85| 0.06| 039 0.13] 0.02 4241 1 32 109 | 0.26
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0.563 100 50[45[20| 2.62|40| 0.64| 0.05| 035| 0.12| 0.63 1.0] 1 32 0.26
200 50|45]20| 2.62 (40| 045| 0.03| 0.23| 0.08 1 32 0.26
Scom=0.4 mm
c=45 0| 50[45[20| 2.6240]13.33] 1.00| 2.74| 1.00| 0.33| 41.0] 1 0.35 0.35
d=10-150 | 10| 50[45]|20| 2.62|40(13.07| 098 | 251 | 091 0.25 523 1 0.28 7.5] 0.36
Nr. 11 25| 50(45|20| 2.62|40[11.55| 0.87| 1.20| 044 | 0.10| 1155| 1 0.13 9.0 0.33
Conain/Welear | 50| 50 [45]120| 2.62|{40| 1.03| 0.08| 033| 0.12| 0.03| 41.0]| 1 30 11.7] 0.24
0.563 100| 50(45]20| 2.62]40| 0.70| 0.05| 0.27| 0.10 1 30 0.24
200 | 50[45(20] 2.62]|40| 081 | 0.06| 0.25| 0.09 1 30 0.24
Scom=0.4 mm
¢=45; no
transverse 0| 50[45(20| 2.62|40]13.79| 1.00| 3.09| 1.00| 0.35 394 1 0.38 0.38
reinforce
ment 10| 50[45|20] 2.62|40|13.51| 098 | 3.02| 098] 0.28]| 49.1] 1 0.3 7.5] 0.38
Nr. 12 25| 50(45(20| 2.62|40[12.09| 0.88| 191 | 0.62| 0.13 96.7] 1 0.13 10.0 | 0.33
Conain/Welear | 50| 50 [45]120| 2.62|40| 3.72| 0.27| 1.08| 0.35 1 34 11.0| 0.28
0.563 100 | 50[45(20| 2.62|40| 3.87| 028 | 1.16] 0.38 1 34 0.28
200 50[45]20| 2.62 40| 3.56| 026| 1.22]| 040 1 34 0.28
Scom=0.8 mm
0.7
Mean 0| 50|30[20| 2.62|40|11.12| 1.00] 5.19| 1.00| 027| 412 2 0.3 8 0.30
other 0.7
mesh 10| 50(30]|20| 2.62|40|10.68| 0.96| 527| 1.02| 0.18| 61.0| 2 | 0.23 3 75| 0.31
Nr. 13 25| 50({30|20| 2.62]|40| 9.70| 0.87| 4.00| 0.77| 0.08] 1293 2 | 0.13| 0.5 7.0 0.33
0.3
Conain/Welear | 30| 50[30]20| 2.62|40| 6.59| 0.59| 3.68| 0.71| 0.08 87.9| 2 30 8| 100| 0.24
0.375 100 50(30[20| 2.62|40| 2.94| 0.26| 2.08] 040 | 0.10] 294 2 30| 86 0.24
200 50[30]20]| 2.62|40| 3.03| 0.27| 2.33| 045| 0.40 76| 2 30| 86 0.24
Average: 8.1 0.3
Standard
deviation: 1.70 | 0.06
Coefficient of
variance 021 ] 0.21
CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2006:107 73



