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ABSTRACT

This thesis presents new testing methods to study the bond characteristics of reinforcing
bars and pretensioned strands. For reinforcing bars, the new technique, which simulates a more
uniform bond stress, enabled the study of both pullont failures and splitting faiiures. Variables
studied included concrete cover, bar size and the effect of epoxy coatings on the bars. Analytical
expressions for predicting the bond stress versus slip response and the bond stress distribution for
different types of pullout tests are developed. For pretensioned strand, the testing techrique
enabled the study of the bond characteristics along t-oth the transfer and the flexural bond iengths.
Equations for predicting the transfer aad development lengths are given,

The tensile behaviour of concrete members reinforced with a single reinforcing bar are
studied. Variables studied included concrete strength, presence of steel fibres, bar size and the
effect of epoxy coatings on the bars. Both iransverse cracks and splitting cracks were studied and
a factor accounting for the influence of splitting cracks on tension stiffening is introduced. A
procedure for predicting the response of tension members, accounting for the concrete cover and

bar size and the presence of steel fibres is given. Equations are suggested to determine the transfer
length and crack spacing.

Experimental investigations were carried out to study the post-cracking behaviour of beams
without stirrups. The influence of concrete strength and the presence of epoxy-coated
reinforcement on the crack development, type of cracking, ductility and failure mechanism are
discussed. Typical slab-column connections found in parking structures were tested, simulating
the construction stages. The effects on crack development of both concrete quality and the
presence of epoxy coatings on the reinforcement were studied. Modification factors for predicting
crack widths in beams and two-way slabs, accounting for the presence of epoxy coatings, are given
in a form suitable for implementation in codes of practice.



SOMMAIRE

Cette thése présente de nouvelles méthodes expérimentales permettant d’étdier les
caractéristiques d’adhérance de 1'armature et des cables prétendus. Pour !'armature, la nouvelle
technique qui simule la contrainte d’adhérance plus uniforme a permis d’étudier aussi bien les
ruptures par arrachement que celles par fendage. Les variables évaluées au cours de I’étude
comprennent le recouvrement de béton, la dimension de l'armature et Veffet de 1’enrobage
d’époxy. Des expressions analytiques pour la prédiction de la contrainte d’adhérance versus le
glissement résultant ainsi que la distribution des contraintes d’adhérance pour différents types
d’essais d’arrachement sont développées. Pour les cables prétendus, la nouvelle technique a permis
d’évaluer les caractéristiques d’adhérance relatives aux longueurs de transfert et de flexion. Des

équations pour la prédiction des longueurs de transfert et de développements sont également
donnée...

Le comportement sous tension des éléments en béton armé d’une seul barre est étudié. Les
variables évaiuées au cours de 1'étude comprennent la capacité du béton, la présence de fibres
d’acier, la dimension de I’armature et I’effet de 1’enrobage d’époxy. Tant les fissures transversales
que les fissures de fendage ont été étudiés et un facteur tenant compte de !'influence des fiss.res
de fendage sur la rigidité sous tension est introduit. Une prncédure pour la prédiction de la
réponse des éléments sous tension, prenant en considération le recouvrement de béton et la
présence des fibres d’acier est présentée. Des équations sont suggérées afin de déterminer la
longueur de transfert et I'espacement des fissures.

Des recherches expérimentales furent entreprises afin d’étudier le comportement post-
fissuré de poutres sans étriers. L’influence de la résistance du béton et la présence d’armature
enrobée d’époxy sur le développement des fissures, le type de fissures, ainsi que les mécanismes
de ductilité et de rupture sont discutés. Des assemblages typiques dalles-poteaux, présentes dans
les structures de stationnement, ont été testées en simulant les diverses étapes de construction. Les
effets de la qualité du béton et de la présence d’armature enrobée d’époxy sur le développement
des fissures furent étudiés. Des facteurs de modification pour la prédiction de 1'ouverture des
fissures dans les poutres et les dalles bi-directionnelles, tenant compte de ia présence de I’enrobage

d’époxy, sont présentés sous une forme convenant a leur implémentation dans les codes de pratique
professionnelle.
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Chapter 1

INTRODUCTION

"To engineers who, rather than blindly following the
codes of practice, seek to apply the laws of nature"
T.Y. Lin, 1955

The behaviour of reinforced concrete members is strongly influenced by bond between the
reinforcement and the concrete, which in turn strongly affects the cracking performance.
Figure 1.1 shows schematically the stress distributions in a cracked reinforced concrete beam
segment subjected to pure bending. Even for this simple loading case, the concrete stress, steel
stress and bond stress distributions are quite complex. In order to study the behaviour of a
reinforced concrete member it is necessary to understand, in some detail, the influence of both
bond and cracking.

Chapter 1 presents an overview of some of the major studies carried out by other
researchers in the general area of bond and cracking in reinforced concrete. The other chapters
provide more detailed discussions of the research carried by others in specific areas. Chapter 2
presents a new testing technique to study bond characteristics of reinforcing bars and pretensioned
strands. The effects of bar size, concrete cover and the presence of epoxy coating on the
reinforcing bars are investigated. Both transfer length and flexural bond length of pretensioned
strand are studied by this method of testing. In Chapter 3, equations are developed to predict the
response of pullout specimens. These predictions involved first developing the poverning
differential equations relating bond stress and slip. These expressions were then applied to pullout
tests with different boundary conditions to determine the bond stress distribution along reinforcing
bars embedded in concrete. Also, analytical expressions are developed to predict the transfer
length and development length of pretensioned strand.



(a) Beam segment

(b) Bond stress

(d) Steel stress

Figure 1.1 Stress distributions in a cracked reinforced concrete beam segment
adapted from Nawy (1992)

Chapter 4 includes the response of reinforced concrete tension members, beams and two-
way slabs. The influence of concrete strength, steel fibres and epoxy-coated reinforcement on both
cracking and tension stiffening of reinforced concrete members subjected to pure tension is

presented. This chapter also discusses the influence of epoxy-coated reinforcing bars on the



responses of normal-strength and high-strength concrete beams. Failure mechanisms observed in
tests of high-strength concrete beams are discussed. The effect of epoxy-coated reinforcing bars
and concrete quality on cracking of slab-column connection specimens, representing typical parking
garage structures, is also studied.

Chapter 5 presents an analytical investigation of the influence of concrete strength and
presence of steel fibres on cracking and tension stiffening. Crack width predictions of concrete
beams and slab-column connections reinforced with epoxy-coated bars are presented. Chapter 6
summarises the influence of high-strength concrete, steel fibres, epoxy-coated reinforcement and
concrete quality on bond, cracking and structural deformations of tension members, beams and

two-way slabs.

1.1 BOND CHARACTERISTICS OF REINFORCED CONCRETE

The transfer of forces across the interface between concrete and steel reinforcing bars is
of fundamental importance in reinforced concrete struciures. Bond stress is the equivalent shear
stress acting paraliel to the reinforcing bar on the interface between the bar and the concrete. The
force transfer mechanism is a combination of (1) shear resistance due to adhesion, (2) frictional
resistance and (3) mechanical anchorage. The mechanical anchorage is due to the presence of lugs
or bar deformations in the case of reinforcing bars and is due to interlocking of the spiralling outer
wires in the case of strands. This component of bond resistance arises mainly from the bearing
of the lugs or spiral against the concrete. -

ACI Committee 408 (1991) has suggested that for reinforcing bars embedded in concrete
and subjected to monotonic loading typical values for the adhesion component range irom 0.5 to
1.0 MPa, while those of the friction component range from 0.4 to 10 MPa (Chinn ez al. 1955;
Eligehausen ef al. 1983). Based on research by Treece and Jirza (1987), ACI Committee 408 in
comparing the performance of piain and epoxy-coated reinforcing bars has suggested that friction
may contribute as much as 35% of the ultimate strength in failure governed by splitting of the
concrete cover. In assessing the contribution of the lugs it is interesting to note that the CEB-FIP
Model Code (1991) gives a bond strength for deformed bars which is as much as 2.25 times that
for plain bars.



1.1.1 Previous Research on Bond Characteristics

Investigators have studied bond characteristics in reinforced concrete for nearly a century
(Abrams 1913) and in pretensioned concrete for about 50 years (Armstrong 1949). The earliest
published tests on bond between concrete and "iron bars” were carried out by Hyatt in 1877
(Abrams 1951). By 1909 Abrams (1913) had carried out tests on both beams and pullout
specimens having a variety of deformations. Summaries of some of the major developments in the
study of bond characteristics over the last century are given by ACI Committee 408 (1966; 1991)
and CEB Task group VI (1981). The 1963 ACI Code (ACI 1963) specified a bond stress for
working stress design and introduced an ultimate bond stress for ultimate strength design for
determining the required embedment length of reinforcing bars. The magnitude of this average
ultimate bond stress was taken as a function of the square root of the concrete compressive strength
and was inversely proportional to the bar diameter. In 1971, the ACI Code (ACI 1971) introduced
expressions for the required development length of reinforcing bars. These development length
expressions were modified in the 1989 ACI Code (ACI 1989) (Revised 1992 (ACI 1992)) in order
to introduce the influence of clear concrete cover, spacing between bars and the presence of
transverse reinforcement. The empirically derived expressions were based on pullout tests,
equivalent beam tests and beam tests. A standard pullout test method for determining bond
strength is given by ASTM C234 (ASTM 1988). If the development length expression of the 1989

ACI Code is used to determine an equivalent bond strength, then this average bond stress, &

at ultimate is:

u =167 @ {MPa, mm units) {1.1)
b

where f, is the concrete compressive strength and d, is the diameter of the reinforcing bar being
developed.

Considerable research on bond between pretensioned strand and concrete has been reported
since 1949 (Armstrong 1949). Janney (1954} was one of the earliest pioneers to research the
physical characteristics of bond between pretensioned strand and concrete and its relationship to

the transfer and development lengths. In a pretensioned concrete member there are two distinct



regions having different bond characteristics; the transfer length region and flexural bond lengtn
region. The length of strand at the ends of a pretensioned member over which the stress in the
stee] builds-up is called the transfer iength. The flexural bond length is the additional length
required beyond the transfer length in order to develop the stress associated with the superimposed
loading on the member. Experimental investigations to determine the transfer length and flexural
bond lengths rely on measurements of the concrete surface strain or the steel strain along the
strand.

A summary of the research carried out on bond characteristics of pretensioning strand has
been presented by Cousins ¢ al. (1990) and by Deatherage and Burdette (1990). Experimental
studies were typically carried out on simple pullout specimens or beam tests having a wide variety
of specimen geometries, types of loading and restraints. Based on the beam test results reported
by Hanson and Kaar (1959) in 1959, an empirical relationship was adopted by the 1963 ACI Code
(ACI 1963) which is still used in the 1989 ACI Code, Revised 1992 (ACI 1992). The ACI

equation can be expressed as follows:

4 = 0.048 £, d, + 0,045 f, - £,) d, (MPz, mm)(1.2)

where ¢, is the development length, f is the stress in the prestressed reinforcement at the critical

section, f,, is the effective stress in the prestressed reinforcement after all losses and d, is the
nominal diameter of the strand. In this form the first term, (0.048 £, d, ), is the transfer length

in mm: and the second term,0.145 ( fos — Jie) dy, s the flexural bond length in mm.

More research is needed in order to gain a better understanding of the nature of bond and
of the parameters which affect the bond strength.

1.1.2 Influence of Concrete Strength

The 1963 ACI Code (ACI 1963) introduced an uitimate bond stress for determining the
stress that the bars could develop. In these earlier codes the bond stress was assumed to be
uniform along the bar length. The magnitude of this average ultimate bond stress was taken as a
function of the square root of the concrete compressive strength.

With the advent of higher concrete strengths, the 1989 ACI Code (ACI 1989) placed a limit



on \/J:c' of 8.3 MPa (i.e., corresponding to a limit on f, of 69 MPa), when computing the required

development length, In many design calculations it is often assumed that the bond stress is uniform
along the bar, which implies that all lugs or bar deformations are bearing uniformly against the
surrounding concrete. Research studies on bond performance of reinforcing bars embedded in
high-strength concrete are limited (Hwang et al 1994). However, several researchers (e.g.,
Johnson and Ramirez (1989); Kim and White (1951)) have made conclusions about the influence
of high strength concrete on ic bond performance while studying flexural and shear behaviour of
high-strength concrete beams.

Azizinamini et al. (1993) studied the influence of high-strength concrete on the behaviour
of lap splices. They concluded that the assumption of a uniform bond stress distribution at the

ultimate stage may not be correct for high-strength concrete. In addition, the normalized bond

strength ( %, divided by JE) is lower for high-strength concrete than for normal-strength

concrete. They concluded that for small concrete covers increasing the splice length is not
effective way of increasing the splice capacity and recommended some minimum amount of
transverse reinforcement.

The effect of concrete compressive strength on transfer iength of pretensioning strand has
been investigated by several researchers (Kaar et al. 1963; Mitchell et al. 1993). A recent study
by Mitchell et al. (1993) showed that ihe transfer length and development length diminished with
an increase in compressive concrete strength, being inversely proportional to the square root of

concrete compressive strength.

More experimental research is required to assess the influence of the more brittle, higher
strength concretes on bond.

1.1.3 Influence of Epoxy Coatings on Reinforcing Bars

One of the design considerations when using epoxy-coated reinforcement is its effect on
the bond between the epoxy-coated bar and the concrete. The influence of epoxy coating on bond
and anchorage behaviour of reinforcing bars has been studied by Hamad ez al. (1990), Choi et al.
(1990) and Cleary and Ramirez (1991). Treece and Jirsa (1989) concluded that epoxy coating
significantly reduces the bond strength and the amount of the reduction was dependent on the mode



of failure: pullout failure or splitting failure. This reduction on bond strength was found to be
approximately 65 percent and 85 percent in the case of splitting failure and pullout failure,
respectively. Also, they concluded that the reduction in bond strength is insensitive to the variation
in the coating thickness when the average coating thickness is between 5 mil and 14 mil (0.12 to
0.35 mm). The 1989 ACI Code (ACI 318 1989) provides a factor of 1.5 for the development
length of epoxy-coated reinforcing bars with a concrete cover less than 3 bar diameters and a clear
spacing between bars less than 6 bar diameters. For epoxy-coated bars with larger values of cover

and spacing a factor of 1.2 applies.
1.1.4 Influence of Fibre-Reinforced Concrete

A summary of research carried out on the effect of fibre reinforced concrete on bond is
given by Yan (1992). Swamy and Al-Noori (1974) were the first to investigate the improved
performance in bond of deformed bars embedded in steel fibre reinforced concrete. A series of
pullout specimens containing round straight steel fibres having a length of 25 mm and a diameter
of 0.4 mm, as well as fibres with a léngth of 50 mm and a diameter of 0.5 mm were used in their
experiments. Two different fibre contents, 3.5% and 7%. by volume resulted in an increase of
about 40% in bond strength over specimens without fibres. Ezeldin and Balaguru (1989},
concluded that the presence of steel fibres improves the bond strength only slightly while a greater

improvement was noticed in the ductility (i.e., the area under load-slip curve).

1.2 CRACKING AND STRUCTURAL DEFORMATIONS

Summaries of the considerable research carried out on cracking and its effect on structural
deformations have been provided by the CEB Task Group on Cracking and Deformations (CEB
Manual 1985) and by ACI Committee 224 (1988). The CEB-FIP Code (1978; 1991) limits the
crack widths whereas North American Codes (ACI 1989; CSA 1984), limit the crack widths
indirectly by limiting a crack control parameter. The ACI Code bases its crack control
requirements on the Gergely-Lutz expression (Gergely-Lutz 1968) for maximum crack widths. The
Gergely-Lutz expression for maximum crack width is:



W= 22 B e, YT A (1.3)

where

Wy = maximum crack width

B = factor accounting for strain gradient
= 1.0 for uniform strain, or h, / h, for varying strains, where &, is the distance
from the tension steel to the neutral axis and 4, is the distance from the extreme
tension fibre to the neutral axis

€,, = sirain in reinforcing bar at crack location (may be taken as 0.6 €, in design)
d, = distance from extreme tension fibre to centre of closest bar
A = effective area of concrete surrounding each bar, taken as the total area of

concrete in tension which has the same centroid as the tension reinforcement,
divided by the number of bars.

The major parameters affecting the development and characteristics of the flexural cracks in beams
and one way slabs are: percentage of reinforcement, bond characteristics, size of the bar, concrete
cover, and the effective concrete area in tension surrounding the bars.

The Gergely-Lutz expression underestimates the maximum crack widths in two-way slabs.
In addition to those parameters affecting the crack widths in beams and one-way slabs, the
boundary conditions in two-way slabs are significant factors influencing the crack widths. Based
on the work of Nawy and Orenstein (1970) and Nawy and Blair (1971), ACI Committee 224

(1988) recommends the following equation for predicting the maximum crack width, w_, ., in two-

way slabs:
d, s
Wowe = ky B, | =2 (mm) (1.4)
Pu
where:
k, = coefficient, having a value of 0.81 for uniformly ioaded restrained two-way

square slabs and 0.90 for simply supported two-way square slabs subjected to a
central concentrated load. For the other different boundary conditions see Nawy
(1992), Nawy and Orenstein (1970), and Nawy and Kenneth (1971)

B = ratio of distance between neutral axis and tension face to distance between
neutral axis and centroid of reinforcing steel (may be taken as 1.25 in design)



€, = average service load steel strain (may be taken as 0.4 €, in design)

d,, = diameter of the reinforcement in direction 1 (closest to the concrete outer fibres)
s, = spacing of the reinforcement in direction 1

s, = spacing of the reinforcertent in direction 2 (perpendicular to direction 1)

p,; = active stee] ratio

= area of steel A, per unit width divided by (d,, + 2¢, ) where ¢, is the clear

concrete cover measured from the tensile face of concrete to the nearest edge of
the reinforcing bar in direction 1

1.2.1 Previous Research on Cracking and Tension Stiffening

As early as 1899, Considére (1899), in testing small mortar prisms reinforced with steel
wires, observed that their tensile load-deformation response was almost parallel to the bare bar
steel response but remained well above it. In 1908, Morsch (1909) explained this phenomenon
which was later called "tension stiffening". After cracking there is no tensile stress in the concrete
at crack locations but there are tensile stresses in the concrete between the cracks. After the
formation of the first crack, the average tensile stress in the concrete between the cracks will be
reduced and as further cracks develop, the average stress will be further reduced. In order to
account for this effect the CEB-FIP Model Code (1978) based on tests of direct tension members
{Leonhardt 1977) provides an empirical relationship to account for the stiffening effect of the

concrete surrounding the reinforcement. The average strain in the reinforcement, €_, is given as:

o o,V o
€m = — |1 -8B, B, [J] ] + 04 -2 (1.5)
™ E, o, E,
where: -
o, = is the stress in the reinforcement at a cracked section due to the applied load;
o, = is the stress in the reinforcing bar calculated on the assumption of a cracked

section at a load corresponding to the cracking load;
B, = factor accounting for bond characteristics of reinforcement, 1.0 for high-bond

bars, and 0.5 for plain bars; ]
B, = factor accounting for sustained or repeated loading, equal to 1.0 for short-term

monotonic loading and 0.5 for sustained and/or repeated loading.

9



. An alternative approach is to account for the tension stiffening effect of the concrete by
introducing an average concrete tensile stress versus strain relationship. The suggested average

tensile stress given by Vecchio and Collins (1986) and by Collins and Mitchell (1991) is:

ul a2 f;r

i 1 + 1/500 €y (1.6)

where:
®, = factor accounting for bond characteristics of reinforcement, 1.0 for deformed

reinforcing bars, 0.7 for plain bars, wires, or bonded strands and 0.0 for
unbonded reinforcement.

@, = factor accounting for sustained or repeated loading, equal to 1.0 for short-term

monotonic loading and 0.7 for sustained and/or iepeated loading.

In applying this equation to predict the response of a member it must be noted that the stress in the
reinforcement at a crack location cannot exceed the yield stress.

Several researchers have studied the behaviour of reinforced concrete tension elements, as
well as the bond characteristics of reinforcement embedded in concrete (Mirza and Houde 1979;
Williams 1986; Scott and Gill 1987; Wicke 1991; Reinhardt 1991). More recently, finite element
methods (Gunther and Mehlhorn 1991; Stevens et al. 1991; Yannopoulos and Tassios 1991) and
fracture mechanics techniques (BaZant 1992; Ouyang and Shah 1994) have been developed to

mode! the influence of bond and cracking on the tensile response of reinforced concrete members.
1.2.2 Influence of Concrete Quality and Concrete Strength

Concrete quality, including mix design, curing and durability, is critical for control of
cracking. The ACI Code (ACI 1989) and CSA Standards (1990; 1994a) require that for severe
‘exposure conditions, a maximum water/cement ratio of 0.40 and a minimum concrete compressive
strength of 35 MPa be provided. Both the ACI Code and the CSA Standards have a maximum
chloride ion content of 0.15% by weight of cement for corrosion protection of non-prestressed
construction that is exposed to chlorides in service.

10



Many recent innovations in advanced concrete technology have made it possible to produce
concrete with exceptional performance characteristics. High-performance concrete (HPC) typically
has high compressive and tensile strength, larger elastic modulus and very low permeability. High-
performance concretes typically have low water/cement ratios, admixtures such as superplastizers
and retarders, high quality aggregates (typically smaller sizes than in normal-strength concrete),
and supplementary cementitious materials (e.g., silica fume or fly ash). The w/c ratio of normal
concrete can vary between 0.45 and 0.70, while that of high-performance concrete ranges from
0.25 to 0.35. The very dense microstructure of HPC and the excellent bonding between the
hydrated cement paste and the aggrepate results in different cracking characteristics of HPC
compared to normal-strength concrete. The significant advances in concreie technology over the

past 15 years (ACI Committee 363 1992) now make it possible to obtain ready-mix concrete with
| strengths as high as 100 MPa in some regions of the country. To-date, the majority of high-
strength concrete has been used in special structures, such as off-shore platforms and high-rise
buildings.

High-strength concretes are typically much more brittle than traditional normal-strength
concretes. In 1987 Thorenfeldt, Tomaszewicz and Jensen (1987) proposed an expression for the
response of high-strength concrete in uniaxial compression for a standard cylinder. This stress-
strain curve which, is a modification of that suggested by Popovics (1973) for normal-strength
concrete, is as follows:

J. € n
= = —j . — 1.7
f: €, n-1+(/¢€.)
where:

f. = compressive stress

f; = maximum stress

€, = compressive strain

€, = strain when f, reaches f

n = curve fitting factor, as n becomes higher the rising curve becomes more linear

k =1 whene /e, is less than 1, and k is a number greater than 1

when €, €, exceeds 1.
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Collins and Poraz (1989) and Collins and Mitchell (1991) suggested that for €_/ €, > 1

k =067 + f |62 MPa units

and n =080 +f /17 MPa units

As the concrete strength increases, the post-peak unloading portion of the compressive stress-strain
relationship is very steep, resulting in a brittle failure mode with very little ductility. These
concretes, with very high compressive and tensile strengths, can result in less ductile responses of
structural members. Because of this, many of the existing code provisions may need to be
modified to account for the different characteristics of high-strength concrete (Collins er al. 1993).

The modulus of rupture, which is an appropriate measurement of concrete tensile strength is used
in predicting the flexural cracking load. The 1989 ACI Code (ACI 1989) uses a value of 0.62 ‘[/3

(MPa) for the modulus of rupture for normal-strength concrete. Although this code expression
shows that the modulus of rupture is increased as concrete strength is increased, experimental
results show that higher values of modulus rupture are appropriate for high-strength concretes

(Carrasquillo er al. 1981). The value of modulus rupture suggested by ACI Committee 363 (1992)
is:

f,= 094 s/f_’ (MPa) (1.8)

for concrete compressive strengths, f. , between 21 and 83 MPa.

Another design consideration is to ensure that members will not fail in a brittle manner
upon first cracking. The 1989 ACI Code requires that beams be reinforced with a minimum

amount of flexural reinforcement, p_;, , such that:
oy = -2 (MPa) (1.9)
5

It is clear that the minimum amount of flexural reinforcement required by this expression, is not
a function of the concrete strength and hence may not provide an adequate amount of reinforcement
for high-strength concrete beams. In order to correct this deficiency, ACI Committee 363 (ACI
1992) has recommended the following expression:

12



P min

o2 ff
f

14 (MP2) (1.10)
) %

A similar problem exists for the minimum amount of shear reinforcement. The traditional

amount of minimum shear reinforcement is:

A, = by s (MPa, mm) 1.11)
34

in which, A, is shear reinforcement, b, is web width, s is spacing of shear reinforcement and

J; is the yield stress of the shear reinforcement.

Roiler and Russell (1990) carried out an experimental investigation on the shear strength
of high-strength concrete beams containing minimum shear reinforcement, according to the
requirements of the 1983 ACI Code (ACI 1983). They concluded that two out of three beams
failed in shear at a strength that was not only less than the calculated nominal strength, V, , but

also less than the calculated concrete contribution, V_ . For concrete strengths above 69 MPa the

1989 ACI code limits the shear carried by the concrete to:

V. = 0.167 69 b, d (MPa, mm) (1.12)

unless the minimum amount of shear reinforcement is increased by multiplying the amount from
Equation (1.11) by j:,’ / 35 but not more than three times the amount requircd by Equation

(1.11). In Equation (1.12), d is the distance from the extreme compression fibre to the centroid
~of longitudinal tension reinforcement.

Another behavioural feature that affects the response in shear, is that, in contrast to the
rough crack surfaces typical of lower strength concrete, the crack surfaces in higher strength
concrete tend to be smoother. This difference in crack surfaces may result in a reduction in the
shear carried by aggregate interlock, and thus a reduction in the shear carried by the concrete, V, .
ACI Committee 363 (1992) has suggested that the margin of safety against shear failure of beams
designed by the ACI Code (ACI 1989), is smaller for high-strength concrete beams than for
normal-strength concrete beams. Johnson and Ramirez {1989) concluded that in beams with higher
concrete strengths, due to the redistribution of forces at diagonal tension cracking, the shear

13



strength may be reduced unless adequate amount and detailing of longitudinal and web
reinforcement is provided. Experimental research carried out at Cornell University (Pastor ef al.
1984; El-Zanaty et al. 1986a; El-Zanaty et al. 1986b) and by Ahmad et af. (1986} and Ahmad and
Lue (1987) indicate that current ACI Code provisions for shear are not conservative for high-
strength concrete particularly for beams having low longitudinal steel ratios. Collins er al. (1993)
concluded that due to the more brittle nature of the high-strength concrete, if cracks form they may
propagate more extensively than they would in traditional concrete and this may result in premature
shear failures, particularly in large lightly reinforced beams. There is a need for more data on the
minimum amount of web reinforcement required to prevent brittle failure after the formation of
diagonal cracking and to control diagonal cracking at service load levels.

More experimental research is required to understand the influence of high-strength

concretes on the cracking performance and stiffness of reinforced concrete members.
1.2.3 Influence of Epoxy Coatings on Reinforcing Bars

There are several methods of protecting reinforcement against corrosion. These include
increasing the concrete cover, improving the concrete quality, providing cathodic protection of the
reinforcement and using fusion bonded epoxy coatings on the reinforcing bars. The Federal
Highway Administration (FHWA) initiated research on epoxy coatings in the 1960’s. The National
Bureau of Standards concluded that the only impervious and tough/bendable coatings were the
epoxy powder coatings applied by the electrostatic spray fusion-bonding process that had been
developed for the coating of steel pipe for the pipeline industry (Clifton et al. 1974).

The first major field application of epoxy coated reinforcing bars was in a Pennsylvania
bridge deck over the Schuykill River near Philadelphia in 1973. In 1981 the American Society for
Testing Materials (ASTM 1990) Standards Specification for Epoxy-Coated Reinforcing Bars was
issued permitting a range of epoxy thicknesses between 5 and 12 mils (0.13 and 0.3 mm).

 Treece and Jirsa (1989), in studying the influence of epoxy coating on the bond strength,
also noted that the width and spacing of cracks were significantly increased when the bars were
coated with epoxy. They also concluded that the cracking load and deflections were not
significantly affected by the presence of epoxy coatings.

Further experimental investigations are needed to quantify the influence of epoxy coatings
on the cracking behaviour and stiffness of a variety of structural members.
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1.2.4 Influence of Fibre-Reinforced Concrete

The concept of using fibres to improve the characteristics of mortar dates back to Roman
times. The principal reason for incorporating fibres into a cement matrix is to increase the
toughness and tensile strength, and improve the cracking and deformation characteristics of the
composite. For many applications, this same objective can also be accomplished using
convantional steel reinforcing bars or wires. Research performed by Romualdi and Batson (1963)
and Romualdi and Mandel (1964) in the late 1950’s and early 1960’s represented the first
significant steps towards the development of steel fibre reinforced concrete (SFRC) technology.
Although patents have been granted since the turn of the century for various methods of reinforcing
concrete with steel, the development of SFRC technology did not begin to progress much until the
late 1950’s. A summary of research in this area has been reported by PCA (1991).

The addition of fibres to concrete makes it more homogeneous and isotropic and can
significantly improve the tensile strength and ductility. When concrete cracks, the randomly
oriented fibres arrest the microcracking mechanism and limit crack propagation, thus significantly
improving the tensile strength and ductility. Also, the addition of fibres has been found to improve
the bond-slip behaviour between concrete and reinforcing bars under both monotonic loading and
cyclic loading, particularly once cracking has occurred (Spencer e al. 1982; Ezeldin and Balaguru
1990).

The reported data concerning the effect of steel fibres on the tensile strength of cement
composites vary considerably. It has been shown that the addition of 1.5% fibres by volume will
increase direct tensile strength of mortar by about 40%. The increase in splitting tensile strength
is somewhat higher, with reported increases of as much as 100% (ACI Committee 544 1984),
Several investigators have reported compressive strength results for conventional SFRC ranging
from a loss in strength to as much as a 40% increase (ACI Committee 544 1974). In general, with
adequately consolidated specimens, the addition of steel fibres has little effe<: on compressive
strenigth of conventional SFRC (fibre contents ranging from 0.5% to 2.0% by volume).

More research is required to investigate the use of fibres to overcome the brittleness of
concrete subjected to tension, particularly high-strength concrete. A better understanding of crack
control and tension stiffening in fibre-reinforced concrete is needed.
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1.3 RESEARCH OBJECTIVES

The primary objectives of this research program are:

1)

2)

3)

4)

5)

To study the bond characteristics of reinforcing bars and pretensioning strands. The
experimental studies inciude the development of a new testing method to determine
the bond stress versus slip response. Parameters to be investigated include the
diameter of reinforcing bars and pretensioning strand and the presence of different

epoxy coating thicknesses.

To predict the response of typical reinforcing bar pullout specimens and to predict
the transfer and development length of pretensioned strand, using the bond stress

versus slip relationships determined experimentally.

To study tension stiffening and cracking of reinforced concrete members subjected
to pure tension. Different concretes including normal-strength, high-strength and
steel fibre-reinforced concrete are investigated. The influence of reinforcing bar size

and the presence of two different epoxy coating thicknesses are studied.

To study the influence of epoxy-coated reinforcement on the response of normal and
high-strength concrete beams. Features investigated include the propagation of

cracks, crack lengths, crack spacings, crack widths and failure mechanisms.

To investigate the responses of specimens representing typical slab-column
connections used in parking garage structures. The influence of epoxy-coated
reinforcement and concrete quality on cracking is investigated.
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Chapter 2

DETERMINATION OF BASIC BOND
CHARACTERISTICS FOR REINFORCED CONCRETE

"I commend the conference to all those concerned about and with the bond
question, be it between concrete and its reinforcement or between peoples.”

R.E. Rowe, President of CEB

Bond in Concrete, Riga, Latvia, 1992

Investigators have studied bond characteristics in reinforced concrete for nearly a century
(Abrams 1913) and in pretensioned concrete for about 50 years (Hoyer 1939; Janney 1954).
Experimental studies were typically carried out on simple pullout specimens or beam tests having
a wide variety of specimen geometries, types of loadi1_1g and restraints (CEB Task Group VI 1981;
FIP 1982; ACI Committee 408 1991). The wide variation of test specimens and testing methods
makes the comparison of the experimental results very difficult. Typical pullout specimens have
nonuniform bond stress distributions alcng the reinforcing bars and hence can only be used to
determine the average bond strength. Due to the absence of a standard test method capable of
determining the bond stress versus slip relationship, it is not possible to perform detailed analyses,
such as finite element modelling, of the bond interaction for a variety loading situations (Keuser
and Mehlhorn 1987).

It is clear that there is a need to develop a more rational approach for understanding bond

behaviour. The objectives of the research reported in this chapter are:

1)  To develop new testing methods for determining the bond characteristics of
both reinforcing bars and pretensioned strand.
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2)  To simulate a more uniform bond stress distribution along reinforcing bars.

3)  To study both splitting and pullout types of failure.

4)  To study bond behaviour of pretensioned strand in a very direct manner,
from measured forces in the strand.

5)  To investigate bond behaviour of pretensioned strand along both the transfer
length and the flexural bond length.

2.1 BOND CHARACTERISTICS OF REINFORCING BARS IN CONCRETE

The transfer of forces across the interface between concrete and steel reinforcing bars is
of fundamental importance in reinforced concrete structures. Bond stress is the equivalent unit
shear stress acting parallel to the reinforcing bar on the interface between the bar and the concrete.
Due to the transfer of forces through bond stress, between the concrete and the bar, the force in
the reinforcing bar changes along its length. Hence the bond stress is related to the rate of change
of steel stress. Consequently, in order to have bond stress it is necessary to have a changing steel
stress.

Forces are transferred from the reinforcing bar to the concrete primarily by inclined
compressive forces radiating out from the bar. This force transfer mechanism was recognized by

Abrams (1913} as shown in Fig. 2.1. The actual bond distribution would not be uniform for this
case.

ﬁHm -
Ik

Figure 2.1: Pullout specimen and force transfer mechanism adapted from Abrams (1913)
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The radial components of these inclined compressive forces are balanced by cii'cumfercntial tensile
stresses in the concrete surrounding the bar (see Fig. 2.2). The ability of a deformed bar to
transfer its load into the surrounding concrete is typically limited by the failure of this ring of
tension when the thinnest part of the ring splits (splitting failure) as shown in Fig. 2.3. However,
if a relatively small diameter bar is embedded in a large block of concrete the bar might pullout
of the concrete (pullout failure) due to concrete shear failure over a cylindrical surface at the

extremities of the bar deformations (see Fig. 2.4).

Figure 2.2: Tensile stress rings from Tepfers (1973)
primary crack
internal crack

deformed bar

. force on concrete
force components on bar

(a) Splitting failure (b) Internal cracking

Figure 2.3: Splitting failure and internal cracking adapted from Goto (1971)
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failure surface

bar

(a) Pullout failure (b) Pullout failure surface

Figure 2.4: Pullout failure and close-up of failure surface

Different methods of testing have been used to determine the bond characteristics of
reinforcing bars embedded in concrete. Bond tests can be classified into two groups; pullout tests;
and bond-beam tests. Figure 2.5 shows some different variations of pullout specimens while Fig.
2.6 shows the three different types of bond-beam specimens. The standard pullout test (ASTM
1988) is widely used for comparing relative bond strengths and provides a very simple means of
testing. The deficiencies of this test are that it produces high bond stress concentrations, resuits
in lateral restraint at the base of the concrete cylinder and introduces compressive stresses along
the axis of the cylinder. The aspects of nonuniform bond stress in this test are discussed below.
Several variations of the eccentric pullout test (Fig. 2.5b) have been used to study the mechanics
of bond and slip under conditions representing more closely that of bars in flexural members (Lutz
et al. 1966). A modified pullout test method (see Fig. 2.5¢) was developed by Hajnal-Kényi
(1957) to determine pullout strengths of reinforcing bars embedded in concrete that is subjected
to tensile stresses. Although this test method produces tensile stresses in the concrete, these tensile
stresses are not uniform and the bond stresses are not uniform. Many investigators (Broms 1963;
Falkner 1969; Wilhelm er al. 1971; Mirza and Houde 1979) have studied the bond characteristics
in the transfer length and crack developmeﬁt using tension specimens as illustrated in Fig. 2.5d.
While these tests provide information on the bond stress variations over the transfer lengths, which
is useful in studying crack spacing, crack widths and tension stiffening, the tests do not provide
information on the bond strength. To study the influence of splitting cracks, Tepfers (1973)
developed the ring test shown in Fig. 2.5¢. Although this test has some of the same deficiencies
as the standard pullout test, it has a shorter embedment length and is useful in making comparative
studies of the effects of cover and bar size on bond splitting cracks. Figure 2.5f illustrates a
variation of the pullout test (Losberg and Olsson 1979), having an extremely short embedment
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length. The short embedment length was used in an attempt to produce more uniform bond
stresses. This method of testing results in a pullout type of failure which gives unrealistically high
bond strengths due to the very short embedment length and due to the confinement over the
embedment length which precludes splitting failures.

| b

a) Standard putlout test b) Eccentric pullout test c) Modified pullout test

g

i :
1 & ]

TNET
3
:'; Elevation

l Plan

d) Tension test e) Ring test f) Pullout test with short
embedment length

Figure 2,5: Simple bond test methods
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Figure 2.6a shows the test beam recommended by ACI Committze 208 (1945) for
determining bond strength. One advantage of this beam is that the concrete is in tension rather
than compression while the disadvantage of this bond beam specimen is that due to high bearing
siresses at the supports the resulting bond strengths are too high for certain practical situations.

The hammerhead beam specimen was developed in response to some of the criticism of the ACI
208 bond beam (Mathey and Watstein 1961).
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Test bar

oyl

1

b) Bond-test beam recommended by ACI Committee 408 (1964)

Elevation

p R N

c) Beam-end test adapted from Wilhelm et al. (1971)

Figure 2.6: Different types of beam tests to study bond
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Figure 2.6b shows the details of this beam specimen which was revised by ACI Committee
408 in 1964, The indirect loading method eliminated much of the concern about the confinement
due to concentraied loads close to the test area. The desire to have a smaller, simpler test setup
led to the development of smaller beam-end specimens or stub cantilever specimens as shown in
Fig. 2.6c (Mirza and Hsu 1969; Wilhelm et al. 1971).

One similarity of all of the test methods shown in Fig. 2.5 and 2.6 is that the reinforcing
bar is loaded at one end and in most of the tests the relative bar slip is measured at the unloaded
end only. Non-uniform bond stresses result when only one end of the bar is loaded. Another
disadvantage of these tests is that they typically can only be used to study one type of bond failure,
either pullout or splitting.

The distribution of steel stress and bond stress in a typical pullout test is illustrated in
Fig. 2.7. The steel stresses are measured using electrical strain gauges either on the surface of the
bar or installed in specially grooved bars so as not to affect the bond surface (Mirza and Houde
1979). The bond stresses are calculated from the rate of change of the steel stresses.

TR,
| —
_ —
| g———
« aumme
.‘——
(a) Pullout specimen
j‘" 3
(b) Steel stress variation
u
(c) Bond stress variation

Figure 2.7: Distribution of steel stresses and bond stresses along
embedment length of pullout specimen
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As has been found by many researchers (CEB 1981; Yankelevsky 1985; Yerex et al. 1985) the
bond stress distribution in this type of test is not uniform.. Several researchers (Losberg and Olsson
1979) have performed pullout tests on very short embedment lengths in an attempt to simulate more
closely "uniform” bond stress (see Fig. 2.8). Concern has been expressed that these very short
embedment lengths give extremely high bond strengths which may not be realistic (Berggren 1965)
and may give results with considerable variability (BaZant and Sener 1988).

l i 200 mm x 200 mm cube
v

short bond length

| plastic tube to
prevent bond

Figure 2.8: Pullout test on very short embedment length, adapted from
Losberg and Olsson (1979)

2.1.1 Testing Technique for Simulating Uniform Bond Stress

Figure 2.9 illustrates the equilibrium conditions for a portion of a reinforcing bar of length,
dx . The bond stress, « , can be expressed as the change in the stress in the reinforcement over
the length, dx as follows:

umd,d) =A(f+df)-Af @1
or
p-% % @.2)
4 dx

where d, and A, are the diameter and area of the reinforcing bar and f, is the stress in the

reinforcement.
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Figure 2.9: Bond stresses acting on reinforcing bar

Equation 2.2 demonstrates that the bond stress is proportional to the rate of change of the

stress in the reinforcement, df, / dx . Hence, if the stress in the reinforcement varies linearly,

then the bond stress must be uniform.
Figure 2.10 illustrates the technique developed in this research program (Abrishami and
Mitchell 1992a and 1992b) to simulate a more uniform bond stress and to determine the complete

bond stress versus slip relationship. This procedure is described below:

Step 1 - A reinforcing bar, instrumented with strain gauges, is tensioned to an
initial force level, P, in a loading frame, as shown in Fig. 2.10(a) and
Fig. 2.11(a).

Step 2 - Concrete is cast around this tensioned bar (see Fig. 2.10(b) and
Fig. 2.11(b)) and cured in order to achieve the desired concrete
properties before testing.

Step 3 - In order to create a small bond stress, the tension in the reinforcing bar
at the bottom of the specimen is increased by a small force, AP, , while
the tension in the reinforcing bar at the top is reduced by AP, (see
Fig. 2.10(d)), so as to produce a linear variation in the strains measured
on the reinforcing bar. The linear variation in strains results in a linear
variation of stress in the reinforcing bar (see Fig. 2.10(e)) and hence
produces uniformly distributed bond stress as shown in Fig. 2.10(f).
The bond stress is given by:

! 2.3
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j=5
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strain gauge
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q ring support —*
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a} Initial tension b) Cast concrete c) Initial bar stress
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ring support " d + ‘
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d) Incremental loading €) Linear bar stress f) Resulting uniform bond
stress

Figure 2,10: Testing technique for simulating uniform bond stress
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where P, and P, are the bottom and top forces in the reinforcing bar,

respectively and { is the embedment length. The changes in tension in
the reinforcing bar, both above and below the concrete cylinder, are
equilibrated by a compressive reaction at the bottom of the cylinder as
shown in Fig. 2.10(d).

Step 4 - Steps 3 is repeated for each increment of loading.

Step 5 - For each increment of loading the relative slips between the concrete and
the steel at the top and bottom of the test specimen are measured. The
complete response of a specimen is obtained by plotting the bond stress
versus the average of the slips measured at the top and the bottom for

each load increment,

Figure 2.11(a) shows the test set-up after tensioning the reinforcing bar and before casting
the concrete while Fig. 2.11(b) shows the set-up during loading. The load is applied through
threaded screws at the top and the bottom and the loads are recorded by load cells at these
locations. This method of loading permits performing the experiment under strain control, rather
than load control, enabling the post-peak response to be determined. Because of the initial

| tensioning of the bar, the bar remains in tension during the testing, which helps to keep the applied
loading aligned with the bar axis.

This test method has a number of parameters which affect the bond stress distribution. The
boundary conditions at the top and bottom of the specimen are different. Due to the bearing
stresses at the bottom of specimen, higher but very localized bond stress is expected. Also
releasing the load at the top of the reinforcing bar causes slight lateral expansion (Hoyer effect)
while increasing the load at the bottom of the specimen reduces the bar diameter which may affect
the bond stress distribution. The purpose of this testing technique is to simulate a more uniform
bond stress than the other methods of testing such as the pullout tests illustrated in Fig. 2.5.

2.1.2 Test Program

In the test series used to verify the testing procedure a concrete mix was designed to give
a concrete compressive strength of 25 MPa at the time of testing (age of about 5 days) and to give
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a 35 MPa compressive strength at 28 days. The three sizes of concrete specimens tested were 150
O mm diameter by 300 mm long, 200 mm diameter by 300 mm long and 200 mm diameter by 100

mm long cylinders.

(a) Bar after tensioning and before casting (b) Specimen under load
the concrete

Figure 2.11: Test setup and loading frame

The reinforcing bar sizes used were No. 15, No. 20, No. 25, No. 30 and No. 35 bars, all
having a specified yield stress of 400 MPa. Table 2.1 presents the details of the specimens tested
including the concrete strengths for each specimen. The reinforcing bars were instrumented with
five strain gauges, two outside of the concrete and three along the embedment length. Strain
gauges having a 6 mm gauge length were glued to the surface of the reinforcing bars. These small
gauges were used in order to minimize the reduction of bond surface area due to the presence of

the gauges (less than a 1% reduction in bar surface area).
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Table 2.1: Summary of results of tests simulating uniform bond stress

Cylinder [ f failure Bond Slip at max.

dia. x length ' mode strength bond stress
{mm x mm) (MPa) {MPa) {mm)
150 x 300 25.5 S 3.0 0.36
35B 200 x 300 35.7 25.0 S 36 0.21
30A 150 x 300 29.9 26.0 P 55 0.55
30B 200 x 300 29.9 22.0 S 4.0 0.31
25A 150 x 300 25.2 23.0 P 8.5 0.60
25B 200 x 300 25.2 25.1 S 3.6 0.31
20A 150 x 300 19.5 25.5 S 4.2 0.36
20B 200 x 300 19.5 25.0 S 5.6 0.35
200 x 100 16.0 223 S 5.3 0.16

S = splitting failure, specimen tested with greased split-ring support
P = pullout failure, specimen tested with ring support

2.1.3 Test Resulis

As observed by other researchers, there were two distinct modes of bond failure; splitting
and pullout failures. Figure 2.12 illustrates the complete behavioural response of a typical
specimen failing by splitting of the concrete surrounding the bar. The uniform bond stress versus
average slip response is shown schematically in Fig. 2.12(a). The relationship between bond stress
and slip, before reaching the peak stress is nearly linear. For small values of bond stress (point A
in Fig. 2.12(a)), the bottom slip is much greater than the top slip (see point A in Fig. 2.12(c)).
The bond stress is computed from the difference between the top and bottom bar forces. As the
peak bond stress is approached, the measured slip at the top becomes close to the measured bottom
slip.

The peak bond stress occurs at point B (see Fig. 2.12(c)) when the difference between the
bottom and top forces is a maximum (see point B in Fig. 2.12(a)). At the peak bond stress,
vertical splitting cracks were evident on the surface of the concrete starting at the bottom of the
test specimen. Figure 2.12(d) illustrates a typical variation of strains in the reinforcing bar over
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the embedment length. Between points B and C in Fig. 2.12(a), the splitting crack extends
vertically over the entire embedment length (see Fig. 2.13). Due to the post-peak reduction in
bond stress, the difference between the bottom and top forces reduces (see point C in Fig. 2.12(b)).
By continued testing it can be shown that for a splitting type of failure mechanism there is still
considerable bond stress beyond point C. At point D, the bottom and top slips are equal as shown
in Fig. 2.12(b) resulting in an almost constant residual bond strength (see Fig. 2.12(c)). This
residual bond strength is due to the ability of the concrete to transmit local forces across the rough

crack interfaces even though the splitting crack has extended along the entire specimen length (see

Fig. 2.13).
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Figure 2.12: Measured response of specimen failing by splitting, Specimen 35B
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Figure 2.14 shows the experimentally determined relationships between bond stress and
average slip for specimens having No. 20 and No. 35 reinforcing bars. Both specimens had about
the same concrete strength and failed by splitting. It should be noted that in order to produce
splitting failures an attempt was made to reduce, as much as possible, the friction due to the
compressive reaction at the base of the concrete cylinder. This was accomplished by using a
greased split ring at the support. The split ring had a 110 mm diameter central hole and an outer
diameter equal to the diameter of the cylinder being tested. It is clear from Fig. 2.14 that the
specimen with the smaller bar has greater bond strength than the specimen with the larger diameter
bar. It was found that the values of slip at the peak bond stress were similar. The results of these
tests follow very closely with the behavioral description given above for splitting failures. Figure
2.15 illustrates the influence of concrete clear cover on the response of two specimens having the
same bar size. As expected, the bond strength (i.e., the maximum bond stress) and initial stiffness
increase as the amount of concrete surrounding the bar increases. Figure 2.16 shows the rough
crack interface, after testing, for Specimen 35A that exhibited a splitting failure.

Figure 2.17 illustrates the difference between the response of a specimen (25B) exhibiting
a splitting type of failure with that of a specimen (25A) failing by pullout. In order to obtain
pullout failures, the reaction ring at the base of the cylinder was not split and was not greased in
order to prevent splitting cracks from initiating at the cylinder base (see Fig. 2.17). The two
specimens have the same bar size but have different concrete covers. It is interesting to note that
the initial stiffnesses are about the same. The maximum bond stress reached in the specimen with
the pullout failure exceeds that of the specimen failing by splitting. For this case of uniformly
distributed bond stress, the pull-out failure is very brittle compared to the splitting failure.

Figure 2.18 shows a close-up of a specimen which failed by pullout. The splitting crack
formed at the peak bond stress. Failure took place by shearing of the concrete along a cylindrical
surface at the extremities of the bar deformations as iliustrated in Fig. 2.4(b). The photograph also
illustrates the uniform nature of this local shearing failure achieved with this new testing technique.

Figure 2.19 compares the response of two specimens having No. 25 and No. 30 reinforcing
bars that failed by pullout. The smaller bar exhibits a greater initial stiffness as well as greater
bond strength.

The experimental results for these investigations are summarized in Table 2.1.
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Figure 2.13: Splitting crack in Specimen 35A

- 20B

Bond stress (MPa)
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Figure 2.14: Influence of bar size on the bond stress versus slip response
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Bond stress (MPa)
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Figure 2.15: Influence of concrete cover on the bond stress versus slip response

Figure 2.16: Rough crack interface due to splitting failure in Specimen 35A
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Figure 2.19: Influence of bar size on the bond stress versus slip response

for specimens failing by pullout

2.2 BOND CHARACTERISTICS OF PRETENSIONED STRAND

Pretensioned members rely on the bond between the pretensioning steel (usually strand) and
the concrete, both to apply prestress to the concrete and to develop additional stress in the
pretensioning steel. The length of strand at the ends of a pretensioned member, over which the
stress in the steel builds-up, is called the transfer length. The flexural bond lengt:: is the additional
length required beyond the transfer length in order to develop the stress associated with the
superimposed loading.

Upon tensioning of the strand in the pretensioning bed the diameter of the strand is reduced
due to Poisson’s effect. After the concrete reaches sufficient strength, the strands are released
from the abutment of the pretensioning bed, and at the free ends of the beams the stress in the
strands returns to zero. With this reduction of steel stress along the transfer length, the diameter
of the strand expands and wedges against the surrounding concrete. This wedging action caused
by the lateral expansion, called the Hoyer effect (Hoyer 1939), results in improved bond

performance over the transfer length.
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Janney (1954) was one of the pioneers to research the physical characteristics of bond
between pretensioned strand and concrete and its relationship to the transfer and development
lengths. Janney concluded that the following three factors contribute to bond between the

prestressing steel and the surrounding concrete:

1 Adhesion on the concrete and steel interface;
2) Friction between the concrete and steel; and
3)  Mechanical resistance due to interlocking of the spiral twisting of the

outer wires forming the strand.

Although there are severai methods of measuring bond, as described by Weerasekera
(1991), experimental investigations to determine the transfer and fiexural bond lengths rely on
measurements of the concrete surface strain or the steel strain along the strand. Figure 2,20 shows
the determination of the transfer length obtained by measuring the variation of the concrete surface

strains near the ends of a beam.
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Figure 2.20: Determination of transfer iength by measuring concrete surface
strain, adapted from Kaar et al. (1963)
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‘ The transfer length is assumed to be the length required to produce a constant compressive strain
at the concrete surface. Figure 2.21 shows the development of strain in the strands of simply

supported pretensioned beams subjected to single-point loading at midspan (Mitchell et al. 1993).
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Figure 2.21: Measured strand strains in pretensioned beam for increasing point load at
midspan, adapted from Mitchel! et al. (1993)

2.2.1 Simulation of the Transfer Length and the Flexural Bond Length

In a pretensioned concrete member there are two distinct regions having different bond
characteristics; the transfer length region and the flexural bond length region. Figure 2.22 shows
the variation of the stress in the pretensioned strand after release. The stress in the strand varies
linearly from zero, at the end of the beam to a maximum at the end of the transfer length, ¢, (see
Fig. 2.22(b)). Figure 2.22(c) shows the pretensioning forces acting on a segment of the beam
along the transfer length. In order to simulate the bond action in this region the strand tension is
reduced on one side of the segment relative to the other side.

Figure 2.23 shows the same beam subjected to external loading. The variation of the stress
in the strand in Fig. 2.23(b) indicates the two different bond phenomena over the transfer and
fiexural bond lengths. The external loading results in increased strand stresses along the beam.
Figure 2.23(c) shows the prestressing forces acting on a segment of the beam along the flexural
bond length. In order to simulate the bond action in this region the strand tension is increased on
. one side of the segment relative to the other side.
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. It must be recognized that, due to release, the pretensioning force in the strand reduces
towards the end of the beam along the transfer length, while due to the external loads the force in
the strand increases towards the critical section. In order to simulate these different phenomenon,

two testing techniques were developed. These testing methods are described below.

(a) Pretensioned beam after release

Stress tl

(b) Idealized variation of stress in strand after release

(c) Forces on strand and concrete along transfer length

Figure 2.22: Idealized variation of strand stress along pretensioned beam after release
2.2.2 Testing Technique for Simulating Transfer and Flexural Bond Stresses
Figure 2.24 illustrates the technique developed (Abrishami and Mitchell 1992b and 1993)

to study bond characteristics of pretensioned strand along the transfer length. This procedure

simulates the applied forces on the strand as described below:
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Step 1 - Seven-wire strand, is tensioned to an initial force level, P, ,inaloading
frame, as shown in Fig. 2.24(a) and in Fig. 2.26(a).

Step 2 - Concrete is cast around this tensioned strand (see Fig. 2.24(b) and Fig.
2.26(b)) and cured in order to achieve the desired concrete properties
before testing.

Step 3 - In order to create a small bond stress the tension in the strand at the top

is reduced by a small force, AP, (see Fig. 2.24(c)).

(a) Pretensioned beam under load

——
-
-~

Stress

h 4

(b) Idealized variation of stress in strand

() Longitudinal forces on strand and concrete along flexural bond length

Figure 2.23: Idealized variation of strand stress along pretensioned
beam subjected to external loading
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At this stage the bond stress is given by:

u = . 249

where P, is the force in the strand at the bottom of the specimen

(approximately equal to P, , the initial force), .” is the top force in the

strand, and £ isthe embedment length. The difference in strand tension

at the top and bottom of the concrete cylinder are equilibrated by a
compressive reaction at the bottom of the cylinder as shown in Fig.
2.24(c).

Step 4 - Step 3 is repeated for increments in loading reduction at the top of the
specimen.

Step 5 - For each increment of loading the relative slips between the concrete and
the steel at the top and bottom of the test specimen are measured. The
complete response of a specimen is obtained by plotting the bond stress
versus the average of the slips measured at the top and the bottom for

each load increment.

In order to study the bond characteristics of strand along the flexural bond length the steps
described above are used, except for Step 3. In Step 3 the top tension is not reduced, but instead,

the tension in the strand at the bottom of the specimen is increased by a small force AP, and the

top and bottom slips are measured (see Fig. 2.25(c)). At this stage the bond stress is given by:

P, - P,
nd,

U=

2.5

This incremental load increase is repeated to determine the entire bond stress versus slip response.
Figure 2.25 shows the steps for the testing method to study the bond behaviour along the flexural
bond length. Figure 2.26(a) shows the test set-up after tensioning the strand and before casting
the concrete while Fig. 2.26(b) shows the set-up during loading.
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Figure 2.24: Testing technique to simulate bond behaviour along transfer length
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2.25: Testing technique to simulate bond behaviour along flexural bond length
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Figure 2.26: Test setup and loading frame, (a) strand after tensioning and before

casting the concrete and (b) specimen under load

For both the transfer and flexural bond length tests the tensions in the strand are adjusted
by threaded screws and the loads at the top and bottom are recorded by load cells. This method
of loading permits performing the experiment under strain control, rather than load control,
enabling the post-peak bond response to be determined. Because of the method of release of the
strand in the transfer test methcd, the bond characteristics obtained are representative of those
obtained due to gradual release rather than a sudden release. This new testing method uses the
same loading frame used to simulate "uniform bond stress" on reinforcing bars.

2.2.3 Test Program

In this test series a concrete mix was designed to give a concrete compressive strength of
25 MPa at the time of testing (age of about 5 days) and to give a 35 MPa compressive strength at
28 days. The specimens were 150 mm diameter by 300 mm long cylinders. Standard concrete
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cylinders of 150 mm diameter by 300 mm long were used to determine the material characteristics.
The prestressing steel used in this investigation was seven-wire strand. The nominal
diameters of the strand sizes used were 8.5 mm, 13 mm and 16 mm. The 9.5 and 13 mm diameter
strands had an ultimate tensile strength of 1860 MPa and the 16 mm diameter strand had an
ultimate tensile strength of 1760 MPa. Tables 2.2 and 2.3 present the details of the specimens
tested. For each size of strand, three specimens were tested to determine bond characteristics along
the transfer length and three specimens were used to examine the bond response along the flexural
bond length. The 9.5 mm diameter strand had slight rusting on the surface while the two other
types of strand had no signs of rusting but had been exposed to the air for about two years.

2.2.4 Transfer Length Test Results

In the testing of the specimens simulating a portion of the transfer length it is noted that
all bond failures that occurred were by "pullout” of the strand rather than by splitting of the
concrete, as expected. In all of the test specimens, no surface cracks were observed on the

concrete cylinders. The bond stress was computed from the difference between the top and bottom
strand forces.

Table 2.2: Summary of transfer length test results

Top slip

Specimen d, f: Initial P, at P, at | Average

tension bond bond bond at bond
P failure failure | strength failure

mm MPa _(kN)
9.5A1 9.5 26.0
9.5A2 9.5 25.0
9.5A3 9.5 25.0
13A1 13 25.8 128 36 121 6.9 1.09
13A2 13 25.5 123 32 116 6.9 1.29
13A3 13 253 127 26 118 7.5 1.36
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Figure 2.27: Measured response of transfer length specimen 13A2

Figure 2.27 illustrates the complete response for a typical transfer length test specimen.
Figure 2.27(a) shows the top force versus bottom force in the strand due to the loading. At point
A, the top force is equal to bottom force due to the pretensioning of the strand (a strand stress of
about 0.7 fp“) before casting the concrete. During testing, the tension in the strand is reduced

by AP, (see Fig. 2.27(a)). Due to the reduction of the force at the top of the strand the force at

the bottom of the strand undergoes a very slight reduction. After point A, the unloading results
in a top force which is smaller than the bottom force and hence bond stress is created. Figure

2.27(b) compares the top slip with the bottom slip during testing.
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Figure 2.27(c) shows the bond stress versus top slip response while the Fig. 2.27(d) shows
the bond stress versus bottom slip response. The peak bond stress occurs at point B (see
Fig. 2.27(c) and Fig. 2.27(d)) when the difference between the bottom and top forces is a
maximum. With the reduction of strand force at the top of the specimen the strand slips, relative
to the concrete at the top of the specimen. Before reaching point B no slip is observed at the
bottom of the specimen. As can be seen from Figure 2.27(c) the relationship between the bond
stress and slip, before reaching the peak stress is nearly linear. Bottom slip starts when the
maximum bond stress is reached, that is when bond failure occurs. The deflection control of the
testing enables the post-peak response to be determined. After the peak stress is reached the bond
stress reduces (see Fig. 2.27(c and d)). The increments in top and bottom slip after bond failure
are the same which indicates that the strand is pulling through the concrete.

Figure 2.28 compares the response of the three transfer length specimens failing by pullout
having strand diameters of 9.5 mm, 13 mm and 16 mm. An increase in the strand diameter gives
an increase in the bond stress versus slip stiffness. The 16 mm diameter strand also has a larger
bond strength than 13 mm diameter strand. It is noted that the 9.5 mm diameter strand was
slightly rusted, which may have resulted in some increased bond strength. The experimental
results are summarized in Table 2.2. The maximum bond stresses varied from 6.7 to 8.3 MPa,
with an average bond strength of 7.5 MPa.

2.2.5 Flexural Bond Length Test Results

In the testing of the specimens simulating a portion of the flexural bond length it is noted
that all bond failures that occurred were by "pullout” of the strand rather than by splitting of the
concrete, as expected. In all of the test specimens no surface cracks were observed on the concrete
cylinders. The bond stress was computed from the difference between the top and bottom strand
forces. Figure 2.29 illustrates the complete response of a typical flexural bond length test
specimen failing by pullout.

Figure 2.29(a and b) show the variations of top and bottom forces and the variations of the
slips at the top and bottom. At point A, the top force is equal to bottom force due to the

pretensioning of the strand before casting the concrete. During the test the tension in the bottom

of the strand is increased by AP, (see Fig. 2.29(a)). Due to the increase in the force at the bottom

of the strand the force at the top of strand also increases slightly. At point B (see
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Fig. 2.29(c and d)) slip has progressed to the top of the specimen but the maximum bond stress
has not been reached.
Figure 2.29(c) shows the bond stress versus bottom slip response while Fig. 2.29(d) shows

the bond stress versus top slip response. At the peak bond stress (point C in Fig. 2.29(c and d)),

the difference between the bottom and the top forces is a maximum. In spite of the considerable

slip that occurs after the peak bond stress is reached there is still significant bond resistance. After

slip occurs at the top (point B) the increments in the top and bottom slip are the same (see

Fig. 2.29(b)).

Table 2.3: Summary of flexural bond length test results

Specimen d, f: Initial P, at P, at Average Bottom
slip
tension bond bond bond at bond
P, failure failure strength failure
(mm) § (MPa) | (kN) (kN) (kN) (MPa) (mm)
9.5B1 9.5 24.3 37 39 77
9.5B2 9.5 26.0 20 22 70
9.5B3 9.5 25.0 19 21 65
13B1 13 - 25.0 62 66 110
13B2 13 25.0 62 67 110 3.5 0.72
13B3 13 25.1 62 67 107 33 0.68
16B1 16 23.6 90 95 150 3.6 0.54
16B2 16 26.8 90 98 154 3.7 0.78
16B3 16 26.0 61 67 114 3.1 0.59

Figure 2.30 compares the response of the three flexural bond length specimens failing by
pullout, having strand diameters of 9.5 mm, 13 mm and 16 mm. The experimental results are
summarized in Table 2.3. The maximum bond stresses varied from 3.1 to 5.4 MPa, with an
average bond strength of 3.9 MPa,
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Figure 2.28: Comparison of bond stress versus slip response for

wransfer length tests for 9.5, 13 and 16 mm diameter strands

2.2.6 Comparison of Transfer and Flexural Bond Responses

Figure 2.31 compares the bond stress versus average slip response of two specimens,
having 13 mm diameter strand, tested to simulate the transfer length and flexural bond length

regions. As can be seen from this figure the bond strength in the transfer length, «, ., , is greater

than the bond strength in the flexural bond length,u,, ... The average ratios ,,, /i, . are

1.3, 2.0 and 2.3 for strand sizes of 9.5, 13 and 16 mm, respectively. This ratio increases with
increasing strand diameter. After bond failure, the flexural bond length specimen exhibits a more
ductile response, with a nearly constant bond stress, while the transfer length specimen exhibits
a more brittle bond failure (see Fig. 2.31).
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2.3  INFLUENCE OF EPOXY-COATED REINFORCING BARS ON BOND STRENGTH

Since 1973, the use of epoxy-coated bars has been steadily increasing in an attempt to
reduce corrosion. Several researchers have shown that epoxy-coated bars significantly reduce the
bond strength (Treece and Jirza 1989; Hamad et al. 1990; Choi er al. 1990; Cleary and Ramirez
1991) which must be accounted for in design. The primary reason for the reduction in bond
strength appears to be the loss of adhesion between the epoxy-coaied bars and the surrounding
concrete, causing a reduction in bond resistance, This smooth epoxy coating gives rise to
reductions in the bond transfer mechanisms invelving adhesion and friction between the bar and
the concrete. Those reductions lead to larger mechanical interlocking forces (see Fig. 2.3) and
hence larger tensile stresses in the concrete surrounding the bar, resuiting in more splitting cracks
(Treece and Jirza 1989).

2.3.1 Modifications to Testing Technique for Simulating Uniform Bond Stress

A loading frame was constructed to enable a study the influence of epoxy coating on bond
strength. This loading frame was a modification of the loading frame which was used in previous
experiments (Abrishami and Mitchell 1992a; Abrishami and Mitchell 1992b; Abrishami and
Mitchell 1993). The modifications to this loading frame enabled a series of pullout specimens to
be cast all at once and then tested one after another. This testing technique simulates a uniform
bond stress distribution along the reinforcing bar embedded in the concrete. The testing procedure,
shown in Fig. 2.32, is described below:

Step 1 - Concrete is cast around the reinforcing bar, instrumented with strain
gauges (see Fig. 2.32(a)) and cured in order to achieve the desired
concrete properties before testing.

Step 2 - In order to create a small bond stress a small tensile force AP, is applied
in the reinforcing bar at the bottom of the specimen and a compressive
force AP, is applied to the reinforcing bar at the top of the specimen is
adjusted (see Fig. 2.32(b)) so as to produce a linear variation in the
strains measured on the reinforcing bar. This linear variation in strains

results in a linear variation of stress in the reinforcing bar (see Fig.
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2.32(c)) and hence produces uniformly distributed bond stress as shown
in Fig. 2.32(d). The bond stress is given by:

_Pb+P,
nd, !

(2.6)

where P, and P, are the bottom and top forces in the reinforcing bar,

respectively, and ¢ is the embedment length. The changes in tension in

the reinforcing bar, both above and below the concrete cylinder are
equilibrated by a compressive reaction at the bottom of the cylinder as
shown in Fig. 2.32(b).

Step 3 - Step 2 is repeated for increments in loading. For each increment of
loading the relati. 2 slips between the concrete and the steel at the top and
bottom of the test specimen are measured. The response of a specimen
is obtained by plotting the bond stress versus the average of the slips
measured at the top and the bottorn for each load increment.

Figure 2.33 shows the test set-up during loading. The load is applied through threaded
screws at the top and the bottom and the loads are recorded by load cells at these locations. This

method of loading permits performing of the experiment under strain control rather than load
control.

2.3.2 Test Program

A total of eighteen pullout specimens having uncoated bars and two different thicknesses
of epoxy coatings on the reinforcing bars were tested. A series of fifteen specimens were cast
using ready-mix concrete. The concrete specimens were 150 mm diameter by 300 mm long with
one single bar at the centre. The compressive concrete strength at the time of testing was 36 MPa.
In addition to these specimens, three more short pullout specimens having 150 mm diameter and
100 mm long were cast. These three specimens had one single No. 10 bar at the centre and the
concrete compressive strength was 23 MPa.
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Figure 2.32: Testing technique to simulate uniform bond stress distribution

Figure 2.33; Test setup and loading frame
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The reinforcing bar sizes used were No. 10, No. 15, No. 20, No. 25, and No. 30 bars,
all having a specified yield stress of 400 MPa. For each reinforcing bar size, three different
surface conditions, including uncoated bars and two different epoxy coating thicknesses (6 to 8 mil
and 10 to 12 mil) were used. Table 2.4 presents the details of the specimens tested. The
reinforcing bars were instrumented with five strain gauges, two outside of the concrete and three
along the embedment length. Strain gauges having a 2 mm gauge length, were glued to the surface
of the reinforcing bars. These small gauges were used in order to minimize the reduction of bond

surface area due to the presence of the gauges.
2.3.3 Test Results

After reaching the maximum bond stress, all the specimens tested had very brittle failures
and therefore it was not possible to record the post-peak responses. Figure 2.34 shows the bond
stress versus slip of three specimens having No. 20 bar size with uncoated and two different epoxy-
coated bars. As can be seen from this figure the specimen containing uncoated bar had higher
stiffness than companion specimens containing epoxy-coated bars. Also the bond strength of
uncoated bar is greater than bond strength of the epoxy-coated bars.

10
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Figure 2.34: Bond stress versus average slip response for specimens 20UC, 20C1 and 20C2
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Table 2.4 presents the bond strength of all the specimens tested in this study. In this table the bond
strength ratio is the ratio of bond strength of the epoxy-coated bar to the bond strength of the
uncoated bar. As can be seen, the bond strength in specimens having epoxy-coated bars can be
reduced up te 17 percent. The thicker, 10-12 mil, coatings also resulted in lower bond strengths
than the 6-8 mil coatings.

Table 2.4: Summary of results of bond tests with epoxy coated bars

specimen Cylinder d, f Bond Slip at Bond

dia. x length strength bond strength
stress

ratio

(mm X mm) (mm) | (MFa) (MPa)

30UC 150 x 300 29.9 36 3.48

30C1 150 x 300 299 36 3.34

30C2 150 x 300 29.9 36 2.90

25UC 150 x 300 25.2 36 4.31 0.78 1 “

25C1 150 x 300 25.2 36 4.47 0.93 1.04

25C2 150 x 300 25.2 36 4.00 0.84 0.93

20UC 150 x 300 19.5 36 5.59 1.06 1

20C1 150 x 300 19.5 36 4.50 1.02 0.80

20C2 350 x 300 19.5 36 4.79 1.19 0.86

15UC 150 x 300 16.0 36 6.76 1.17 1

15C} 150 x 300 16.0 36 1.17 1.15 1.06
150 x 300

150 x 300
150 x 300
150 x 300
150 x 100
150 x 100

* - Reinforcing bar yielded in the specimen before bond failure
UC, Cl, and C2, representing uncoated bar, 6-8 mil coating thickness and 10-12 mil coating
thickness on the reinforcement, respectively
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2.4 COMPARISON OF RESULTS FROM THE NEW TESTING METHODS

The bond strength of different series, tested with the two different testing technigues
described in Section 2.1 and Section 2.3 were compared. The comparison is available only for
specimens reinforced with uncoated bars and having the same bar size (see Table 2.1 and Table
2.4). All of the specimens reported in Table 2.4 had splitting failures and therefore can be
compared with the specimens failing by splitting given in Table 2.1. Specimen 20A is compared

with specimen 20UC, both having the same bar size and concrete cover (i.e., c¢fd, = 3.3 ). Due

to the higher compressive and tensile strength of the concrete in specimen 20UC compared to that
of specimen 20A, the bond strength of specimen 20UC is 1.30 times that of specimen 20A. Based
on the ACI Code (1989), the bond strength is proportional to the square root of compressive
strength which is 1.2 for above specimens.

Although the concrete compressive strength of specimen 30UC is greater than specimen
30B, Specimen 30UC has less bond strength than specimen 30B due to the smaller concrete cover.
The ratio of concrete cover to bar size (c/d,) of specimen 30B is 2.8 compared to 2.0 for
specimen 30UC.

Specimen 25UC has a bond strength which is 1.2 times that of specimen 25B even though
its ¢/d, ratio is smaller (i.e., 2.5 versus 3.5, respectively). However specimen 25UC has a higher
concrete strength than that in specimen 25B, giving a ratio of tensile strengths equal to 1.2. Since
both specimens have relatively high c/d, ratios, it is expected that the concrete tensile strength
would govern the bond strength.

These comparisons indicate that the two testing methods give comparable results, although

no tests were performed which had identical concrete strengths and identical c/d,, ratios.
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Chapter 3

ANALYTICAL STUDIES OF BOND BEHAVIOUR

"You can only predict things after they’ve happened"
Eugene Lones

A number of analytical studies on bond stress versus slip responses of reinforcement
embedded in concrete have been reported (ACI Committee 408 1991; CEB Task Group VI 1981).
In general these studies can be classified into three groups; 1) finite difference or finite element
models, which result in solving the differential equations of bond stress distribution (Edwards and
Yannopoulos 1979; Plaines et al. 1982; Tassios and Koroneos 1984; Ciampi et al. 1982), 2) an
assumed bond stress distribution function along the embedment length of the reinforcing bars which
is based on experimental results (Guiriani 1981; Shah and Somayai 1981; Bertero and Bresler
1968; Bertero ef al. 1978) and, 3) more recently, models based on fracture mechanics (Bertero ez
al. 1978; Gerstle et al. 1982; Gyltoft et al. 1982; Ouyang and Shah 1994).

3.1 ANALYTICAL APPROACH TO STUDY PULLZYUT SPECIMENS

The purpose of *his section is to demonstrate the manner in which the bond performance
of pullout test specimens, subjected to different types of loading, can be predicted. The use of bond
stress versus slip relationships together with the differential equation for bond, enables various
testing techniques employed by other researchers to be compared. .

The bond stress distribution in a typical pullout test is not uniform. Several researchers
have attempted to study the real distribution of bond stress along a reinforcing bar embedded in
concrete (CEB 1981; Russo et al. 1990; Nilson 1972; Yankelevski 1985; Yerex et al. 1985;
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Viwathanatepa ef al. 1979). Due to the non-uniformity in the bond stress distribution, there is as
yet, no theoretical method for evaluating bond strength of a reinforcing bar embedded in concrete
(ACI Committee 408 1991; CEB Task Group VI 1981). Hence an "average bond stress" or
"average bond strength" is used in codes of practice. Several studies have shown that there is a
significant variation of the actual bond stress distribution, with the maximum bond stress in some
cases being much greater than the average bond stress. In addition, it has been shown that the
bond stress distribution varies greatly as slip develops (Hamad and Jirsa 1979; Pillai and Kirk
1988). It has also been demonstrated that an average bond stress-slip relation is not suitable for
detailed analysis in finite element models (Keuser and Mehlhoin 1987).

As part of ihis research program a new testing technique (Abrishami and Mitchell 1992)
was developed to simulate uniform bond stress distribution to better understand bond characteristics

of reinforcing bars in concrete structures. This testing technique is described in Chapter 2.

3.1.1 Bond Stress versus Slip Response - A Fundamental Material Characteristic

The relationship between bond stress, u , and the relative slip, & , between the steel
reinforcing bar and the concrete, is of fundamental importance in predicting the complex interaction
between the two materials. Many researchers have attempted to determine experimentally the bond
stress versus slip response. These results were typically reported as the average bond stress versus
slip at one end of the specimen due to the significant variation of bond stress along the embedment
length. A new testing technique (Abrishami and Mitchell 1992), which attempts to simulate a
uniform bond stress distribution, has enabled a more accurate determination of the bond stress

versus slip response. Figures 3.1(a) and 3.1(b) show the bond stress versus slip response obtained
from tests simulating a uniform bond stress distribution for specimens failing in pullout and

splitting, respectively. Also shown in these figures are the proposed analytical relationships for
the bond stress versus slip response.

3.1.2 Governing Differential Equation for Bond

Figure 3.2(a) shows the forces acting on a reinforced concrete element of length, dx , while

Fig. 3.2(b) illustrates the equilibrium conditions for a reinforcing bar of length, dx .
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Figure 3.1: Bond stress versus slip response

The equilibrium equations obtained from these two figures cai be written as;

Adf. + Adf, =0 @.0

and
und,ds) = A(F, +df,) - A, f, (3.2a)

()
u - %e % (3.2b)

where A and 4, are the concrete and reinforcing bar areas, f, and f, are the concrete and steel
stresses, d, is the diameter of the reinforcing bar and u is the bond stress. The bond stress, 4 ,

is a function of the slip, & , thatisu = u(8). The slip,8(x) , at a distance x along the rebar, is

defined as the relative displacement between the reinforcing bar and concrete, that is:

8(x) = 8,(x) - 8 (x) 3.3)

where 8,(x) is the displacement of the steel at point x and &,(x) is the displacement of the

concrete at point x . Differentiation of this equation gives:
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Figure 3.2: Bond stress resulting from changing stress in reinforced concrete

_..._dfii") = e(0) - € 3.4)

where €_ and €_are reinforcement and concrete strains, respectively. The linear elastic relationship

between siress and strain can be expressed as follows:

f=Ee¢ (3.5)
£ =E.e (3.6)

in which E_and E_are Young’s moduli of the reinforcing steel and concrete, respectively.
Differentiation of Eq. (3.4), after substituting values from Egs.( 3.5) and (3.6), gives:

sy _ 1 df;

= I & (1 + np) 6.7

where: p = A [ A, and n = Eg/ E, . Substituting df, [ dx from Eq. (3.2) into Eq. (3.7)

gives:

22 kuso )

where: k, = 4(1 + np) [ (d, E) . Equation (3.8) is the general differential equation for bond

slip response as a function of x .



. 3.1.3 Response Predictions of Bond Specimens Failing by Pullout
4

Figure 3.3 shows a standard pullout test specimen subjected to: (a) a standard pullout test,
(b) a "push-in" test and (c) a combination of (a) and (b).

IR $R

Xxm ) g

I NI S —
'a e

a) Pullout test b) Push-in test c) Combined test

Figure 3.3: Typical pullout test specimen subjected to different types of loading

A mathematical model used to predict the response of a specimen failing by pullout is
shown in Fig. 3.4.

The bond stress can be written as:

u=E 8 0s8x<3, 3.9)
(3.10)
where E, =u,/ 5, . Eq.(3.8) canbe simplified as:

2
S hE 820 @.11)

assuming k = ,/Es E, in Eq.(3.11) and integrating twice gives:

& = ce® « et (3.12)
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where ¢, and ¢, are constants depending the boundary conditions. Substituting & from Eq. (3.12)

in Eq. (3.9) gives:

u=E, (c e” +c,e™ 0s8ss, (3.13)
’
u’pf -
: 1
g | [
° '
8 :
B b
[Es)
T
Spf >

average slip, &

Figure 3.4: Apaiytical bond model for pullout failure

Example No. 1 - Predicting Response of Standard Pullout Test
The standard pullout specimen is subjected to a tensile force, P, , at the bottom of the
reinforcing bar as shown in Fig. 3.3(a). The boundary conditions can be written as follows:

at x=0 ec=0 e_,=Q

These boundary conditions result in:

1 (1 ., 1
k(e* - e*)\E, A, E A

¢ =c = P, (3.19)

The slios at the top of the specimen, 8, , (x = 0)and the bottom of the specimen, &,, (x = [) are:

8, =¢ +¢
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and

8,=c e +ce™
The average slip, &_, , at the top and bottom of the specimen is usec to predict the response of the
standard pullout test. Replacing ¢, and ¢, in Eq. (3.12), the relationship between the pullout

force, P, , and average slip, 5, , can be expressed as:

2k (e®t - ™) [ E A )

2+ et 4 e \1+np

P, - 5, (3.15)

Example No. 2 - Predicting Response of "Push-in" Test
The push-in test specimen is subjected to a compressive force, P, , at the top of the

reinforcing bar as shown in Fig. 3.3(b). The boundary conditions can be written as follows:

P
at x=0 =0 = -t
€, € EA
Pl
at x=1{ € =- € = 0
. E A
These boundary conditions result in:
1 e M 1
¢ = + P
: [k(e*a - e'“)I E, A, E, Ac] ‘ G.17)
1 e 1 1
¢, = + + P
: [k (eH - e'")] [{E A, E Ac] k E, As] ‘ @.16)

using the same procedure described above, the response of "push-in" test as a relationship between

the "push-in” force, P, , and average slip, §_, , can be expressed as:

P =

t

)
2+ef e\l +np)| ™ @-18)

% (M - &M ( E A, ]
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As expected this relationship is identical to Eq. (3.15) for the pullout test.

Example No. 3 - Predicting Response of a Combination Pullout / Push-in Test
For this combined loading case the specimen is subjected to a tensile force, P, , at the
bottom of the reinforcing bar and a compressive force, P, , at the top of the reinforcing bar as

shown in Fig. 3.3(c). The boundary conditions can be written as:

Pt
at x=0 ¢€=0 ¢-=-
ESAS
P +P P
at x =1 e‘::—(_b—'-). € = b
ECAC ESAS

Assuming P, = ¢Pand P, = (1 - $)P ,where P =P + P, . Theseboundary conditions

result in:
1w ey | e (1-9) 1
ATy e [ESAS "Ea EA” (3.19)
and

s s R R R

LA | <

Using the same method described in Examples 1 and 2, the tota! applied force, P , is determined

as a function of average slip, §_, as:

'P= 5, 3.21)

2% (e* - e [ E A, ]
2 + M 1+ np

+e""

For the linear range of response this equation gives the same result as the pullout test

when ¢ = O and the same result as push-in test when ¢ = 1 (see Egs. (3.15) and (3.18)).



3.1.4 Response Predictions of Bond Specimens Failing by Splitting

A mathematical model used to predict the response of a specimen failing by splitting is

shown in Fig. 3.5,

bond stress, u
£

----- Uy

m
T

on
“
-4

Bur
average slip, &

Figure 3.5: Analytical bond model for splitting failure

The bond stress can be expressed as:
u=E & 0<b <,
u=E; b6 +E b, -Ed, d,<8 <3d,

u=u8?

6>4&,

where E, =u, /8, and E; = (u, - u) /S, -8,

The governing differential equation for bond is:

ds
) -k E =0 0<3<d,,

dza—ksa—ksa(EH] 5 <8<b
a% b=k E, b (2o
dxz s s o Ed sf sr

For the ascending branch, assuming k = Jk, E, for 0 < § < Gsf » Eq. 3.22 gives:
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kx

8 =cef +ce™ (3.24)

u=E (c, e +c,e™ (3.25)
For the descending branch, assuming & = -k E, for &, < & < &, Eq. (3.23) gives:

8%x) = cycos(kx) + ¢ sin(kx) -m (3.26)

ux) = E,; (c3cos(lct) + q,sin(lor)) 3.27

In whichm = 6sf (EJE; - 1)

Example No. 4 - Predicting Response of Standard Pullout Test
The standard pullout specimen is subjected to a tensile force, P,, at the bottom of

reinforcing bar as shown in Fig. 3.3(a). The boundary conditions can be written as follows:

at x=0 Ec=0 € =0

For 0 < b < & these boundary conditions result in:

1 i 1
= = P (3'28)
€6 =6 k(e® -e~*) [Es A, M E ) b

c

(3.29)

2 +eft v e \1+np

P, = [me" - ™) [ k4 ] 3y

In which &, is the average of the slips at the top and the bottom of the specimen.

For 8., < & < &, these boundary conditions result in:



-1 1 1
- P
“ = ¥ sin(k) [E, 4 E Ac] b (3.30)
€ =0 3.31)

-2k sin(k)[ E, A4,

P, = [1 + oos(kﬁ)\l + np] Oy *+ ) (3-32)

Example No. 5 - Predicting Response of "Push-in" Test
The push-in test specimen is subjected to a compressive force, P, , at the top of

reinforcing bar as shown in Fig. 3.3(b), the boundary conditions can be written as follows:

P!
at x=0 €=0 ¢ =-
ESAS
t ! b 0
a x = € = - € =
¢ EcAc 5

For 0 < & < 8, these boundary conditions result in:

-kt
o= £« — | s | P 6.33)
Es A.: Ec Ac k (ekl = e-“) k Es As
[ e™ 1 1
G = [E, A ' E, Ac] (k (e® - e"")] b (3.34)
2k(e™ - e®) [ E A,
P = )
' L +e s e ®\1 +np) T 3.35)

and for 8, < 8 < 8, these boundary conditions result in:
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. = -1 cos(kl) L1 p
' ksin(kd) | ELA,  E A ) (3.36)
¢y = i
kE A 3.37)
_ | -2k sine)( E, 4
o [1 + costkO\1 + np) | Cor ™™ @.38)

Example No. 6 - Predicting Response of a Combination Pullout / Push-in Test
The specimen is subjected to a tensile force, P, at the bottom of reinforcing bar and a

compressive force, P, at the top of reinforcing bar as shown in Fig. 3.3(c). The boundary

conditions can be written as:

Pl
aa x=0 ¢ =0 ¢ =-
ESAS
P+ P P
at x =10 ec=-(_"._') €, = b
ECAC ESAS

Using the same method described in Examples 4 and 5, the total applied force, P, which is the

summation of top force, P, , and bottom force, P, , is determined as a function of the average

slip, 8., for 0 <& < &, :

¢ = 1 (et - ey ((b e . (1-¢) . IA ] P

k E,A, EA, E, (3.39)
1w @ e™ | (-d) 1 o |p
"k [(e ¢ (E, 4 E A E Ac] " AJ (3.40)
o0 k K kt | E A
_|2k(e” —e™) s
b= 2+ ekl 4 g [l + np] B (3.41)
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Foré, <3 <8, :

__ o1 faeoswd , 1 a-9)p

7 ksinG)| E, 4, E A, E, A4, (3.42)
- ¢
“ YE a4l (3.43)

and

2k s E A
p =[ 2k sm(kn)( s ] .+ m) .48

1 + cos(kl)\1 + np

3.1.4 Sample Pullout Tests and Resuits

In order to predict the bond stress distribution, a number of pullout specimens were tested.
The concrete mix was designed to give a concrete compressive strength of 25 MPa at the time of
testing. The three sizes of concrete specimens tested were 150 mm diameter by 300 mm long, 200
mm diameter by 300 mm long and 150 mm diameter by 150 mm long. The reinforcing bar sizes
used were No. 25 and No. 35, all having a specified yield stress of 400 MPa. Table 3.1 presents
the details of the specimens tested.

Specimens labelled "A" and "B" were tested with a new testing technique (see Section 2.1)
and the specimens labelled "C" and "D" were tested as standard pullout specimens. In both cases
the load is applied through threaded screws and is recorded by ioad cells. This method of loading
permits performing of the experiment under strain control rather than load control, enabling the
nost-peak response to be determined. Two different types of failure, splitting failure and pullout
failure were investigated. A summary of the test results is given in Table 3.1. Table 3.2 presents
the bond stiffness obtained from the test results. These values are used to study the bond stress
distribution along the reinforcing bar.
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Table 3.1: Summary of pullout test results

P = pullout failure

8 = splitting failure

25A

Specimen | Cylinder d, Failure | Maximum Maximum Average

diameter x mode pullout average slip

length force bond stress
(mm) (mm) (kN) (MPa) (mm)
25A 150 x 300 | 25.2 P 201 8.5 0.60
25B 200 x 300 | 25.2 S 86 3.6 0.31
25C 150 x 300 | 25.2 P 111 4.7 0.64
25D 150 x 150 | 25.2 P 52 4.4 0.37
35A 150 x 300 | 35.7 S o8 3.0 0.36
35B 200 x 300 | 35.7 S 119 36 0.21
35C 150 x 300 | 35.7 S 76 2.3 0.52
35D 150 x 150 | 35.7 S 33 2.0 0.30

Table 3.2: Bond stiffness of pullout specimens, {MPa / mm)

25B

25C

25D

35A

35B 35C

35D

12.90

7.99

12.77

9.61

18.91 4.54

124 |

* Pullout failure

-3.84 * * -2.83 | 235 4.25 } 097 II

3.1.5 Comparison of Predicted Bond Stress Distributions in Different Pullout Specimens

The test specimens, having the properties described above, were used to study the bond

stress distributions along reinforcing bars embedded in concrete. Based on equations developed

in previous sections, the bond stress distributions were predicted as described below:
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a) Pullout Failure

Figure 3.6 shows the bond stress distributions predicted using Eq. (3.13) for specimens
25C and 25A. As can be seen the predicted bond stress distribution in a standard pullout test is
not uniform, as expected. The ratio of maximum to average bond stress is 1.37 and the ratio of
maximum to minimum bond stress is 1.67. A suitable combination of pullout and push-in forces
can simulate a nearly uniform bond stress distribution along the bar (see Fig. 3.6(b)). In this case
the ratio of maximum to average bond stress is 1.10 and the ratio of maximum to minimum bond
stress is 1.16. These predictions demonstrate that with a combination of pullout and push-in forces

a nearly uniform bond stress distribution results.

v Y. _P S n _""Z-B'r ) Y uz.n
4 E] $ Normalized bond stress :‘:":, 3 E 3 Normalized bond stress =
‘ Py * P

a) Specimen 25C b) Specimen 25A

Figure 3.6: Bond stress distribution in specimens failing by pullout

b) Splitting Failure
The response of a bond specimen, governed by splitting has two distinct regions of
response, before cracking and after cracking. These are discussed below:

1) Before cracking
Figure 3.7 shows the bond stress distributions predicted using Eq. (3.25) for specimens
35C and 35A. For the standard pullout test the ratio of maximum to average bond stress is 1.26

and the ratio of maximum to minimum bond stress is 1.39. A suitable combination of pullout and
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push-in forces can simulate a nearly uniform bond stress distribution along the bar (see Fig.

3.7(b)). The ratio of maximum to average bond stress is 1.11 and the ratio of maximum to
minimum bond stress is 1.12.

2) After cracking

Equation (3.27) is used to study bond stress distribution in a splitting type of failure after
cracking. Figure 3.7(c) shows the bond stress distribution in specimen 35C while Fig. 3.7(d)
shows the bond stress distribution in specimen 35A. The predicted bond stress distribution is
almost uniform, even for the case of the standard pullout test, once significant splitting cracks have
formed. As can be seen, the combined pullout and push-in test can achieve almost uniform bond

stress for specimens failing by splitting.
3.1.6 Effect of Specimen Size

The predicted ratios of maximum to minimum bond stress given in Fig. 3.6 and 3.7 are
dependent on the length of the specimen (300 mm length was used for the predictions). As the
length of the specimen decreases, the bond stress becomes more uniform. Because of this, early
attempts by the other researchers to determine bond strength under nearly uniform bond stress,
involved very short embedment lengths. However, these very short embedment lengths gave rise
to unrealistically high bond strength results. On the other hand, the use of a longer embedment
length in a simple pullout test gives a large variation between the maximum and minimum bond
stress. For this reason the bond strength determined, an assumed average bond stress, is not
representative.

The combined "push-in" and "pullout” specimen enables a reasonable size of specimen to
be used ( say 300 mm long) while achieving a nearly uniform bond stress distribution. Hence, the

bond strength obtained from such a test represents a more realistic material characteristic.
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Umar _
e 1.39 1.12
HUpmax
uy = 1.26 1.1
Normalized bond stress ﬁ'iﬂ ) I $ Normalized bond stress ug,,.,
VP,
a) Specimen 35C b) Specimen 35A
Before splitting cracks
&
g
f’“ o
N
Unx _ 1 1] i = 1.03
e 1.04 = 1.02
— 15 0 e 2] Pr]
1 ¢  Normalized bond stress l%v 4 i 4  Normalized bond stress u%u
2 VR,
¢) Specimen 35C d) Specimen 35A
After splitting cracks

Figure 3.7: Bond stress distribution in specimens failing by splitting
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3.2 ANALYTICAL STUDY TO DETERMINE TRANSFER LENGTH AND
DEVELOPMENT LENGTH OF PRETENSIONED STRAND

Pretensioned members rely on the bond between the pretensioning steel (usually strand) and
the concrete. In a pretensioned concrete member there are two distinct regions having different
bond characteristics; the transfer length region and the flexural bond length region (see Fig. 3.8).
The length of strand at the ends of a pretensioned member over which the stress in the steel builds-
up is called the transfer length. The flexural bond length is the additional length required beyond
the transfer length in order to develop the stress associated with the superimposed loading.
Experimental investigations to determine the transfer length and flexural bond lengih rely on
measurements of the concrete surface strain at the level of the strand or the steel strain measured
along the strand.

- Stress

(b) Idealized variation of stress in strand

Figure 3.8: Transfer length and flexural bond length in a pretensioned member
Based on the beam test results reported by Hanson and Kaar (1959), an empirical

relationship was adopted by the ACI Building Code in 1963 (ACI 1963) which is still used in the
1989 ACI Code (ACI 1989). The ACI equation appears in the following form:
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g =( fps- f.) 4, (ksi, in. units) (3.45)

Wl

where ¢, is the development length, Jos is the stress in the prestressing steei at the critical
section, f,, is the effective stress in the prestressing steel after all losses and dj, is the nominal

diameter of the strand. Equation (3.45) can be expressed as follows:

g, = % b+(fp:- f.od, (ksi, in. units) 3.45)

or in MPa, mm units:

0§, = 0.048 £, d,+ 0.145 (f, - £.) d, (3.47)

In this form, the first term is the transfer length and the second term is the flexural bond length.
Figure 3.9 shows the variation of strand stress along the transfer length and flexural bond length
predicted by the ACI Code expression.

fpaf === m - mmem e

Steel stress
F
1
[}

3
1
1
1
]
1
]

4 .
Distance from free end

Figure 3.9: Development of stress in pretensioned strand

Zia and Mostafa (1977) developed empirical equations for the transfer length and flexural
bond length of prestressing strand based on a linear regression analysis of available research data

published before 1977. These equations allow for adjustment for different concrete strengths.
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Cousins et al. (1990) also proposed an analytical model for both transfer length and development
length, assuming both elastic and inelastic regions along the transfer length and the flexural bond
length, The analysis considers both uncoated and epoxy-coated strand. Mitchell et al. (1993)
studied the influence of concrete strength on transfer and development length and developed
equations for these lengths accounting for a wide range of concrete strengths. A summary of the
research conducted to determine the transfer and development length equations is given by
Tabatabai and Dickson (1993) and Deatherage et al. (1994).

In order to predict the transfer length and development length of pretensioning strand, a
new testing technique was developed to investigate the bond characteristics of pretensioned strand
{Abrishami and Mitchell 1993). The key feature of this method is the determination of the bond
strength in a more direct manner, from measured forces in the strand, rather than from strains
measured on the strand or on the concrete surface in beam specimens. The bond specimen includes
a standard sized cylinder, 150 mm in diameter and 300 mm long, containing a single strand. The
method of testing is described in Section 2.2. The complete response of a specimen is obtained
by plotting the bond stress versus the slip. It is noted that all bond failures that occurred were by
"pullout” of the strand rather than by splitting of the concrete, as expected. Figure 3.10(a) and
3.10(b) show the typical bond stress versus slip responses of two specimens along the transfer
length and flexural bond length, respectively. The bond strengths obtained from these tests were

used to determine transfer and development lengths.

10 10
$rer-an ]
8 e.-.
=] Yem c
g g o]
g‘_‘] §4_ Uts, max
B I B
=] =]
@ lP. A ]
24 24
Ouii.-.jﬁl, cuiii'i':
Top slip (mm) Bottom slip (mm)
a) Transfer length test b) Flexural bond length test

Figure 3.10: Bond stress versus slip along transfer and flexural bond lengths
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3.2.1 Governing Differential Equation

Figure 3.11 illustrates the equilibrium conditions for a portion of a pretensioned strand of
length, dx . The bond stress, u , can be expressed as the change in the stress in the strand over
the length, dx , as follows:

u (nd, dx) = A, (f, +df)) - A f, (3.48)

or; n

a4
nd, dx (3.49)

where d, is the diameter and A_ is the area of the pretensioning strand and f; is the stress in the
strand. Equation 3.49 demonstrates that the bond stress is proportional to the rate of the change
of the stress in the strand, df,fdx . Hence, if the stress in the strand varies linearly, then the

bond stress must be uniform and if the strand stress varies parabolically, the bond stress must be
linear.

L3

Asts — ESSSSKN) —P 4, (f +df)

Figure 3.11: Forces acting on a pretensioning strand
3.2.2 Proposed Analytical Model for Transfer Length

Figure 3.12 illustrates the stress distribution in the strand as well as the bond stress
distribution along the transfer length in a pretensioned member. Parabolic variations in strand
stress are assumed near the end of the strand and near the end of the transfer length while a linear
variation is assumed in the middle region of the transfer length (see Fig. 3.12(b)). Based on these
stress distributions and using Eq. (3.49), the bond stress distribution, including an elastic region
and inelastic region, can be obtained as shown in Fig. 3.12(c). 1t is clear that at the free end of

the pretensioned member the force in the strand is zero, while at the other end of the transfer
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length (see Fig. 3.12(d)), the stress in the strand is equal to the stress in the strand at release, f,

-Fg'
The following expression is derived by integrating the bond stress, u, along the transfer length and

equating the resultant with the initial force in the strand:
Xrmax (0, +20,+0,) = A_f
2 L+l s Jpi 3.50)

and hence the transfer length, ¢, , can be written as:

As f i
ot 3.51)

b “*t,max

a) Pretensioned member afer release

P =

1

s

&

s

b) Variation of stress in the strand after release

/N

4L ¢
¢) Variation of bond stress after release

—> A4 Afy €
H

Af G CESSSS SIS SRS SES) —p A4 [
d) Forces acting on the strand along transfer length

Figure 3.12: Assumed bond stress distribution along the transfer length
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where ¢, is the length of the inelastic region along the transfer length, £, is the stress in the
strand at release and u,. . is the maximum bond strecs achieved along the transfer length.
The minimum value of ¢, is zero giving a triangular bond stress distribution as shown

in Fig. 3.13(a) and the maximum value of & is ¢ resulting in a uniform bond stress distribution

as shown in Fig. 3.13(b). Hence the upper and lower bounds on the predicted transfer lengths

are:
Y Y
4 L [ 3
T T
= 3
g o
7] Umax o
b £
b= -
& 3
Distance from free end ‘ Distance from free end
a) Linear variation of bond stress b} Uniform bond stres distribution

Figure 3.13: Linear and uniform bond stress distribution along the transfer length

(a) upper bound from triangular bond stress distribution:

f;ri As
LT (3.52)

1, max

(b) lower bound from uniform bond stress distribution:

g = oA (3.53)

]
ut.mx T db

3.2.3 Proposed Analytical Model for Flexural Eond Length
Figure 3.14 shows the stress distribution in the strand as well as the bond stress distribution

along the flexural bond length in a pretensioned member. Using the same approach described

above for the transfer length, the bounds on the flexural bond length can be expressed as:
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{a) upper bound from triangular bond stress distribution:

- z_‘_f?r_"’?'-lﬂ_“‘;_ (3.54)
Yp, max b

by

(b) lower bound from uniform bond stress distribution:

RS AR 359
Upmax T d,

where u4g ... is the maximum bond stress along the flexural bond length, £, is the stress in the

strand at the critical section and £, is the stress in the strand after all losses.

Lo

T a) Pretensioned member under load : T
H - %
Iy b b
fs :
b) Variation of stress in the strand
u

’-t-‘z:fs

¢) Variation of bond stress along flexural bond iength

Al 4= =SS 44
u

d) Forces acting on the strand along flexural bond length

Figure 3,14: Assumed bond stress distribution along the flexural bond length
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3.2.4 Prediction of Transfer Length and Development Length

From Eqs. (3.52) and (3.53) the transfer iength can be expressed as:

f

Joi

ut.max

8 = ke

(]

(3.56)

where k = A/nd, is a factor which depends on the strand size, and ¢ is a parameter which

reflects the bond stress distiibution (varying from 1, for uniform bond stress to 2, for a iriangular

bond stress distribution). From Egs. (3.54) and (3.55) the flexural bond length can be expressed
as:

L ()

uﬂ,.m

&, = k

L 3.57)

Both the bond strength along the transfer length and flexural bond length have been
determined experimentally (see Section 2.2) and are functions of the concrete strength,

It is important to account for the different stages in the life of a pretensioned member. At
release, the stress in the strand is f, . With time this stress will reduce from f, to f,, dueto
reluxation of the strand as well as creep and shrinkage of the coucrete (see Fig. 3.15). It is
assumed that before loading the member the stress in the strand drops to f,, , but without a change

in the transfer length. Thus the transfer length is a function of f,; and the flexural bond length

is a function of the required stress increase in the strand, f, - f, as shown in Fig. 3.15,

3.2.5 Sample Test Resulis from Experimental Studies

In order to determine the bond strength along the transfer length and the flexural bond
length a new experimental testing technique was developed (Abrishami and Mitchell 1993) as
described in Section 2.2. The bond specimens all had a concrete compressive strength of 25 MPa

at the time of testing. Three different seven-wire strand diameters, 9.5, 13 and 16 mm were used.
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. Specimens ladled "A", represent transfer length tests and specimens ladled "B" represent flexural
bond length tests. The values of bond strengths along the transfer lengths and the flexural bond

lengths are summarized in Table 3.3.

| T '““]
fps ------------------------------ 3
1
1
at release - '
'J-‘-: fpl _______ —— — —— — i — ——
4 ' '
£ / : |
. .
3 foo|- ==~ ./.. . due to loading after losses :
@ [/ ;
// '
] ]
] 1
y o -
1 {
y/ I :
] 1
[} [}
4 &
Distance from free end

Figure 3.15: Assumed steel stress distribution along the flexural bond length

As can be seen from Table 3.3, the bond strengths varied from 6.7 MPa to 8.3 MPa along
the transfer length. Also the bond strengths varied from 3.1 to 5.4 MPa along the flexural bond
length. The average of these values were used in the transfer length and development length
expressions. In computing the average bond strength, the higher bond strengths for the slightly

rusted 9.5 mm strand were not included in the data.
3.2.6 Influence of Concrete Strength on Transfer and Development Length

The bond strengths given in Table 3.3 were obtained from tests on bond specimens having

a concrete compressive strength of 25 MPa. Several rescarchers have shown that the transfer
length and flexural bond length are inversely proportional to \/E' (e.g., Mitchell es al 1993).

Hence, to include the effect of concrete strength on both the transfer and development lengths,
Eqgs. (3.56) and (3.57) can be expressed as:
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(MPa, mm) (3.58)

and:

R -lrmJ75 Tn \Fi( (MPa, mm)  (3.59)
¢i u c uj‘bmu

For seven wire strand , k isabout0.19 d, . The assumption of a triangular bond stress

distribution is more compatible with the measured variation of relative slip along the length of the

strand (see Fig. 3.10) than the assumption of a uniform bond stress distribution. Therefore the
factor e will be conservatively taken as 2. The average values of u, . and up, . are7.46 and

3.47 MPa, respectively. Hence:

¢ = 0255 ﬁ’f—; d, (MPa, mm) (3.60)
and:
(s L)
¢, = 0255 —= d, + 0.548 d, (MPa, mm)(3.61)

3.2.7 Comparison of Proposed Equation with ACI Development Length Expression

Tabie 3.4 compares the development lengths predicted from Eq. (3.61) with those predicted
using the ACI empirical expression (Eq. (3.47)). These predicted lengths are based on a concrete

strength, f:, = 21 MPa at release, initial prestressing stress, f; = 1290 MPa, an ultimate

concrete strength of f;’ = 25 MPa, an effective prestressing stress, after all losses, f,, =

1080 MPa and a stress in the pretensioning strand at the critical section, fp, = 0.9 f”

1674 MPa.
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Table 3.3: Experimentally determined bond strengths for strand

Specimen db Uy e Ugy max
(mm) (MPa) (MPa)
9.5A1 9.5 7.7 —
9.5A2 9.5 6.7 -
9.5A3 9.5 7.8 .
13A1 13 6.9 -
13A2 13 6.9 —
13A3 13 75 -

16A1 16 8.3 -——-
16A2 16 7.1 -
16A3 16 8.2 e
9.5B1 9.5 --- 4.2
9.5B2 9.5 — 5.4

| 9.5B3 9.5 ---- 4.9
13B1 13 — 3.6
1382 13 —-—- 35
13B3 13 - 33
16B1 16 ——— 3.6
16B2 16 -— 3.7
16B3 16 -— 3.1

As can be seen from Table 3.4, both methods give the same development length.
However, the ACI equations have a shorter transfer length and a longer flexural bond length than
that proposed. The basic bond tests performed as part of this research program enable a direct
comparison of the bond strengths for both the transfer length and the flexural bond length. In

addition, the proposed expressions account for a wide range of concrete strengths.



Table 3.4: Comparison of predicted and ACI expression for development length

d, Development length, (mm)
(mm) ACH Proposed
=4+ =0+, b, prop. | L act
8.5 1311 = 493 + 818 1300 = 682 + 618 0.99
13 1794 = 674 4 1120 1779 = 933 + 846 0.99
16 221%: 829 + 1379-_ 2190 = 1148 + 1042 . 0.99
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Chapter 4

EXPERIMENTAL STUDIES OF CRACKING
IN REINFORCED CONCRETE ELEMENTS

"The basics apply to the most sophisticated structures”
Ben C. Gerwick, Jr., 1988

The primary objective of this chapter is to study the basic concepts necessary to understand
the bhaviour of simpie structural members such as tension elements, beams and slabs. The effects
of different concretes, such as normal-strength, high-strength and steel-fibre reinforced concrete,
are studied. Different sizes of uncoated reinforcing bars and bars with one of two different epoxy
coating thicknesses were used to investigate the influence of epoxy coatings on the post-cracking

response of typical reinforced concrete elements.
41 RESPONSE OF MEMBERS SUBJECTED TO PURE TENSION

This section describes the experimental program and test results of series of tension
specimens carried out. The purpose of these series of tests was to determine the influence on
cracking of:

() reinforcing bar sice;

(b) epoxy-coating on the rein’orcing bars;

(¢) concrete strength; and

(d) steel fibre-reinforced concrete.

Forces are transferred from the reinforcement to the concrete by bond stress which is of

fundamental importance in the response of reinforced concrete members subjected to tension.
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Fig. 4.1 illustrates the mannet in which the axial load is shared between the concrete and

the reinforcement and how this load sharing is influenced by the formation of cracks. Prior to
cracking (see Fig.4.1(a)) the load carried by the concrete, T, , and the load carried by the
steel, T, , remain constant along the length of the member. After the first primary crack

forms, T, and T, are no longer constant along the member (see Fig. 4.1(b)).
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Figure 4.1: Load sharing between concrete and reinforcement, adapted
from Collins and Mitchell (1991)
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The load sharing along the length of the member for a fully developed crack pattern is
shown in Fig. 4.1(c). The distribution of steel stress, f, , bond stress, u , and* concrete
stress, f. , is shown in Fig. 4.2. Figure 4.3 shows the tension versus elongation response of a
reinforced concrete element and the response of the reinforcement alone ("bare bar" response).

The tension carried by the concrete, T, , stiffens the response. This "tension stiffening” effect

is important in reducing deformations in reinforced concrete elements.
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Figure 4.2: Distribution of steel stress, bond stress and concrete stress

in a tension specimen, adapted from CEB Manual {1985)
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Figure 4.3: Influence of tension in concrete on load-deformation response,
adapted from Collins and Mitchell (1991)
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4.1.1 Response of Normal-Strength Concrete Tension Specimens

This section describes the behaviour of fifteen tension specimens each containing a single
reinforcing bar. The purpose of this part of the study is to investigate the influence of bar size and
epoxy coating thickness on tension stiffening and cracking in normal-strength concrete specimens,

Both splitting cracks and transverse tensile cracks are studied.
4.1.1.1 Test Program

Figure 4.4 shows the geometry and instrumentation for a typical tension specimen. All of
the speciméns had a length of 1500 mm. A single reinforcing bar with minimum concrete cover
of approximately 40 mm, was provided in each specimen. The specimen was varied so that the
reinforcement ratio, p, was a constant 1.23%. The reinforcing bar extended 250 mm outside of

the ends of the concrete.

LVDT

1500 mm

Test set-up
Figure 4.4: Typical tension specimen
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The concrete compressive strength, f. , was obtained by testing standard cylinders having
a diameter of 150 mm and a height of 300 mm. The modulus of rupture, f, , was determined

from flexural tests on 100 mm by 100 mm by 400 mm long beams which were subjected to third-

point loading over a span of 300 mm.

Tests to determine the splitting tensile strength, f_ , were carried out on 150 mm diameter
by 300 mm long cylinders. The average compressive strength, f. , modulus of rupture, f, ,and

splitting strength, f._ , of the concrete were 34.9, 4.3 and 3.1 MPa, respectively. The testing of

the tension specimens, as well as the concrete specimens, was carried out at an average concrete
age of 105 days.

The nominal diameters of the bar sizes used were 10 mm, 15 mm, 20 mm, 25 mm and 30
mm and all had a specified yield strength of 400 MPa. Three different surface conditions were
provided on each reinforcing bar size. The specimens labelled "C0O" contained uncoated bars,
while those labelled "C1" and "C2" contain bars with epoxy coating thicknesses of 6-8 mils and
10-12 mils, respectively. Table 4.1 presents the details of the specimens tested.

The test setup consisted of a loading frame transmitting the load through a set of tension
grips at the top and the bottom of the reinforcing bar. This resulted in tension being transferred
from the steel reinforcing bar to the reinforced concrete section. A linear voltage differential
transducer (LVDT) was placed along each side of the specimen as shown in Fig. 4.4. These
transducers, which were clamped to the steel reinforcing bar just outside of the concrete, measured
the total elongation of the reinforced concrete specimen. At each load stage the cracks were
measured using a crack width comparator. The complete response of each specimen is described

by plotting the applied tension versus the average member elongation,

4.1.1.2 Load Deflection Responses

Figure 4.5 shows the tension versus elongation responses of two specimens, C0-10 and
C0-30, reinforced with No. 10 and No. 30 uncoated reinforcing bars, respectively. Also shown
in this figure is the response of a bare bar (i.e., without concrete), Due to shrinkage of the
concrete the elongation of the specimens is negative prior to load application. An average free
shrinkage strain of - 0.3 x 10-* was determined from strain measurements on 100 mm by 100 mm

by 400 mm long shrinkage specimens which had the same curing conditions as the test specimens.
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Table 4.1: Details of normal-strength concrete tension specimens

Specimen Crgss- d, Mfaasqred Type. of T, | A,f, Average | Max,
sectional yielding | cracking crack crack
dimensions stress, spacing | spacing

mm) | (mm) @:;a) (mm) | (mm)

C0-10 90 x 90 11.3 420 T — 167 200

C1-10 90 x 80 11.3 460 T - 187 260

C2-10 90 x 90 11.3 460 T “m- 167 240

C0-15 95 x 170 | 16.0 480 T-S 1.00 214 295

C1-15 95 x 170 | 16.0 480 T-8 0.68 300 340

C2-15 95x170 | 16.0 480 T-S 0.63 300 385

C0-20 100 x 245 | 19.5 440 T-S 0.37 375 430

C1-20 100 x 245 | 19.5 440 T-8 0.34 500 650
C2-20 100 x 245 | 19.5 440 S
C0-25 105 x 387 | 25.2 440 )
C1-25 105 x 387 | 25.2 450 S
C2-25 105 x 387 | 25.2 450 S
C0-30 110 x 515 | 29.9 530 S
C1-30 110 x 515 | 29.9 530 S
C2-30 110 x 515 | 29.9 530 S

T = transverse cracks
S = splitting cracks

As can be seen, each specimen includes elastic uncracked, post cracking and post yielding
regions. In specimen CO0-10, containing a No. 10 reinforcing bar, no splitting cracking was
observed during the test and therefore the specimen showed significant tension stiffening even after
transverse cracking (Fig. 4.5(a)). Specimen C0-30 experienced only splitting cracks during the test
and hence rapidly lost its tension stiffening after these cracks formed (See Fig. 4.5(b)).

Figure 4.6(a) shows the tension versus elongation responses of specimens containing
uncoated reinforcing bars. Figures 4.6(b) and 4.6(c) give the tension versus elongation responses
for the specimens containing bars with epoxy coating thicknesses of 6-8 mils and 10-12 mils,

respectively.
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Figure 4.5: Tension responses of normal-strength concrete specimens

reinforced with uncoated bars

Table 4.1 shows the ratio of the tensile force at the start of splitting cracks to the yield
force of the reinforcing bar (7, / A, f,). As can be seen, no splitting cracks were observed in

the specimens containing No. 10 bars. The splitting cracks in the tension specimen containing an
uncoated No. 15 bar started just as the reinforcing bar yielded. Also, this table shows that splitting
cracks started at lower tensions for specimens reinforced with epoxy-coated bars than for those
containing uncoated bars. Also longer splitting cracks were observed at the top and bottom of the

specimens as the bar size increased.
4.1.1.3 Cracking Behaviour

Figure 4.7 shows the crack patterns for specimens having different sizes of reinforcing bars
having 6-8 mil epoxy coating. As can be seen, specimen C1-10, containing a No. 10 bar, has only
transverse cracks, while specimen C1-30, containing No. 30 bar, exhibits only splitting cracks.

The potential for forming splitting cracks increases as the bar diameter, d, , increases and as the
concrete cover, ¢ , decreases. Recently, North American codes of practice (ACI 1989; CSA

1994b) have introduced development length expressions which account for the ratioc / d,, .
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The first crack which appeared in specimen C0-15 was a transverse crack, while the first crack
which appeared in specimen C2-15, containing a 10-12 mil epoxy-coated bar, was a splitting crack.
Coucrete codes (ACI 1989; CSA 1994b) have introduced modification factors for calculating the

development length of epoxy-coated bars, which depend on the ratio ¢/d, . This accounts for the

detrimental effect splitting cracks have on the development length especially in the presence of
epoxy-coated bars. The splitting crack observed in the specimen with an epoxy-coated bar is due
to less bond strength in this specimen compared to the companion specimen with an uncoated bar.
The first crack observed in specimens, C0-25, C1-25 and C2-25, having No. 25 bars, was a
splitting crack. Specimen C0-20, containing an uncoated No. 20 bar, had an initial crack that was
transverse to the longitudinal axis, whereas specimens C1-20 and C2-20, with epoxy-coated bars,
had initial cracks which were splitting cracks.

Figure 4.8 compares the crack widths of tension specimens reinforced with different bar
sizes. Figure 4.8(a) shows the influence of bar size on the crack width of tension specimens CO-
10, C0-15 and C0-20, containing uncoated bars. Figure 4.8(b) compares the crack widths of
specimens with the 5-8 mil epoxy coating thickness on the reinforcing bars (C1-10, C1-15 and C2-
20), while Fig. 4.8(c) compares the crack widths of the specimens with the 10-12 mil epoxy
coating thickness on the reinforcing bars (C2-10, and C2-15). As can be seen, specimens
containing larger bar sizes have larger crack widths.

The average crack spacing was measured on the specimens having transverse cracks. Table
4.1 shows the average crack spacing for the different specimens. The specimens with smaller bars
have smaller crack spacings than those with the larger bars and the specimens containing epoxy-
coated bars have larger crack spacings than the specimens with uncoated bars, except for the

specimen with a No. 10 bar having a 10-12 mil epoxy coating thickness (C2-10).



Figure 4.7: Transverse tensile cracks and splitting cracks in specimens
C1-30, C1-25, C1-20, C1-15 and C1-10
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Figure 4.8: Influence of bar size on crack widths for normal-strength concrete specimens
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4.1.2 Influence of High-Strength Concrete

In order to determine the effect of high-strength concrete, fifteen high-strength concrete
tension specimens, reinforced with a single bar, were tested. The main interest was to investigate
the effect of high-strength concrete on the tension stiffening and cracking behaviour of tension
specimens. The high-strength concrete specimens had an average concrete strength of 90 MPa,
a modulus of rupture of 9.8 MPa and a tensile splitting strength of 6.3 MPa. Table 4.2 presents
the details of the specimens tested. At each load stage the cracks were measured using a crack

width comparator.
4.1.2.1 Load Deflection Responses

Figures 4.9(a) and 4.9(b) show the tension versus elongation responses of specimens made
with normal-strength and high-strength concrete and reinforced with No. 10 and No. 30 bars. Also
shown in these figures are the responses of the bare bars (i.e., without concrete). Due to shrinkage
of the concrete the elongation of the specimens is negative prior to load application. The average
shrinkage strain of the normal-strength and high-strength concrete specimens was about -0.3 x 102,
It must be noted, however, that the normal-strength concrete specimens were tested at an age of
105 days, whereas the high-strength concrete specimens were tested at an age of 135 days. In the
specimens reinforced with a No. 10 bar, the high-strength concrete specimen exhibits a larger
stiffness than the normal-strength concrete specimen, both before and after cracking. Also the
high-strength concrete specimens have a higher cracking load than the specimens made with
normal-strength concrete. The high-strength concrete specimens reinforced with a No. 30 bar
exhibited a higher cracking load than the specimen made with normal-strength concrete. Due to
presence of splitting cracks, the responses of the high-strength and normal-strength concrete
specimens are similar after cracking.

Figure 4.10 shows the responses of tension specimens reinforced with different bar sizes.
Figures 4.11 and 4.12 compare the influence of high-strength concrete on the responses of

specimens reinforced with No. 20 and No. 25 bar sizes. These tests demonstrate how the type of
cracking influences tension stiffening. As the c/d, ratio reduces (i.e., for the larger bar sizes)
splitting cracks become more predominant (see Fig. 4.9) and give rise to significant reductions in

tension stiffening.
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Table 4.2: Details of high-strength concrete tension specimens

T = transverse cracks
S = splitting cracks

Specimen S:c-tion d, Measured | Type of T, ! A,J, Average | Max.
dimension yield cracking crack crack
stress, spacing | spacing
%,

(mm) | (mm) | (MPa) (mm) | (mm)

HCO0-10 90x9 | 113 420 T — 167 300
HC1-10 | 90x90 | 11.3 430 T-S 0.88 187 320
HC2-10 90 x9 | 11.3 430 T-8 0.90 214 270
HCO0-15 | 95x 170 | 16.0 490 T-S 0.42 500 750
HC1-15 | 95x 170 | 16.0 490 T-S 0.41 750 850
HC2-15 | 95x 170 | 16.0 480 T-S 0.41 750 930
HC0-20 | 100x245| 19.5 440 S 0.36 -— -
HC1-20 { 100x245 | 19.5 450 S 0.32 -— -
HC2-20 | 100x 245 | 19.5 450 S 0.32 -— -
HC0-25 | 105 x 387 | 25.2 440 S 0.26 - -
HC1-25 | 105 x 387 | 25.2 480 S 0.23 - -
HC2-25 | 105 x 387 | 25.2 460 ) 0.16 -— -
HCO0-30 | 110 x 515 | 29.9 530 S 0.18 - -—
HC1-30 | 110x 515 | 29.9 530 S 0.17 -— -
HC2-30 | 110 x 515 | 29.9 520 S 0.14 — -—

Therefore the specimens with very large bar sizes exhibit responses which approach the bare-bar
responses after cracking. The influence on tension stiffening of epoxy coating on the bars is also
apparent from Fig. 4.11 and Fig. 4.12. The presence of epoxy coating on the bars gives rise to
more splitting cracks and hence gives reduced values of tension stiffening. Also, as the epoxy

coating thickness increases, the tension stiffening decreases.
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Figure 4.9: Influence of concrete strength on tension stiffening

Table 4.2 shows the ratio of the tensile force corresponding to the formation of splitting
cracks to the yield force. All of the high-strength concrete specimens showed splitting cracks
except specimen HC0-10, reinforced with a No. 10 uncoated reinforcing bar (see Table 4.2). By
comparing Tables 4.1 and 4.2, it is evident that more splitting cracks were observed for the high-
strength concrete specimens. Table 4.2 also shows that splitting cracks started at smaller tensile
forces for the specimens reinforced with epoxy-coated bars, than for the specimens with uncoated

bars. Also the length of the splitting cracks at the top and bottom of the specimens increased for
larger bar sizes.

4.1.2.2 Cracking behaviour

Figure 4.13 shows the crack patterns of the high-strength concrete specimens having
different sizes of reinforcing bars with the 6-8 mil epoxy coating. As can be seen more splitting
cracks were observed for the specimens reinforced with larger bar sizes.

Figures 4.14 and 4.15 show the crack widths of specimens reinforced with No. 10 and
No. 15 bar sizes, respectively. These figures show that the use of higher strength concrete
generally reduced the crack widths at service load levels.
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Figure 4.13: Transverse tensile cracks and splitting cracks in specimens
HC1-10, HC1-15, HC1-20, HC1-25 and HC1-30
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4.1.3 Influence of Steel Fibres on Response of Tension Specimens

Addition of fibres to concrete makes it more homogeneous and isotropic and can
significantly improve the tensile strength and ductility. Tensile behaviour of steel fibre concrete
has been studied by several researchers ( Lim er al 1987; Mitchell et al 1994). This section
describes the behaviour of twelve tension specimens. Six specimens were constructed with normal-
strength concrete and six specimens were constructed with high-strength concrete. In each batch
of six specimens the variables were the presence of fibres (with or without) and the thickness of
epoxy coatings on the bars (no coating, 6-8 mil coating and 10-12 mil coating). The purpose of
this section is to investigate the effect of steel fibres on the behaviour of reinforced concrete
elements subjected to pure tension. The influence of concrete strength and thickness of epoxy
coatings were also studied.

4.1.3.1 Material Properties

In this testing program, hooked-end steel fibres, produced by the Bekaert Steel Wire
Corporation, were used to attain 1 percent fibre reinforcement (76.8 kg/m®) by volume of concrete.
The fibres had lengths of 30 mm and a diameter of 0.5 mm. The tensile strength of the fibre was
1200 MPa. Four different types of concrete were used in the testing program. These included
normal-strength concrete, with and without steel fibres and high-strength concrete, with and
without steel fibres. The concrete compressive strengths, f, , were obtained by testing standard
cylinders, having a diameter of 150 mm and a height of 300 mm. Figure 4.16 shows the typical
compressive stress-strain responses of the normal and high-strength concretes, with and without
steel fibres. As can been seen, the addition of 1% steel fibres has increased the compressive
strength by about 10%. However, the ductility of the compressive stress-strain response has been
significantly improved, for both normal and high-strength concrete (see Fig. 4.16).

The modulus of rupture, f, , was determined from flexural test specimens 100 mm by
100 mm by 300 mm long, loaded at their third points. Figure 4.17 shows the load-deflection
responses obtained from the modulus of rupture tests for the normal-strength concrete, with and
without steel fibres. As expected, the plain concrete specimen has no ductility, with brittle failure
occurring when the first crack forms. After the initial cracking of the fibre-reinforced concrete,
the specimen exhibited a sudden drop in load cartying capacity, but had some post-peak resistance
due to the presence of fibres which were bridging the cracks.
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The splitting tensile tests were carried out on 150 mm diameter by 300 mm long cylinders.
The results showed that the addition of fibres had a major effect on increasing the splitting tensile

strength, f, . A summary of the concrete material test results is shown in Table 4.3.

Table 4.3: Influence of steel fibres on concrete strength

" L fo t
(MPa) (MPa) (MPa)
Normal-strength No Fibres 28.5 2.8 44
| 1% Steel Fibres 30.8 4.8 5.1
High-strength No Fibres 65.8 5.1 -
1% Steel Fibres 74.6 7.5 6.8

All of the reinforcing bars used in the tension specimens were No. 15, with a specified
yield strength of 400 MPa and a measured yield stress of 480 MPa., Three different surface
conditions were provided on the No. 15 bars. The specimens labelied "C0O" contained uncoated
bars, while those labelled "C1" and "C2" contained bars with an epoxy coating thicknesses of 6-8
mils and 10-12 mils, respectively. Specimens CO, C1 and C2 were constructed with the normal-
strength concrete, having a compressive strength at the time of testing of 34.9 MPa (at an age of
105 days). Specimens FCO, FC1 and FC2 were constructed with normal-strength concrete
containing 1% steel fibres. The fibre reinforced concrete in these specimens had a compressive
strength at the time of testing of 30.8 MPa (at an age of 75 days). Specimens HCO, HC1 and HC2
were constructed with high-strength concrete, having a compressive strength at the time of testing
of 90 MPa (at an age of 135 days). Specimens FHC0, FHC1 and FHC2 were constructed with
high-strength concrete containing 1% steel fibres, with the fibre reinforced concrete having a
compressive strength at the time of testing of 74.6 MPa (at an age of 75 days), 66.8 and 66.8 MPa
_ ( at an age of 55 days), respectively. Tables 4.4 and 4.5 summarize the composition and material
properties of the concrete used in the test specimens.
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4.1.3.2 Test Program

The test program consisted of a series of twelve tension specimens. Figure 4.18 shows

the geometry and instrumentation for a typical tension specimen. All of the specimens had cross-

sectional dimensions of 95 mm by 170 mm and had lengths of 1500 mm. A single No.15 bar was

provided in each specimen giving a reinforcement ratio, p, of 1.23%.

extended 250 mm outside of the ends of the concrete.

The reinforcing bar

Table 4.4: Composition and properties of the concretes used in tension specimens

| Concrete _;ormal-Strength High-Strength High-Strength
28-35 MPa 65-75 MPa 90 MPa

Cement, (kg/m®) 355 515° 515"

Water, (L/m°) 160 143 135

Sand, (kg/m?) 790 846 850 J

Coarse aggregate, (kg/m®) 1040 959 960 |

Water reducing agent, (mL/m?) 1110 1551 1565

Air entraining agent, (mL/m®) 200 - -

Superplasticizer, (L/m®) - 13.0 21.0

Water/cement ratio 0.45 0.30 0.29 “

Coarse aggregate size, (mm) 5to 20 5t 10 S5t 10 “

Slump, (mm) 150 200 60 ||

Air, (%) 7.0 30 1.8

Density, (kg/m®)

* Blended cement containing 7 - 8% of silica fume
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Table 4.5: Properties of concretes used in fibre-reinforced tension test series

Specimen £ (MPa) f, (MPa) 5, (MPa)
co 34.9 3.1 4.3
Cl 34.9 3.1 4.3
i C2 34.9 3.1 43
FCO 30.8 4.8 5.1
FC1 30.8 4.8 5.1
FC2 30.8 4.8 5.1
HCO 90 6.3 9.8
HC1 90 6.3 9.8
I HC2 %0 6.3 9.8
7.5 6.8
7.2 -
7.2 -—

The test setup consisted of a loading frame transmitting the load through a set of tension
grips at the top and the bottom of the reinforcing bar. This resulted in tension being transferred
from the steel reinforcing bar to the reinforced concrete section. A linear voltage differential
transducer (LVDT) was placed along each side of the specimen as shown in Fig. 4.19. These
transducers, which were clamped to the steel reinforcing bar just outside of the concrete, measured
the total elongation of the reinforced concrete specimen. At each load stage the cracks were
measured using a crack width comparator. The complete response of each specimen is described

by plotting the applied tension versus the average member elongation.
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Figure 4.18: Tension specimen C1 under load

4.1.3.3 Load Deflection Responses

Figure 4.19 shows the tension vetrsus elongation responses of two specimens made with
normal-strength concrete and reinforced with uncoated bars. Also shown in this figure is the
response of a bare bar. Due to shrinkage of the concrete, the elongation of the specimens is
negative prior to load application. An average free shrinkage strain of -0.3 x 10? was determined
from strain measurements on 100 x 100 x 400 mm long shrinkage specimens which had the same
curing conditions as the test specimens. As can be seen, the presence of 1% of steel fibres in the
concrete has resulted in an increase in stiffness before cracking and an increase in the cracking
load. After cracking, the specimen without fibres shows some tension stiffening as indicated in

Fig. 4.19. In this specimen, at crack locations, the reinforcing bar must carry all of the tension
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in the specimen. When the applied load causes localized yielding of the bar at a crack then an
abrupt loss of stiffness occurs (see Fig. 4.19). A key feature of fibre-reinforced concrete is the
ability of the fibres to bridge across cracks. Hence, at the locations of cracks in the fibre-
reinforced concrete, the fibres help the reinforcing bar to carry tension. This results in a
significant increase in the tension stiffening after cracking as can be seen in Fig. 4.19. This ability
also enables fibre-reinforced concrete members to develop loads greater than the yield force in the

reinforcing bar.

120
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80 4 T
60 @
[ i -L o
40 S :
P
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20 ~ — = no fibres
---------- No.15 bare bar
0 a 1 T v T r T r T v
-1.0 0.0 2.0 4.0 6.0 8.0 10.0

Elongation (mm)

Figure 4.19: Tension responses of normal-strength concrete

specimens reinforced with uncoated bars

Figure 4.20 shows the tension versus elongation responses of four specimens containing
uncoated reinforcing bars. Before cracking, the high-strength concrete specimens exhibit larger
stiffness than the normal-strength concrete specimens. Also, the high-strength concrete specimens
have a higher cracking load than the specimens made with normal-strength concrete.  After
cracking in the high-strength specimens there is a larger energy release at crack locations which
gives a sudden jump in the tension versus elongation response (see Fig. 4.20). It is interesting to
note that the responses of the high-strength and normal-strength concrete specimens, that did not
contain fibres, are almost identical after the development of significant cracking. The addition of
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fibres produces an increase in the tension stiffening for both strengths of concrete and enables the

specimens to develop tensions greater than the yield force in the reinforcing bar.

Figures 4.21 and 4.22 give the tension versus elongation responses for the specimens

containing bars with epoxy coating thicknesses of 6-8 mils and 10-12 mils, respectively,
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Figure 4.20: Tension responses of specimens reinforced with uncoated bars
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Figure 4.21: Tension responses of specimens reinforced with 6-8 mil epoxy-coated bars
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As can be seen the influence of concrete strength and the presence of steel fibres is similar to that
observed in the specimens with uncoated bars.

Figure 4.23 compares the tension responses of the specimens to indicate the influence of
epoxy coating thickness. It can be concluded that for these tension specimens, in which splitting
cracking was not a dominant feature, the presence of and thickness of epoxy coating did not have

a significant effect on the tension stiffening.
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Figure 4.22: Tension responses of specimens reinforced with

10-12 mil epoxy-coated bars

4.1.3.4 Cracking Behaviour

A typical crack pattern of the tension specimen constructed with normal-strength concrete
with no fibres is shown in Fig. 4.18(b). As can be seen, both tensile transverse cracks and
splitting cracks were observed during the test. In the specimens constructed with high-strength
concrete, without fibres, more splitting cracks along the specimens were observed. In the
specimens using steel fibres, no splitting cracks were observed during the test.

Figure 4.24 shows the crack widths of different specimens constructed with normal-strength
and high-strength concrete, with and without fibres, and reinforced with uncoated bars.
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Figure 4.23: Influence of epoxy coating thickness on the tension response

Figure 4.24(a) shows the influence of steel fibres on the crack widths of normal-strength concrete
specimens (C0 and FCO) and high-strength concrete specimens (HC0O and FHCO), respectively.
As can be seen from these figures, adding fibres significantly reduced the crack widths. Figure
4.24(b) shows the influence of concrete strength on the crack widths of specimens constructed
without fibres (CO and HCO) and with fibres (FCO and FHCO), respectively. These figures also
show that the use of higher strength concrete reduced the crack widths. Figure 4.25 compares the
crack width of specimens reinforced with uncoated bars and bars with epoxy coating thicknesses
of 6-8 mils and 10-12 mils. Specimens containing epoxy-coated bars have higher crack widths than
those with uncoatgd bars. In addition, increasing the coating thickness resulted in larger cracks.
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Figure 4.24: Influence of fibres and concrete strength on crack widths

in specimens with uncoated bars
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4.2 RESPONSE OF MEMBERS SUBJECTED TO FLEXURE

The importance of obtaining a better understanding of the failure mechanism of reinforced
concrete beams without web reinforcement has resulted in a large number of experimental and
analytical investigations (e.g., Kim and White 1991; Bazant and Kazemi 1991; Reineck 1991; Kani
et al. 1979; Abrishami et al. 1994). This section examines the flexural behaviour of normal and
high-strength concrete beams, constructed with either uncoated bars or with bars having one of two
different epoxy coating thicknesses. This enabled a study of the effect of concrete strength and
coating thickness on the flexural response, crack control, ductility and failure mechanism. This
initial program examined the response of beams without web reinforcement in order to study the

combined effects of bending, shear and bond in high-strength concrete members.
4.2.1 Test Program

The test program consisted of a series of six beams, the details of which are given in
Fig. 4.26. All of the beams were 200 mm wide, 400 mm dcep and had a span of 4.5 m. Two
No. 20 bars were provided in each beam giving a reinforcement ratio, p,, of 0.0088. The clear
concrete cover provided was 50 mm. It is noted that no shear reinforcement was used in this
study. Two types of concrete, normal and high-strength, were used in this test series. Table 4.6
gives the composition of these concretes. The concrete compressive strengths were obtained by
testing standard cylinders, having a diameter of 150 mm and a height of 300 mm. Figure 4.27
shows compressive stress-strain responses of the normal and high-strength concretes having average
compressive strengths of 32 MPa and 90 MPa at the time of testing, respectively. The average
splitting tensile strengths, f , were 3.0 MPa and 6.3 MPa for the normal and high-strength
concretes, respectively. The splitting tests were carried out on 150 mm diameter by 300 mm long
cylinders. The average moduli of rupture, f, , were 4.1 MPa and 9.8 MPa for the normal and
high-strength concretes, respectively. These tests were carried out on 100 mm by 100 mm by
400 mm long beams which were subjected to third-point loading over spans of 300 mm.

Figure 4.28 shows a typical stress-strain response for the No. 20 reinforcing bars which
all came from the sarne lot. Three different surface conditions were provided on the No. 20 bars.
The beams labelled "UCB" contained uncoated bars, while those labelled "C1B" and "C2B"
contained bars with epoxy coating thicknesses of 6 to 8 mils (0.15 to 0.2 mm) and 10 to 12 mils
(0.25 to 0.3 mm), respectively.
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Figure 4.26: Details of beam specimens and instrumentation

Beams UCB, C1B and C2B were constructed with normal-strength concrete, while beams HUCB,
HCI1B and HC2B were made with high-strength concrete. The beams were simply supported and
were subjected to two point loads as shown in Fig. 4.26. The loads were applied by means of
hydraulic actuators and controlled by load cells. At each load increment the midspan deflection
was measured by linear voltage differential transformers (LVDT’s). Longitudina! strains were
obtained from mechanical strain targets, having a gauge length of 200 mm, glued to the concrete
at the level of the reinforcement with matching strain targets located either on the top surface or
60 mm from the top surface of the specimens (see Fig. 4.26). At each load stage the cracks were
measured using a crack width comparator.

4.2.2 Test Results

First flexural cracking
Table 4.7 shows the loads, P,, , when the first flexural cracks were chserved. This table

also shows the crack widths and the lengths or heights of the first cracks above the bottom face of
each beam. As expected, the high-strength concrete beams had larger applied loads at first
cracking than the normal-strength concrete beams.
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Figure 4.28: Typical stress-strain response of reinforcing bars
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Table 4.6: Composition and properties of the concretes used in flexural specimens

Concrete Normal-Strength High-Strength I
|| Cement, (kg/m®) 355 515°
Water, (L/m*) 160 135
Sand, (kg/m®) 790 850
Coarse aggregate, (kg/m®) 1040 960
Water reducing agent, (mL/m®) 1110 1565
Air entraining agent, (mL/m’) 200 -
Superplasticizer, (L/m®) - 21.0
Water/cement ratio 0.45 0.29
Coarse aggregate size, (mm) 51020 5t 10
Slump, (rmum) 150 60
Air, (%) 7.0 1.8
Density, (kg/m®) 2300 2505

* Blended cement containing 7 - 8% of silica fume

All of the first cracks in the normal-strength concrete beams were hairline in width, while the first
cracks in the high-strength concrete beams were slightly wider (about 0.05 mm). Due to the larger
cracking stress of the high-strength concrete, a larger amount of energy is released upon cracking,

resulting in the propagation of longer and wider initial cracks (see Table 4.7).

Load-deflection behaviour

The load-deflection responses of all six beams tested are shown in Fig. 4.29. As can been
seen, there are three different behavioral stages, pre-cracking, post-cracking and post-yielding.
As expected, the high-strength concrete beams had higher stiffnesses than the normal-strength
concrete beams both before and after cracking. The high-strength concrete beams had higher loads
at cracking, at yielding and at ultimate than the normal-strength concrete beams. As can be seen
from Fig. 4.29, the presence of the epoxy coatings on the reinforcement did not significantly affect
the stiffness or ultimate capacity.
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Table 4.8 gives the applied loads and corresponding midspan deflections at flexural yielding
and at ultimate load and the modes of failure. The presence of different thicknesses of epoxy
coating on the reinforcement has little effect on the loads to cause both flexural yielding and
ultimate. The measured midspan deflections of the high-strength concrete beams are smaller than
those of the normal-strength concrete beams at both yield and ultimate load levels. The maximum
deflections achieved varicd from 42.8 mm for specimen HC2B (high-strength beam with largest
thickness of epoxy coating) to 83.4 mm for specimen UCB (normal-strength beam with uncoated
bars).

Table 4.7: Conditions at first cracking

Beam M, Deflection Crack Crack length
width
(kN) (kNm) (mm) (mm) (mm)
UCB 6.2 17.2 1.5 hairline 63
CiB 4.0 13.4 1.2 hairline 50
C2B 4.4 14.1 1.1 hairline 46
HUCB 9.5 23.0 1.2 0.05 124
0.8 0.05 200
1.1 0.05 240 |

Note: Moment at midspan = P x 1.75 + 6.4 kNm

The displacement ductilities, taken as the deflection at maximum load level divided by the
deflection at first yielding, A /A,, are also shown in Table 4.8. From Table 4.8 and Fig. 4.29 it
is evident that the presence of epoxy coating decreases the ductility, for both the normal and
high-strength concrete beams. It is also noted that, &3 the epoxy coating thickness increases, the
ductility decreases, The lowest displacement ductility was 1.91 for the high-strength concrete
beam, HC2B, reinforced with bars having the 10-12 mils epoxy coating. Both the normal and
high-strength concrete beams (UCB and HUCB), having uncoated bars had the maximum observed
displacement ductilities of 3.37 and 3.44, respectively.
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Figure 4.29: Load-deflection responses of beam specimens with different

epoxy coating thicknesses on the reinforcement

Table 4.8: Summary of test results at yielding and ultimate

" F = Flexural yielding followed by concrete crushing

F-B = Flexural yielding followed by diagonal tension and bond splitting failure
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Beam Yielding Ultimate Ductility | Mode of
P, A, P, A, AJA, failure’
LI (kN) (mm) (kN) (mm)
UCB 42.2 24.7 48.5 83.4 3.37 F
C1B 42.5 25.2 48.3 770 3.05 F
LF C2B 423 26.6 48.8 63.9 2.40 F
HUCB 44.5 21.0 50.8 72.3 344 F-B
HC1B 4.5 22.5 51.6 66.9 2.97 F-B
HC2B 43.3 224 48.8 42.8 1.91 F-B




4.2.3 Comparison of test results and analysis

In order to predict the flexural response of the specimens the computer program
"RESPONSE" (Collins and Mitchell 1991) was used. This program, which carries out a "plane
sections” analysis is capable of simulating the concrete compressive stress-strain curves for a wide
range of concrete strengths. The predicted moment capacities using program RESPONSE and
using the ACI Code (ACI 1989) equations are compared with the test results in Table 4.9, The
test results include the dead load moment due to the beam self-weight and the moment due to the
loading apparatus (6.4 kNm at midspan). The predictions using the ACI equations and program
RESPONSE, neglecting strain hardening of the reinforcement, both provide similar and
conservative predictions of the flexural capacities. Comparisons of the predicted capacities,
accounting for strain hardening of the reinforcement, with the observed capacities indicates that the
normal-strength concrete beams were capable of developing high strains in the reinforcement.
Although the high-strength concrete beams reached flexural yielding, they failed due to diagonal

tension and bond splitting cracks, before attaining significant strain hardening in the reinforcement.

Table 4.9: Comparison of predicted and experimental results -

Beam Observed Prediction using "RESPONSE" ACI Prediction
Ultimate M
M, no strain with strain no strain
hardening hardening hardening
(kNm) (kNm) (kNm) (kNm)

UCB 91.3 83.9 88.3 83.3
CIB 90.9 83.9 88.3 ' 83.3
C2B 91.8 83.9 88.3 83.3
HUCB 95.3 87.5 106.5 87.5
HCI1B 96.6 87.5 106.5 87.5
87.5 106.5 87.5
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4.2,4 Influence of epoxy coating and concrete strength on cracking

Three different types of cracks were observed during the tests; flexural cracks, splitting
cracks and diagonal tension cracks. Flexural cracking occurred early in the testing in the constant
moment region. This was followed by flexural cracks outside of this region and splitting cracks
appearing at the level of reinforcement before reaching yielding of the reinforcement. Before
yielding, all of the beams had splitting cracks, except the high-strength concrete beam (HUCB) that
was reinforced with uncoated bars. More splitting cracks were observed in the beams having bars
with the 10-12 mils epoxy coating than in the beams having bars with the 6-8 mils coating. More
extensive splitting cracks were observed in the constant moment region of the normal-strength
concrete beams, than in the high-strength concrez beams having the same coating thickness.
Before reaching the ultimate load, diagonal cracks were observed in the normal-strength concrete
beams. Eventually crushing occurred in the compressive zone causing flexural failure of the
normal-strength concrete beams. In these beams, diagonal cracks had formed close to failure
which turned into splitting cracks at the level of the bars. This was more noticeable in beam
HC2B, having the 10-12 mils epoxy coating on the bars. Figure 4.30 shows the three normal-
strength concrete beams after failure. In the high-strength concrete beams, after flexural yielding,
diagonal tension cracks formed which initiated splitting cracks near the ends of the beams. The
failures of the high-strength concrete beams were very sudden, with simultaneous crushing of the
concrete compression zone and bond-splitting failures near the beam ends. Figure 4.31 compares
the appearance of the three high-strength concrete beams after failure. The small adhesion between
the concrete and the coated bars and the larger splitting forces led to the total loss of the concrete
cover during failure for beams HC1B and HC2B.

Figure 4.32 compares the average crack widths of normal and high-strength concrete beams
for different bar coating thicknesses. These flexural crack widths were measured at the level of
the reinforcement and the average crack width was determined from the cracks in the constant
moment region. It is clear that the higher strength concrete beams displayed smaller average crack
widths than the companion normal-strength concrete beams. Table 4.10 gives the average crack
spacings (determined over the constant moment region), average crack widths and maximum crack
widths for the six specimens tested. It is clear that the presence of epoxy coating results in fewer

cracks (i.e., larger crack spacings), but larger crack widths.
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Figure 4.30: Normal-strength concrete beams after failure; top, beam UCB;
middle, beam C1B; and boitom, beam C2B.

Figure 4.31: High-strength concrete beams after failure; top, Beam HUCB;
middle, Beam HC1B; and bottom, beam HC2B.
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Figure 4.32: Influence of concrete strength on average crack widths
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Table 4.10: Observed crack widths at service load level (0.6 of M, )

Beam Average Averape Maximum
Crac Crac Crack
Spacing Width Width
mm) (mmm) (mm)
it ucCB 143 0.17 0.22
CiB 167 0.23 0.30
C2B 167 0.24 0.35
HUCB 125 0.13 0.25
HCI1B 200 0.16 0.25
HC2B 250 0.19 027 ]

Figure 4.33 shows the load versus average crack widths and the load versus maximum
crack widths for all of the beams. The beams with uncoated bars showed smaller average crack
widths at service load moments (assumed to be 60% of M, ) than the beams with the coated bars.

This figure also shows that for normal-strength concrete, the coating thickness has a significant
effect on the maximum crack width at service load levels. Figures 4.32 and 4.33 demonstrate that
the use of high-strength concrete, with its higher tensile strength, results in smaller flexural crack
widths at service load levels. In addition, the maximum crack width is not as sensitive to the

presence of epoxy coating on the reinforcement when high-strength concrete is used.

4.2.5 Failure Mechanisms

In the normal-strength concrete beams, after significant flexural cracking and the
development of large strains in the reinforcement, diagonal tension cracks formed with flexural
failure of the beams occurring by crushing of the compression zone. In the high-strength concrete
beams, after flexural yielding, the ductility was limited by sudden failures. Figure 4.34 shows the
sequence of events leading to the sudden failure of specimen HC1B, captured by slow motion video
taping. The diagonal tension crack precipitated the failure by propagating towards the loading
point and towards the tension reinforcement. This resulted in simultaneous flexural-shear crushing
near the load point and bond-splitting along the reinforcement towards the support.

There are several contributing factors which resulted in the sudden failures in the
high-strength concrete beams.
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Figure 4.33: Influence of coating thicknesses on average and maximum crack widths

As observed by other researchers (ACI 1992; Johnson and Ramirez 1989) there is less aggregate
interlock across diagonal tension cracks in high-strength concrete beams. This is due to the fact
that cracks pass through the aggregates, instead of around the aggregates, because of the higher
strength of the aggregate-paste interface. Thetefore, for beams without shear reinforceinent, upon
opening of the diagonal crack, significant dowel forces are set up in the longitudinal reinforcement.
In addition, the presence of high-strength concrete gives rise to highly concentrated bond stresses
at the critical section (Azizinamini ef @l. 1993). The highly concentrated bond stresses at the

location of the diagonal crack results in higher bond splitting forces adjacent to this critical section.
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Figure 4.34: Sequence of failure in high-strength concrete beam HC1B
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The combined effects of higher dowel forces and higher bond stresses in high-strength concrete
beams can result in a sudden splitting failure in the concrete in a plane through the reinforcing
bars. Figure 4.34(c) shows this failure mechanism. The high-strength concrete beams with epoxy
coated bars displayed less ductility (see Table 4.8) and resulted in complete loss of the concrete
cover (see Fig. 4.34(d)).

It is important to note that the high-strength concrete beams tested would not have required
minimum shear reinforcement using the ACI code (ACI 1989) approach. The presence of shear
reinforcement would have a twofold effect: it would help to control the diagonal tension cracks and
would help to control the dowel-splitting and bond-splitting cracks. An intermediate layer of
longitudinal bars would result in higher shear capacity (Collins er af. 1993) and would have

reduced the dowel forces in the tension reinforcement.
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4.3 RESPONSE OF SLAB-COLUMN CONNECTIONS

Although some research has been conducted by Nawy and Orenstein (1970), Nawy and
Blair (1971) and Clark (1973) on the prediction of flexural crack widths in two way slabs, little
work has been done on the effect of epoxy coatings on the flexural cracking (Abrishami et al.
1994). The research reported in this section investigates the effect of epoxy-coatings on
reinforcement on the cracking behaviour of slab-column connections. The influence of concrete

quality and thickness of epoxy coatings were also studied.
4.3.1 Test Program

A typical parking garage .structure was chosen as the prototype structure. Figure 4.35(a)
shows the prototype structure with a 4 bay by 4 bay flat plate slab having 5 m spans. The
computer program "ADOSS" (CPCA 1987) was used to design the 200 mm thick slab according
to the CSA Standard (CSA 1984). A typical test specimen, shown in Figure 4.35(b), represents
a full-scale interior slab-column connection. The test program consisted of a series of six slab-
column connection specimens, each with slab dimensions of 2 m by 2 m by 200 mm thick
supported on a 300 by 300 mm column. Figure 4.36 shows the geometry and reinforcement details
for a typical specimen. The No. 15 top reinforcing mat had a 40 mm cover and the No. 15 bottom
bars had a 20 mm cover.

The slabs were divided into two series: one with normal-strength concrete having a water
cement ratio of 0.45 and no special curing conditions aud the other series with high-performance
concrete having a water cement ratio of 0.31 and subjected to 5 days of moist curing. Each series
of slabs was constructed with uncoated bars and bars with two different epoxy-coating thicknesses.
All the specimens were stripped from their timber formwork after 4 days. Table 4.11 summarizes
the mcterial properties of the concretes used in the test specimens. The concrete compressive

strengths, f. , were obtained by testing standard field cured cylinders, having a diameter of

150 mm and a height of 300 mm. The stress-strain relationships of the normal and

high-performance concretes are shown in Fig. 4.37. The modulus of rupture, f, , was determined

from flexural test specimens 100 mm by 100 mm by 400 mm long, and 150 mm by 150 mm by
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600 mm long, loaded at their third points over spans of 300 mm and 450 mm, respectively. The
splitting tensile tests were carried out on 150 mm diameter by 300 mm long cylinders. Figure 4,38
shows the measured shrinkage of the normal-strength and high-performance concrete control beams
(100 mm by 100 mm by 400 mm). As can be seen, the high-performance concrete had less
shrinkage than the normal-strength concrete. All of the control specimens used to determine the
concrete properties were cured in the same manner as the slab-column specimens. The average
concrete strengths are summarized in Table 4.12.

All of the reinforcing bars in the slab were No. 15 bars, with a specified yield strength of
400 MPa and a measured yield stress of 480 MPa. Three different surface conditions were
provided on the No. 15 bars. The specimens labelled "C0" contained uncoated bars, while those
labelled "C1" and "C2" contained bars with epoxy coating thicknesses of 6-8 mils and 10-12 mils,
respectively. Specimens C0, C1 and C2 were constructed with the normal-strength concrete, while

specimens HCO, HC1 and HC2 were constructed with high-performance concrete.

{a) prototype structure {5 m x 5 m bays)

----- strain targets

300 x 300 mm column

(b) slab-column specimen (2 m x 2 m)

Figure 4.35: Prototype structure and test specimen
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Table 4.11: Composition and properties of the concretes used in the slab specimens

e ————————ernana——

Characteristics Normal-strength concrete, High-performance
28 MPa concrete, 34 MPa
Cement (Type 10), {(kg/m®) 355 495
Fine aggregates, (kg/m’) 790 665
Coarse aggregates, (kg/m®) 1040 1080
Water, (I/m°) 160 155
Water-Cement ratio 0.45 0.31
Air-entraining agent, (ml/m®) 175 800
Water-reducing agent, (ml/m®) 1010 1550
Superplasticizer, (1/m?) -- 3200
Slump, (mm) 175 80
Air content, (%) 7.2 9
40
J water / cement =0.31
304
=
§ water / cement =0.45
wn
10
0000 ' 0001 0002 0003 | 0.004 | 0.005
Strain (mm/mm)

Figure 4.37: Concrete stress-strain relationships
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Figure 4.38: Measured shrinkage of the normal and high-performance concretes

Table 4.12: Measured concrete properties of slab specimens

7 days 21 days
L5 L fsp f* f;_ * ok
(MPa) (MPa) (MPa) (MPa) (MPa)
Normal-strength 24.0 27.6 3.0 34 2.9
concrete, w/c = 0.45
High-performance 30.1 34.2 33 4.1 34
concrete, w/c = 0.31

* Modulus of rupture from 100 mm by 100 mm by 400 mm: beam specimens

** Modulus of rupture from 150 mm by 150 mm by 600 mm beam specimens

The test setup consisted of four hydraulic jacks transmitting loads through threaded rods

passing through holes in the slab to loading plates on the top surface of the slab (see Fig. 4.35(b)).

Four linear voltage differential transducers (LVDT’s) measured the deflections of the slab at the

loading points which were 1.5 m apart. At each load stage the cracks were measured using a crack

width comparator, Strain targets were glued io the top surface of the slab around the column to

determine strains.
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To simuiate the stages of construction in the prototype structure each specimen was loaded
as described in Fig. 4.39. The specimens were first loaded at an age of seven days to produce
moments in the slab at the face of the column equal to the moments in the prototype structure due
to the slab self weight (4.8 kPa) and an additional superimposed construction load of 1.0 kPa. This
simulated the loading condition in the prototype structure after removal of the forms. The test
specimens were then unloaded and at an 2ge of 21 days were reloaded. During the second loading,
load stages were taken at loads corresponding to the self weight of the slab (4.8 kPa), an additional
superimposed dead load of 1.0 kPa, one half the live load and the full live load of 2.4 kPa. The
loading was then cycled three times between loads corresponding to service dead load and full
service loading (dead pius full live load) as shown in Fig. 4.39. After this cycling, the loads were

increased until yielding occurred in the reinforcement.

The self-weight of test specimen plus a concentrated load, P , equal to 23.6 kN at each corner
produced a moment at the column face equal to the moment due to self-weight in the prototype
structure. Additional loads at each corner of 5.3 kN and 13.0 kN, were used to simulate the
additional moment at the face of the column due to construction loads and live loads, respectively.
The moment at the face of the column is 1.2 P + 3.77 kNm, accounting for the self weight of the

specimen, the weight of the loading apparatus and the applied loading (a concentrated load, P , at

each corner),

\/\

at 7 days at 21 days
g ------ yielding
S
o=
o
a
=3
wl
I R Y U U U AL T r el D+l
LY N Y A WA WA WA R PPy D+121
89 - g~ | F ¥V ¥ ¥ emeeoceeoaen D
238 - Fl\-=----- | f e=ecmcmemreemeccmienaaiaas self weight

Time

Figure 4.39; Load stages in test specimens to simulate construction

and loading of prototype structure_
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4.3.2

Influence of epoxy coating and concrete quality on load versus strain response

Figure 4.40(a) and Fig. 4.40(b) show the load versus average strain responses of the
normai-strength (CQ, C1 and C2) and the high-performance specimens (HCO, HC1 and HC2),

respectively. The average strain was calculated from the eight strains measured from the strain

targets on the top surface of the slab around the column perimeter (see Fig. 4.35(b) and Fig. 4.40).
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Figure 4.40: Load versus average strain responses of test specimens
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The strain targets were positioned at a distance of 100 mm trom the face of the column and
were located to give gauge lengths of 200 mum. Larger measured average strains would result in
larger slab deflections. For the normal-strength specimens the presence of the 6-8 mil epoxy
coating resulted in only a slight increase in the average strain measured and about a 30 percent
increase for the 10-12 mil coating thickness. For the high-performance concrete specimens the
presence of the 6-8 mil coating thickness resulted in about a 15 percent increase in the average
strain, while the 10-12 mil coating thickness resulted in an increase of about 40 percent. If
Fig. 4.40(a) and Fig. 4.40(b) are compared, it is evident that the use of high-performance concrete
resulted in reduced average strains for each coating thickness. The presence of epoxy coating on
the reinforcement, particularly for the larger coating thickness, results in larger slab deflections.
The use of high-performance concrete, as currently required in the ACI Code and the CSA
Standard, would reduce the slab deflections and hence would compensate for the influence of epoxy

coating on the reinforcement.

Figure 4.41: Specimen HC2 during the test
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4.3.3 Influence of epoxy coating and concrete quality on cracking

Figure 4.42 shows the crack patterns and measured crack widths for the specimens loaded
at 7 days. The load stage shown corresponds to the load level in the prototype slab at first removal
of forms (i.e., self weight plus a construction load of 1.0 kPa). It is clear from this figure that
high-performance concrete significantly decreases both the number of cracks and the crack widths.
It is also evident that the presence of epoxy coating increases the crack widths. In addition, the
specimens with the 10-12 mil epoxy coating had a larger number of cracks.

Figure 4.43 shows the crack patterns and measured crack widths for the specimens loaded
at 21 days. This load stage corresponds to the load levels in the prototype slab due to self weight,
superimposed dead load, and full live load. As can be seen, the use of high-performance concrete

results in a slight decrease in the average crack width.

Co Cl C2
0.5 0.25 o
025
025
025
040
e.10
Wi & 016 mm Wy = 032mm 0.29 mm
Wiax = 0.25 mm W = 0.45 mm 0.40 mm
HCO HC1
0.05
0.02
.02 n.oz[
W, = 002mm w,, ® 0.03mm W = 020mm
Wy & 0.02mm Woax=  0.05 mm LA 0.30 mm

Figure 4.42: Crack patterns and crack widths on top surface of slabs due to simulation

of self-weight and construction loads at an age of 7 days
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Also, specimens reinforced with epoxy-coated bars showed larger crack widths than specimens
reinforced with uncoated bars. An increased coating thickness resulted in larger average crack
widths.

Figure 4.44(a) and Fig. 4.44(b) show the influence of epoxy coating on the maximum crack
width of slab specimens constructed with normal-strength concrete and high-performance concrete,
respectively. These figures show that, in the service load range, the presence of epoxy coating
increases the maximum crack width. Figure 4.45 illustrates the influence of concrete quality on
maximum crack width for different epoxy coating thicknesses. It is clear from Fig. 4.42, Fig.

4.43 and Fig. 4.45 that the use of high-performance concrete results in smaller average crack
widths.

Figure 4.43: Crack patterns and crack widths on top surface of slabs due to simulation
of dead loads and full live load at an age of 21 days
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Figure 4.44: Influence of epoxy coating on maximum crack widths
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Chapter 5

ANALYTICAL STUDIES OF POST-CRACKING BEHAVIOUR

"There is nothing more practical than a simple theory"
Robert Maillart

Nonlinear behaviour of reinforced concrete is strongly influenced by concrete cracking.
Analytical studies such as numerical methods and finite element techniques are employed to
determine the response of reinforced concrete structures. A summary of research carried out in
recent years on the application of finite elements to model the behaviour of reinforced concreie is
given in a report of the ASCE Task Committee on Finite Element Analysis of Reinforced Concrete
(ASCE 1982). Lutz (1970) carried out finite element analyses on single bar specimens to study
the bond stress distribution, the variation of concrete and steel stresses, and the variation of
circumferential stresses in the concrete. oA number of computer programs (e.g., NONLAX
(Ghoneim 1978) and ADINA (1981)) have been developed to enable prediction of the non-linear
response of reinforced concrete. The development of a constitutive relationship for predicting the
response of reinforced concrete after cracking requires extensive experimental studies.

This chapter presents analytical studies of the post-cracking behaviour of reinforced
concrete elements subjected to pure tension. The prediction of the load-deflection responses of
tension specimens, including the influence of both transverse cracks and splitting cracks, is
presented. Equations are proposed for predicting tension stiffening, transverse crack spacings and
transfer lengths. The effect of concrete strength and steel fibres on the tensile stress-strain
response of concrete, particularly after cracking is illustrated. Also, means of predicting the

influence of epoxy coatings on the widths of cracks in beams and slabs is investigated.
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5.1 CRACK ANALYSIS IN A REINFORCED CONCRETE TENSION SPECIMEN

Fig. 5.1 shows a tension specimen, reinforced with a single bar, before cracking. The
applied tensile force is transferred from reinforcing bar to the concrete by bond stress at the end
zones of the specimen. This zone is referred to as a "D" region, that is, a region in which there
is a disturbed flow of stresses. Beyond the "D" region the bond stress is zero and strains in the

concrete and steel are equal along the specimen, before cracking occurs. This zone is called a "B"

region.
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a) Tension specimen b) Forces on ¢) Stecl stress d) Bond stress e) Concrete stress
reinforcing bar

Figure 5.1: Stresses acting on concrete and steel before cracking

In general there are two types of cracking in a tension specimen, splitting cracks and
transverse tensile cracks (see Fig. 5.2(a)). Splitting cracks occur in the "D" regions and transverse
tensile cracks occur in the "B" region. When the splitting cracks occur, the bond stress decreases
and the transfer length in the "D" region extends into the "B" region (see Fig. 5.2(b)). Along the
splitting cracks the specimen acts like a bare bar and the length of the "B" region is reduced. The

transverse cracks occur when the maximum longitudinal tensile stress in the concrete reaches the
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cracking stress, f,, . After the transverse tensile cracks form, new "D" regions are formed at the
crack locations (see Fig. 5.2(c)). The type of cracking depends on the bond strength between the
concrete and the reinforcement and the tensile strength of the concrete.

In the "B" regions the bond stress is zero and the longitudinal tensile stress is a maximum.

Therefore only transverse cracks form in the "B" regions.
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Figure §,2: Splitting and transverse crack propagation in a tension specimen

5.1.1 Response of a Tension Specimen Reinforced with a Single Bar

Before cracking, it is typically assumed that the concrete and steel have the same strain
(i.e., € = €). The relationship between tensile force, T , and elongation, A , can be written

as:

T=K_A ¢.1)

uc

where K _ is the stiffness of an uncracked tension specimen. The applied tensile force, T , isthe

summation of forces carried by the concrete and the reinforcement and can be written as:
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T=(E A, +E A (5.2)
and the total elongation of the specimen having length, L |, is:
A=¢lL 5.3)

where e is the strain in the steel or concrete, E, and E,_ are the moduli of elasticity of the steel

and concrete and A, and A_ are the areas of the steel and the concrete, respectively. The stiffness

of a bare bar having a length L is K = E A/ /L . Hence the pre-cracking stiffness of the

specimen can be written as:

K, =K (1+-2) 5.4)
np

wheren = E [E andp = A A, The load-deformation response up to cracking can be expressed
as:
T=K(+—)A _ (5.5)
np
In order to obtain the post-cracking response, the following expression is used:
T=Af +Af, sAfJ (5.6)

where the average stress in the cracked concrete, f, , is given by Collins and Mitchell (1991) as:

o, o, f
_ 192 Jer
A gt et 1 25 for e,>e, 6.7

1 +,/500€,

where o, = factor accounting for bond characteristics of reinforcement
= 1.0 for deformed bar
= 0.7 for plain bar
= 0 for unbonded bar

and «, = factor accounting for sustained or repeated loading

= 1.0 for short-term monotonic loading
= 0.7 for sustained and /or repeated loads

147



€,y is the strain in the concrete caused by stress and:
f,=E € < j; (5.8)

This approach accounts for the tension stiffening effect in the concrete. However, Eq. (5.7)
assumes only the presence of transverse cracks and does not consider the important influence of
splitting cracks. From the experiments reported in Section 4.1, it was found that splitting cracks
reduce the bond in the vicinity of the splitting cracks and hence reduce the tension stiffening. In

order to account for the detrimental effects of splitting cracks on the tension stiffening an additional

factor, &, is introduced into Eq. (5.7) giving:

et bor Bt Sor for

€
° 1 +/5006, 7

It is clear from the testing that specimens with large ¢/d, ratios (i.e., a small bar with significant

> e, 5.9)

cover) do not exhibit significant splitting cracks and hence «, equals 1.0. However specimens with
small ¢/d, ratios (i.e., larger bars with smaller cracks) can have significant reduction in the tension
stiffening due to splitting. Figure 4.7 illustrates the influence of a small ¢/d, ratio on the
development of splitting cracks. Specimen C0-10 has a c/d, ratio of 3.5 and does not exhibit any
'splitting cracks. On the other hand, specimen C0-30, with a c/d,, ratio of 1.3 exhibits splitting
cracks over nearly its entire length. Figure 5.3 illustrates the response of specimen C0-30, and
also shows the response predicted, using «,=0 . It is interesting to note that, not only is there

practically no tension stiffening after cracking, but also the stiffness of the response is reduced
before transverse cracks form. This reduction in the so-called "pre-cracking” response is due to
the formation of splitting cracks near the ends of the specimens.

It is clear from the test results that splitting cracks are only significant when c¢/d, is less

than about 2,5, It is also interesting to note that the ACI Code (ACI 1989) requires larger

development length for situation with c/d, less than 2.5 because of the influence of splitting

cracks. The splitting crack factor a, is assumed to vary from 1.0 when c/d, equals 2.5 to a value

of 0.0 when c/d, is about 1.3. Assuming a linear variation of this parameter gives:
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w, = 1.0 for c/d, 2 25

(5.10a)
e, = 0.8 CId '1_ for 125 ¢ Cldb <25 (s 10b)
€, =0 for c¢/d, s 125 (5.10c)

Figure 5.4 compares the experimental load versus elongation response with the predicted
response. For the predicted response, a value of a, of 0.27 was used, corresponding to the value

calculated using Eq. (5.10) for a ¢/d, ratio of 1.59. As can be seen the response is predicted

well, particularly at the service load level range.

—— g5t resulls
] - — —. predicted response, a:=0
T e No.30 bare bar
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Elongation (mm)

Figure 5.3: Comparison of test results and predicted response for specimen C0-30
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Figure 5.4: Comparison of test results and predicted response for specimen C0-25
5.1.3 Transfer Length in a Tension Specimen ("D" Region)

Fig. 5.5 shows a segment of a tension specimen in the "D" region. Using equilibrium

conditions fcr the reinforcing bar embedded in corcrete:

au, (nd, ()= T ~ A f, .11

where au,  is the average bond stress along the transfer length, ¢ is the transfer length
and f, is the stress in the steel at the end of the transfer length. For this elastic uncracked

response the stress in the reinforcement can be expressed as:

T

= .___As (11mm) (5.12)

S

and hence Eq. (5.11) becomes

T (1
¢ = 5.13)
' mou d\1+np ¢

substituting the au . by the bond stress suggested by the CEB-FIP code (1991) of 1.8 £, the
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’ transfer length at the cracking load is:

S (5.13b)
‘18 f, ndb\1+np

but the cracking load T , can be written as:

TCI’ = AS (1 +np]‘ﬂ'r (5.14)
p
Hence at the cracking load:
d
[ — (5.15)
72 p

The minimum length of specimen required to form transverse cracks is 2¢, . For specimens

exhibiting splitting cracks (i.e., c/d, less than about 2.5) a longer transfer length would be

necessary.
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. Figure 5.5: Stresses acting on concrete and reinforcing bar in "B" and "D" regions
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5.1.4 Crack Spacing

Fig. 5.6 shows a segment of a tension specimen between two cracks having a length so that

the concrete stress can build up to just reach £, without causing a new crack to form. That is,

the length of the specimen considered is s, where s 1is referred to as the stabilized crack spaciny.

In order for the new crack to form, the stress in the concrete, f, , must reach the cracking

stress, f,, (see Fig. 5.6). Considering equilibrium over length of s/2 , gives:

au_ (nd,sf2) =A_f, (5.16)
or:
59 to (5.17)
2p U,

in which au_, isthe average bond stress between two cracks. substitutingthe au_, by the bond

stress suggested by the CEB-FIP Code (1991) of 1.8 f,, the crack spacing can be expressed as:

s B (5.18)

T concrete stresses bond stresses
cr between two cracks between two cracks

Figure 5.6: Determination of crack spacing in a tension specimen having length s
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The crack spacing shown in Eq. (5.18) has the same value suggested by the CEB-FIP Code

to calculate the maximum crack spacing. The CEB-FIP has estimated the maximum crack spacing
as: sy, = 1.5s,, inwhich, s, istheaveragecrackspacingand s, isthe maximum crack
spacing. Based on the tests on tension specimens described in Chapter 4 (see Tables 4.1 and 4.2),
the average value for the ratio of s_,./s,, is 1.23 and 1.64 for the normal-strength and high-

strength concrete specimens, respectively.

52 INFLUENCE OF CONCRETE STRENGTH AND STEEL FIBRES ON TENSION
STIFFENING

Figure 5.7 illustrates the effect of steel fibres on the average tensile stress-strain response
of the concrete. In the tests described in Section 4.1.3, the average strain in the specimens was
determined by dividing the average of the LVDT measurements (Fig. 4.5)) by the member length
of 1500 mm. At each load stage, the average strain in the reinforcing bar was assumed to be equal
to the average strain measured in the specimen thus enabling the determination of the average stress
in the bar. The average tensile stress in the concrete was calculated at each load stage by
subtracting the average tensile force in the steel from the total load applied to the specimicn and
then dividing this load carried by the concrete by the concrete area. In other words:

g-IzbAc (5.19)
A

Figure 5.7a shows the measured load-deflection responses from the modulus of rupture tests on the
concrete used to construct specimens CO and FCO (see Table 4.5). For the specimens without
fibres there is a brittle failure in the concrete at cracking. The fibres not only give a higher
cracking stress, f,. , but also, after cracking, result in a smaller decay of the average tensile stress
in the reinforced concrete specimens (see Fig. 5.7b) determined using Eq. (5.19). The addition
of fibres gives an improved post-cracking response both for the fibre-reinforced concrete material
and for the fibre-reinforced concrete specimen FCO (see Fig. 5.7a and 5.7b).

Figure 5.8 shows the average concrete tensile stress versus strain responses obtained from
specimens reinforced with uncoated bars. After cracking, the specimens containing steel fibres

showed higher tension stiffening than the specimens constructed without fibres in both the normal
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and high-strength concretes. When the first primary crack formed in the concrete, the high-
strength concrete showed higher tension stiffening than normal-strength concrete but after the
formation of all cracks, both the high-strength and the normal-strength concrete showed the same
tension stiffening (see Fig. 4.20). In specimens CO and HCO (see Table 4.5), containing no fibres,
the response was observed to have zero stiffness once the bar yields at the crack, that is, exhibiting
no tension stiffening. This is due to the fact that all of the deformations are taking place at the

cracks due to the vielding of the reinforcement.
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Figure 5.7: Effect of steel fibres on the tension response of concrete
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Figure 5.8: Effect of concrete strength and steel fibres on the average tensile

stress-strain response for specimens with uncoated bars

5.2.1 Influence of Steel Fibres on the Response of a Tension Specimen Containing a
Reinforcing Bar

Figure 5.9 shows a typical tensile response of a fibre-reinforced concrete specimen
containing a reinforcing bar. Figure 5,10 shows the responses of two fibre-reinforced concrete
specimens containing reinforcing bars.

The presence of fibres enables tension stiffening after yielding of the reinforcing bar (see
Fig. 5.10). This is due to the ability of the fibres to help the steel reinforcing bars to resist tension
across the cracks. The contribution of fibres after yielding of the reinforcing bar can be calculated

as.
Tf =T-T (5.20)

Afier yielding of the reinforcing bar, large straining occurs at the crack locations and the steel
fibres participate in carrying the load across the cracks. At this stage, it is assumed that there is

no significant tension stiffening in the concrete.,
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Figure 5.9: Typical response of fibre-reinforced concrete in tension

The additional tension carried by the fibres, T, , after yielding the bar can be expressed as:
T, =4« (5.21)
In which:

€ =€ - € (5.22)

11

where V; is the percent of fibres in the specimen by volume. Equation (5.23) accounts for the

fact that 1/3 of fibres will be oriented in the direction of tensile force and fifty percent of the
randomly oriented fibres will pass through any given cross section. Hence:

= If - 24
T = 6EfAc(e €) (.29

In the case of specimens FCO and FHCO (see Fig. 5.10), Eq. (5.24) is summarized as:
T, =538 x 10° (¢ - ) (5.25)

In which, ¥, = 1%, E; = 2x 10°MPa, 4, = 95 mm by 170 mm.
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Figure 5.10 compares the test results with the predicted responses of the specimens FCO
and FHCO, constructed with normal-strength and high-strength concrete, respectively. The
response predictions were made using tensile strengths of the fibre-reinforced concrete of 2.55 MPa
and 3.25 MPa for the normal-strength and high-strength concretes, respectively., The tension
stiffening effect is predicted well, particularly at the service load levels. Also the predicted

responses, after yielding, are in good agreement with the test results.
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Figure 5.10: Comparison of predicted and test results for specimens
containing steel fibres (FCO, FHCO)
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" 5.3 PKEDICTION OF CRACK WIDTHS IN BEAMS AND SLABS REINFORCED WITH
EPOXY-COATED BARS

Many variables influence the width and spacing of flexural cracks in reinforced concrete
beams and stabs. Because of the complexity of the problem, a number of empirical approaches
have been developed for the determination of the width of flexural cracks. The approach suggested
by Beeby (1970) for the widths in one-way slabs resulted in a better understanding of the crack
mechanisms. Gergely and Lutz (1968) used experimental data from a number of researchers and
studied the key parameters using a statistical approach. Much less attention has been given in past
studies to the prediction of flexural crack widths in two-way slabs. Studies on crack widths in two-
way slabs were conducted by Nawy et al. (1970) in the U.S., and by Clark (1973) in the U K.

Because of the increased use of epoxy-coated bars in structures exposed to severely
corrosive environments, more information is needed on the influence of epoxy coatings on the
ability of reinforcing bars to control cracks. Experimental studies on this influence have been
conducted, as part of this research for tension members (Mitchell er al 1994), for beams
(Abrishami et al. 1994) and for two-way slabs (Abrishami er al. 1994). Details of these

experiments are given in Chapter 4.
5.3.1 Prediction of Crack Widths of Concrete Beams Reinforced with Epoxy-Coated Bars

The ACI Code (1989) bases its crack control requirements on the Gergely-Lutz expression

(Gergely and Lutz 1968) for maximum crack widths. The Gergely-Lutz expression is as follows:
Wo= 22 B e, 3;‘dc A (5.26)

where w_, = maximum crack width

o
I

= factor accounting for strain gradient

1.0 for uniform strain, or
= h,/h, forvarying strains, where &, isthe distance from the tension steel to the
neutral axis and A, is the distance from the extreme tension fibre to the neutral

axis
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o €, = strain in reinforcing bar at crack location

f
]

distance from extreme tension fibre to centre of clesest bar

h S
il

effective area of concrete surrounding each bar, taken as the total area of

concrete in tension which has the same centroid as the tension reinforcement,
divided by the number of bars.

The Gergely-Lutz expression for maximum crack width does not take into account the
effect of concrete strength and presence of epoxy coating. Table 5.1 gives the maximum flexural
crack widths observed on the side face of the beams tested at the level of the tension reinforcement.
It is noted that the Gergely-Lutz equation gives conservative predictions for the specimens with
uncoated bars. It was found that for the normal strength concrete beams, modification factors of
1.15 and 1.35 needed to be applied to Eq. 5.26 to correctly predict the maximum crack width at
service load levels for the specimens with 6-8 and 10-12 mils epoxy coatings, respectively. For
the high-strength concrete beams these modification factors are 0.96 and 1.04 for the specimens
with 6-8 and 10-12 mils epoxy coatings, respectively. Hence for predicting the maximum crack
width in the high-strength concrete beams no modification factor for epoxy coating is necessary.

Based on the resuits of this research the 1994 CSA Standard on the "Design of Concrete
Structures” has adopted a factor of 1.2, for the influence of epoxy coating on the reinforcing bars,

when calculating the crack control parareter.

Table 5.1: Observed and predicted crack widths in beams at service load level (0.6 of M, )

r_'—_‘__—_—'_————_—__u—-—ﬁ*—————'_——————"'ﬂ#

Beam Epoxy Observed Predicted Observed/
coating maximum maximum Predicted
crack width crack width
(mils) (mm) {mm)

Normal UCB 0 0.22 0.26 0.85
Strength Cl1B 6-8 0.30 0.26 1.15
Concrete C2B 10-12 0.35 0.26 1.35
High HUCB 0 0.25 0.26 0.96
Strength HC1B 6-8 0.25 0.26 0.96
J! Concrete HC2B 10-12 0.27 0.26 1.04
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5.3.2 Prediction of Crack Widths in Slab-Column Connections Designed for Corrosive

Environments

The ACI Code (1989) bases its crack control requirements on a modified form of the
Gergely-Lutz expression (Gergely-Lutz 1968) for maximum crack widths, The Gergely-Lutz
expression is valid for beams and one way slabs. As pointed out by ACI Committee 224 (1988)
"Crack control equations for beams underestimate the crack widths developed in two-way slabs".
The maximum crack widths in two-way slabs are influenced by the slab boundary conditions, the
steel stress, the amount of reinforcement, the size and spacing of the reinforcing bars in the two
directions and the concrete cover., Based on the work of Nawy and Orenstein (1970) and Nawy
and Blair (1971) on cracking in two-way slabs, ACI Committee 224 recommends the following

equation for predicting the maximum crack width, w_:

d,, s
Woue = %, B €, 2 (5.27)
Pu
where:
k = coefficient, having a value of 0.81 for uniformly loaded restrained two-

way square slabs and 0.90 for simply supported two-way square slabs
subjected to a central concentrated load (Nawy and Orenstein 1970; Nawy
and Blair 1971)

B = ratio of distance between neutral axis and tension face to distance between

neutral axis and centroid of reinforcing steel (may be taken as 1,25 (Nawy
and Orenstein 1970; Nawy and Blair 1971))

€, = average service load steel strain (may be taken as 0.4 ey (ACI Committee
224; Nawy 1992))

d,, = diameter of the reinforcement in direction 1 (closest to the concrete outer
fibres)

s, = spacing of the reinforcement in direction 1

s, = spacing of the reinforcement in direction 2 (perpendicular to direction 1)
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P

active steel ratio

area of steel A, per unit width /(d,, + 2¢,) where ¢, is the clear

concrete cover measured from the tensile face of concrete to the nearest

edge of the reinforcing bar in direction 1

Equation (5.27) does not take into account the effect of concrete strength and presence of

epoxy coating. Table 5.2 compares the observed maximum flexural crack widths at full service

load level with those predicted using Eq. (5.27) for the six test specimens.

It is noted that

Eq. (5.24) gives an excellent prediction for the high-performance concrete specimen with uncoated

bars. It was found that for the specimens having epoxy-coated bars, an average modification factor

of 1.25 needs to be applied to Eq. (5.27) to correctly predict the maximum crack width at full

service load levels.

The 1994 CSA Standard on "Parking Structures” refers to this research for assessing the

influence of epoxy coating on reinforcing bars on cracking.

Table 5.2: Comparison of observed and predicted maximusa crack

widths at full service load level for two-way slabs
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Slab Epoxy Observed Predicted Observed/
coating maximum maximum crack Predicted
crack width width
(mils) {mm) (mm)
Normal Co 0 0.70 0.60 1.17
Strength Cl 6-8 0.70 0.60 1.17
Concrete C2 10-12 0.80 0.60 1.33
High HCO 0 0.60 0.60 1.00
Strength HCI1 6-8 0.70 0.60 1.17
Concrete HC2 10-12 0.80 0.60 1.33



Chapter 6

CONCLUSIONS

" Perhaps the most valuable result of all education is
the ability to make yourself do the things you have to
do when it has to be done, whether you like it or not."

Huxley

The purpbse of this research program was to examine some of the important parameters
which affect the bond of reinforcement and cracking of concrete structural elements. The
experimental and analytical studies have been conducted with a view of determining the behaviour
of structural concrete made with recently developed materials. The influence of high-performance
concrete and fibre-reinforced concrete on the response of reinforced concrete elements was studied.
The studies also examined the influence of reinforcement, including reinforcing bars, pretensioned
strand and epoxy-coated reinforcing bars.

This chapter summarizes the finding of experimental and analytical studies on the bond

characteristics and cracking of reinforced concrete elements,

6.1  BOND CHARACTERISTICS OF REINFORCEMENT IN CONCRETE

New testing techniques were developed to study the bond performance of reinforcing bars
and pretensioned strands in concrete. These techniques were used to investigate the influence of

concrete cover, bar or strand size, and the presence of epoxy coating on the bars.
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. 6.1.1 New Testing Method to Study Bond of Reinforcing Bars

listed below:

6.1.2

Special features of this new testing technique for studying basic bond characteristics are

1)

2)

3

4)

5)

A nearly uniformly distributed bond stress distribution is simulated which permits
a more fundamental approach for studying bond characteristics.

Both types of failure, splitting and pullout, can be studied using this testing
technique.

The displacement controlled testing technique demonstrated that, for uniform bond
stress, the splitting type of failure is more ductile than the puliout type of failure.
Analytical studies showed that a combination of pullout and push-in forces can
simulate uniform bond stress distribution.

Analytical studies showed that, in the new testing method, the maximum bond
stress along the embedment length is about 10 percent greater than the average
bond stress while the standard pullout test has a maximum bond stress which is

about 1.4 times the average bond stress.

New Approach for Studying the Bond Characteristics of Pretensioned Strand

Conclusions from this new testing technique are given below:

1)

2)

3

This new testing technique provides a simple method for determining the bond
characteristics of pretensioned strand along the transfer length and the flexural
bond length. These characteristics are determined by measuring the applied forces
on the strand at the top and bottom of specimen and the respective slips, rather
than by the conventional method of measuring the variation of the strains in the
strand or the strains on the concrete surface in a beam specimen.

After bond failure, a flexural bond length specimen exhibits a more ductile
response, with a nearly constant bond stress, while a transfer length specimen

exhibits a more brittle bond failure.

The bond strength, « obtained over the simulated transfer length is greater

f,max °*
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4)

3)

than the bond strength, u, .., obtained over the flexural bond length. The
average ratio u, . fuy . is 1.5, 2.0 and 2.3 for strand sizes 9.5, 13 and 16
mm, respectively. This ratio increases with increasing strand diameter.

The stiffness of the bond stress versus slip response is greater in the transfer length
simulation than in the flexural bond length simulation.

Equations have been proposed to predict the transfer length, flexural bond length

and development length as functions of the concrete strength and strand size.

6.1.3 Bond Characteristics of Epoxy-Coated Bars

1)

2)

A new testing technique (pullout/ push-in ) enabled the simulation of a uniform
bond stress distribution along the embedment length of epoxy-coated bars.

The specimens containing epoxy-coated bars had a lower bond strength (up to a
17% reduction) and a lower bond stiffness than companion specimens containing

uncoated bars.

6.2 CRACKING AND STRUCTURAL DEFORMATIONS

The influence of concrete strength, concrete quality, epoxy coatings on deformed bars, and

the presence of steel fibres on cracking and deformation was studied. Conclusions from these

studies are given below,

6.2.1 Influence of High-Strength Concrete

1)

2)

After cracking and significant deformations, reinforced concrete tension specimens
made with normal and high-strength concrete showed essentially the same degree
of tension stiffening.

Crack widths in the high-strength concrete beams tested were smaller than in
normal-strength concrete beams at service load levels. Due to the increased
strength and brittleness of high-strength concrete and due to its larger energy

release upon cracking, the initial flexural cracks occurred at a higher load than in
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6.2.2

6.2.3

3)

4)

the normal-strength concrete beams, but the initial cracks were longer.

In high-strength concrete beams without stirrups the ductility can be limited by a
sudden failure, with diagonal tension cracking precipitating simultaneous bond-
splitting cracks and flexure-shear crushing.

The high-strength concrete beams, which had the same length, cross section and
reinforcement ratio as companion normal-strength concrete beams, had slightly

higher stiffness and about a 5% higher ultimate strength than the normal-strength

concrete beams.

Influence of Concrete Quality

1)

2)

3)

4)

Due to its lower water/cement ratio, high-performance concrete has less shrinkage,
lower permeability and larger concrete strengths than normal-strength concrete.
The load versus average strain responses of slabs (slab-column connections)
showed that the use of high-performance concrete resulted in smaller deflections
than companion normal-strength concrete specimens.

High-performance concrete slab-column connection specimens exhibited smaller
average crack widths at service load levels than companion normal-strength
concrete specimens.

The equation proposed by Nawy and Orenstein and recommended by ACI
Committee 224 gives an excellent prediction of the maximum crack width for the

high-performance concrete slabs with uncoated bars.

Influence of Epoxy Coating on Reinforcing Bars

1)

2

3

Tension specimens and beam specimens reinforced with epoxy-coated bars
exhibited larger crack widths and more widely spaced cracks than specimens with
uncoated bars. Larger epoxy coating thicknesses resulted in wider cracks.

It was found that the presence of epoxy coating did not significantly change the
overall load-deflection response of either the normal or high-strength concrete
beams up to yielding.

The beams reinforced with epoxy-coated reinforcement showed less ductility than
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6.2.4

4)

3)

6)

7

the beams reinforced with uncoated reinforcement.

It was found that for the normal-strength concrete beams, modification factors of
1.15 and 1.35 needed to be applied to the Gergely-Lutz equation to correctly
predict the maximum crack width at service load levels for the beam specimens
with 6-8 and 10-12 mils epoxy coatings, respectively. As a result of this research
the 1994 CSA Standard A23.3 adopted an epoxy-coating factor of 1.2 when
assessing flexural cracking. For the high-strength concrete beams no epoxy
coating modification factor was found to be necessary to predict the flexural crack
widths.

More splitting cracks were observed in the beams having epoxy-coated bars than
the beams having uncoated bars due to the larger splitting stress arising from the
smaller values of adhesion between the epoxy surface and the concrete.

The maximum crack width for two-way slabs reinforced with epoxy coated bars
can be predicted using the Nawy-Orenstein equation multiplied by a modification
factor of about 1.25. The 1994 CSA Standard $413 on "Parking Structures” cites
this research for guidance on structural considerations when epoxy-coated bars are
used.

The load versus average strain responses of two-way slabs showed that the

presence of spoxy coatings could result in larger deflections.

Influence of Steel Fibre-Reinforced Concrete

1)

2)

3

4)

3)

Steel fibres, in the volume used, significantly increased the tensile strength and
ductility of both normal-strength and high-strength concrete.

Steel fibres significantly increased the tension stiffening of both normal-strength
and high-strength reinforced concrete in tension.

Steel fibres significantly reduced the crack widths in both normal and high-strength
concrete specimens.

After yielding of the reinforcing Lar, only those concrete members containing
fibres showed tension stiffening.

Steel fibres helped to prevent bond splitting cracks from propagating in both

normal and high-strength concrete tension members.
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. 6.3 PROPOSED EQUATIONS ON BOND AND CRACKING IN STRUCTURAL
CONCRETE

1)

2)

In a pullout test, at any point x , along the embedment length, the bond stress, u ,
and slip, 6 , can be expressed as:

a) Pre-cracking response:

8(x) = c,e® + c,e™®
u(x) = E, (c:le"’r + cze"“)
b) Post-cracking response:
8(x) = cycos(kx) + ¢ sin(kx) - m
u(x) = Ej(c;cos(kx) + ¢,sin(kx))
in which, E, and E; are the bond stiffnesses before and after cracking,

respectively; ¢, , ¢, , ¢y and ¢, are constants depending on the boundary

conditions applied to the pullout specinien; and m is 8, (EJE, - 1).

The development length of a pretensioned strand is expressed as:

In d, + 0548 Yo d,

i i

where the first term is the transfer length and second term is the flexural bond

o, = 0.255 (MPa, mm)

length. In this equation, d, is the strand diameter, f;i N fp, are the initial
stress, the stress after all losses and the stress at the critical section in the
pretensioning strand, respectively and f; and f, are the concrete strengths at the

time of release of the strand and the 28-day strength, respectively.
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3)

4)

A factor accounting for splitting cracks, «, , was introduced to the tension
stiffening equation to determine the concrete stress, f, , after cracking. This

resulted in the following expression:

f = 41%2% o for ¢, >e,
1 +/500¢,
where:
a, = 1.0 for cfd, = 2.5
a, = 0.8 c/d, -1 for 125 < cld, <25
a, =0 for cfd, < 1.25

and e, is the strain in the concrete caused by stress, f, is the tensile strength of
the concrete, c is the concrete cover, d, is the bar diameter and «,and «, are

factors accounting for bond characteristics and loads conditions, respectively. In

the case of steel fibre-reinforced concrete, £, , is taken as the tensile strength of

the fibre-reinforced concrete.

The transfer length, ¢, , in a tension specimen reinforced with a single bar was

determined as:

Lo T (1
! naumdbkl+np

in which, T is the applied tensile load, d, is the bar diameter, » is the ratio of

the moduli of elasticity of the reinforcement to that of the concrete, p is the

reinforcement ratio and eu_,, is the average bond stress along the transfer length.
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5)

6)

"The crack spacing, s , in a tension specimen can be expressed as:

in which, d,, is the bar size, p is the reinforcement ratio, £, is the tensile strength

of the concrete and «u,, is the average bond stress between two cracks.

Specimens containing steel fibres showed tension stiffening even after yielding the

reinforcing bar. The tension carried by the steel fibres, T, in a tension specimen

after yielding the reinforcing bar was expressed as:

Y;
Tf= gEfAc (e - ey)

where, Vf is the volume percentage of fibres in the concrete, E, is the modulus
of elasticity of the fibres, A, is the cross-sectional of concrete, € is the average

strain in the tension specimen and e, is the yielding strain of the reinforcing

bars.
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STATEMENT OF ORIGINALITY

Experimental and analytical studies have been conducted in order to study the bond and

cracking of structural concrete elements. Ninety-seven reinforced concrete elements including

forty-nine pullout specimens, thirty-six tension specimens, six beams and six two-way slabs were

tested. The variables in the reinforcement included steel reinforcing bars having uncoated and two

different coating thicknesses with different bar sizes, and pretensioning strands with three different

strand diameters. The concrete used in the specimens included normal-strength, high-strength,

high-performance and steel fibre reinforced concrete. The original contributions in this thesis are:

1y

2)

3)

4)

3)

6)

7

A new testing technique to simulate a more uniform bond stress distribution for
reinforcing bars embedded in concrete was developed. This testing technique
enables the study of splitting and pullout failures.

A new tes_ting technique to study bond characteristics of pretensioned strand along
both the transfer iength and the flexural bond length was developed.

Equations for predicting the bond stress versus slip responses and bond stress
distribution of different pullout specimens were formulated. .

Equations for predicting the transfer length and development length of pretensioned
strand were developed.

A modification to the tension stiffening expression was developed to account for
the influence of splitting cracks.

Equations were developed for the transfer length and crack spacing of tension
specimens. _

An analytical approach was developed for predicting the complete response of

reinforced concrete tension specimens containing steel fibres.
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