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ABSTRACT

Bond of deformed steel bars, having diameters in the range of 8 mm — 25 mm,
embedded in recycled aggregate concrete made with coarse recycled concrete aggregate
has been investigated with the help of pullout and a selected number of splice beam tests.
Three grades of recycled aggregate concrete corresponding to normal-strength, medium-
strength and high-strength were studied in the pullout tests whereas in the splice beam
tests only the behaviour of normal- and the high-strength concrete has been compared.
Natural coarse aggregates in the control concrete mixtures were substituted with an equal
weight of the coarse recycled concrete aggregates (in the saturated-surface-dry moisture
condition) at replacement levels of 25 %, 50 %, 75 % and 100 % and the effect on the
mechanical properties and bond behaviour was monitored. The 56-day compressive
strength of the three concrete grades decreased by approximately 33 %, 30 % and 27 %
respectively upon 100 % substitution of the natural coarse aggregates (NCA) with the
recycled concrete aggregates (RCA). For the aforementioned condition, the 56-day
splitting tensile strength however increased by about 18 %,13 % and 19 % for the normal-,
the medium- and the high-strength concrete respectively. A bond strength predictive
model for short rebar embedded lengths and which is valid for both NCA as well as RCA
concretes (with cylinder crushing strengths of up to 70 MPa) has been proposed and
validated. The predictive efficacy of the proposed model was better compared to that of
the model in the fib Model Code 2010, which is widely referred to for short embedded
lengths. In the proposed model, the effect of concrete properties on bond strength has
been represented using the square root of the compressive strength. Across all the three
concrete grades, the pullout specimens embedded with the 8 mm, the 10 mm and in some
cases with the 12 mm bars, showed pullout failure and the normalised bond strengths in
the case of these specimens increased with an increase in the amount of RCA in
concrete. This trend in the normalised bond strength has been explained in terms of
fracture toughness of concrete estimated using brittleness index, an analogous parameter
from rock mechanics. The trend of increasing normalised bond strength with increasing
RCA replacement levels was not clearly evident in the case of the pullout specimens
embedded with the 16 mm, the 20 mm, the 25 mm and to some extent with the 12 mm
bars, the observed failure mode in all these cases being pullout failure induced by through
splitting. In all the three concrete grades, the measured bond stress-slip relationships for
all the bar sizes under investigation were similar in the NCA and the RCA concretes and
no significant difference was noted in the interfaces of the two concrete types. For the
specimens failing in pullout, five distinct stages of bond behaviour could be identified

whereas for the specimens failing in pullout induced by through splitting four stages of



bond behaviour were noted. The predictions of the proposed empirical model for the bond
stress-slip relationship associated with two failure modes noted in this investigation were
in good agreement with the measured data. Failure modes of the NCA and the RCA
concrete specimens in the splice beam tests were similar and a bond strength predictive
model for long embedded lengths typical in splice beam testing (and in actual
construction) has been proposed for both NCA and RCA concrete in terms of parameters
which are widely accepted to influence bond behaviour. This model, which is valid for

cylindrical compressive strengths of up to 70 MPa, accounts for the effect of (fC )1/4. It was

noted that the bond strength model in the ACI 408R-03, originally developed for NCA
concrete, gave reasonably accurate predictions for the bond strengths measured in the

splice beam tests.
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Chapter 1

INTRODUCTION

1.1 INTRODUCTION

Bond in reinforced concrete refers to the adhesion between the reinforcing steel
and the surrounding concrete which enables load to be transferred between the two
materials. Bond therefore, provides strain compatibility and is responsible for ‘composite
action’ of concrete and steel. It is only if the bond is effective that the plane-section
assumption in flexure theory of reinforced concrete is valid. Therefore, bond is a
fundamental characteristic of reinforced concrete and deserves attention. The following
are the mechanisms of bond resistance in reinforced concrete:

(i)  Chemical adhesion — This is due to adhesive action of hydration products.

(i)  Frictional resistance — This is due to surface roughness of the steel reinforcement
bars and the grip exerted by shrinking concrete on the steel bars.

(i)  Mechanical interlock — This is the most significant mechanism in deformed steel
bars and occurs due to interlock of their surface protrusions or ‘ribs’ with
surrounding concrete.

In reinforced concrete, bond is characterised as:

(i) Flexural bond — This bond is developed in flexural members on account of
variation of bending moment in the member which in turn causes a variation of
axial tension along the length of the reinforcing bar.

(i)  Anchorage bond — This is also called as development bond and essentially it
resists ‘pulling out’ if the bar is in tension and ‘pushing in’ if the bar is in
compression. Anchorage bond is the bond developed over the length of anchorage
provided in a bar or near the end or cut-off point of a reinforcing bar.

Since bond behaviour of plain and of deformed bars embedded in concrete made with
natural aggregates has been extensively investigated and is well understood, design
recommendations for bond in natural aggregate concrete are fairly well established in
current design codes.

For the past several years, production of concrete using recycled materials is
being increasingly encouraged so as to reduce the environmental impact of concrete
construction (Dosho, 2007; Li, 2008; Nielsen and Glavind, 2007). Because of the
dwindling supplies of natural aggregates in particular there is growing emphasis on
identification of alternate and sustainable sources of this material. One of the alternate

options which has been extensively explored as potential a source of aggregates is the



concrete in Construction and Demolishing Wastes (CDWSs). According to the
Environmental Protection Agency (EPA, 1998) CDW is waste material that is produced in
the process of construction, renovation or demolition of structures which may be buildings
of all types as well as roads and bridges. Typical components of CDW include concrete,
asphalt, wood, metals, gypsum wall board, floor tile and roofing. This concrete in CDW
can be recycled to obtain either fine or coarse recycled concrete aggregates. However,
because of various reasons the use of Coarse Recycled Concrete Aggregates (RCA)
rather than fine recycled concrete aggregates a substitute for natural coarse aggregates
(NCA) in concrete has found greater acceptability with concrete technologists. The
mechanical properties and structural behaviour of RCA concrete (concrete made with
RCA as part or full replacement of NCA) in flexure, shear and to a limited extent in bond,
has been extensively investigated though widely accepted code-based design
recommendations for this concrete are yet to evolve. As a result, due to the gaps in
knowledge about its properties and behaviour and the absence of support from current
design codes, RCA concrete has been mostly used in non-structural applications. The
lack of sufficient knowledge about structural behaviour, particularly in bond, is significant
since only limited studies of bond behaviour of RCA concrete are available in the
literature.

The investigation reported in this thesis has been planned and executed to
contribute to the current knowledge base on bond behaviour of RCA concrete. Bond
studies on deformed steel bars embedded in selected grades of concrete containing
various levels of replacement of natural coarse aggregates with coarse recycled concrete
aggregates have been carried out. It is the fond hope of the author that the results
reported in this thesis will enable structural engineers to make more informed choices
about RCA concrete. The use of RCA concrete for structural applications will contribute to

the sustainability agenda by reducing the environmental impact of concrete construction.
1.2 CONSTRUCTION AGGREGATES SCENARIO IN INDIA

According to the Freedonia Group (2015), global demand for construction
aggregates is expected to be 48.3 billion metric tons in the year 2015. It is estimated that
aggregates for use in concrete construction typically constitute about 40% of the total
product demand. Dhir and Paine (2010) has reported that India’s share in the global
aggregate demand is about 3 % which translates into an annual requirement of about 1.5
billion metric tons. This makes India the third biggest aggregate market in the Asia-Pacific
region and the fourth largest market in the world after China, U.S.A and Japan. It is
estimated that aggregate sales in India have risen an average 7.7 % annually over more

than a decade, a figure which exceeds both regional and global averages. Most of the



aggregate supply in India is provided by small local quarry and pit operators and this
supply is increasingly constrained due to environmental concerns about river-bed
quarrying. It is not unusual to note that in some parts of the country good quality
aggregates for use in concrete construction cost as much as, if not more, than cement. To
address shortages in supply, efforts have been directed at identifying and tapping
alternative sources of construction aggregates, with particular attention being paid to
construction and demolition waste. There are no reliable figures for the amount of
construction and demolition waste generated every year in India, though some estimates
suggest that the total amount may be in the range of 12 to 15 million metric tons of which
7 — 8 million metric tons consist of waste concrete and brick. According to the Centre for
Science and Environment (CSE, 2014), if on an average 50 kg of construction and
demolition waste is generated every square metre of a newly constructed building then
about 50 million tons of construction wastes would have been generated in the year 2013
from the 1 billion square metre of floor space added in that year. As per TIFAC (TIFAC,
2001), demolition and renovation/repair of the older building stock generates about 300 —
500 kg of waste per square metre of floor area. The Centre for Science and Environment
Environment (CSE, 2014) estimates that even if only five percent of the existing building
stock in India gets annually demolished and rebuilt completely, approximately 288 million
tons of demolition waste mould have been produced in the country in the year 2013
above. Though it is difficult to verify the accuracy of the above quoted figures due to
absence of any systematic survey, even causal observations indicate that a significant
volume of CDW is generated in the country and this can be tapped as a potential source
of aggregates for concrete. The key barriers to recycling of CDW, and in particular
concrete, in India are lack of awareness, absence of standardization, inadequate policy
push and uncertainty about availability and regular supply of aggregates sourced from
CDW.

1.3 RESEARCH SIGNIFICANCE

With growing emphasis on sustainability, there is clearly a need to fill gaps in our
understanding of the properties and behaviour of recycled aggregate concrete which will
facilitate under structural application of this material. This investigation has been
addressed towards increasing understanding of bond behaviour of recycled aggregate
concrete towards a more rational design of structural elements made with this concrete.
Bond characteristics of different sizes of high yield strength deformed steel bars
embedded in different grades of RAC have been experimentally investigated and
modelled numerically. Besides rebar diameter and concrete grade, the other parameter

for investigation has been the amount of coarse recycled concrete aggregates in the total



aggregate content of concrete. The effect of the variables on average pullout bond
strength, bond-slip relationship, toughness in bond and failure mode of the pullout
specimens used in the majority of the experimental investigations and in the limited
number of splice beam tests has been studied and the bond-slip relationship has been
numerically modelled. Two bond strength predictive models for RCA concrete, one for
short embedded lengths and the other for long embedded lengths have been proposed. In
these models, the effect of concrete properties on bond strengths has been represented

using (fc')vzand (fc')'/4 respectively. The results of this investigation show that bond

behaviour of recycled aggregate concrete made with coarse recycled concrete aggregates
in the saturated surface dry moisture condition are comparable or in many respects
superior to that of concrete made with natural coarse aggregates. It is recommended that

like concrete made with natural coarse aggregates, normalisation of the measured peak

bond strengths with (fC )1/2 gives a better match with experimental data.

1.4 OBJECTIVES

The following are the objectives of this thesis:

(1) To investigate the effect of using coarse recycled concrete aggregates on the
mechanical properties of concrete.

(2) To experimentally and numerically investigate bond behaviour of concrete made
with coarse recycled aggregate concrete (For convenience, this concrete has been
designated as RCA concrete in this thesis).

(3) Based on the investigations, recommend a broader scope for application of coarse

recycled aggregate in structural concrete in the context of bond behaviour.
1.5 SCOPE

The following is the scope of this investigation:

(1) The coarse recycled concrete aggregate (RCA) was sourced from the waste
concrete specimens (tested cubes, cylinders, beams, slab panels etc) obtained
from the concrete laboratory of the author’s host institute.

(2) In all the experimental investigations involving recycled concrete aggregate, the
RCA was used in the saturated surface dry (SSD) moisture condition.

(3) In the investigations of mechanical and bond behaviour, the following four weight
replacement levels of the natural coarse aggregate with the RCA were considered:
25 %, 50 %, 75 % and 100 %.
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The experimental investigations of mechanical and bond behaviour were carried
out for three concrete grades corresponding to normal-strength, medium-strength
and high-strength concrete.

Investigation of only one-grade of deformed steel bars (having a nominal yield
strength of 500 MPa) with diameters of 8 mm, 10 mm, 12 mm, 16 mm, 20 mm and
25 mm was investigated.

In the splice beam tests, the c/d, (c is the clear cover and d, is the rebar diameter)
was kept constant at 1.25 for both the 12 mm as well as 20 mm bars under
investigation. One splice length was tested for each rebar diameter.

In the numerical part of the investigations, empirical bond-slip relationships have
been proposed and a bond strength predictive equation for RCA concrete has
been suggested which takes into account the effect of concrete grade, clear cover,
rebar diameter, bonded/splice length, rib height, rib spacing and replacement level
of RCA in concrete. Predictions from the numerical models have been compared

with results available in the literature.
METHODOLOGY

The following methodology was adopted in the experimental investigations:

The RCA was obtained by crushing waste concrete specimens obtained from the
Concrete Laboratory of the author’s host institute in a jaw crusher.
Saturated-surface-dry (SSD) moisture condition in the RCA in water for a period of
24 h before batching.

A major part of the investigations focused on local bond behaviour which was
studied with the help of cylindrical pullout specimens (100 mm diameter and 200
mm height) having short rebar embedded lengths (in order to pre-empt yielding of
the embedded rebars during pullout). Towards ensuring repeatability of results,
three nominally identical companion pullout specimens were tested for each
parameter under investigation.

Local bond stresses were investigated with selected number of splice beam tests
carried out in singly reinforced simply supported beam specimens detailed with
either 12 mm or 20 mm diameter longitudinally loaded to failure and local bond
stresses were calculated on the basis of the tensile force in the spliced bars. The
splices were so configured in the beam that bond failure would invariably pre-empt

flexural failure.



1.7 ORGANISATION OF THE THESIS

This thesis has five chapters and one appendix. Introduction of the thesis is
presented in Chapter 1. A review of the relevant literature has been carried out in Chapter
2 which starts with a discussion of bond of steel reinforcement in concrete. The literature
on predictive models for bond strength and recommendations of design codes is briefly
discussed. In the next part of Chapter 2, the bond of steel reinforcement in recycled
aggregate concrete has been reviewed. The sources, classification and the properties like
grading, water absorption, bulk density, specific gravity, abrasion resistance, aggregate
crushing value, residual mortar content of recycled concrete aggregates is also discussed.
A summary of the design code recommendations related to recycled concrete aggregates
is presented along with the properties of concrete made with recycled concretes and this
chapter concluded with an explanation of the need for this investigation.

The experimental programme is presented in Chapter 3 which starts with a
compilation of the measured physical and mechanical properties of the materials used in
this investigation. Mixture design of the normal-strength, medium-strength and high-
strength concrete is briefly discussed next. The protocols for bond testing has been
explained followed by a detailed discussion of the experimental programme including
parameters, test setup and the variables used in this investigation.

The measured results have been presented, analysed and discussed in Chapter 4.
Measured bond strengths have been compared with predictions of selected bond models
available in the literature as well as the predictions of bond strength models which has
been proposed from numerical analysis as a part of this investigation. Calibration of the
proposed model has also been carried out with the help of selected experimental data
from the literature.

Finally, Chapter 5 presents the conclusions drawn from this investigation.
1.8 CONCLUSION

The thesis has been introduced in this chapter which begins with a background of
the proposed work. The research significance, objectives, scope and the methodology
adopted in this investigation follows next and the chapter concludes with a brief discussion

of the thesis layout. A review of the literature is presented in the next chapter.



Chapter 2

LITERATURE REVIEW

21 INTRODUCTION

This chapter presents a review of the literature on bond behaviour of reinforced
concrete. Salient developments in understanding of bond in reinforced concrete have
been discussed. Attention has been paid to state-of-the-art in bond behaviour of RCA
concrete towards identification of knowledge gaps. Finally, Justification for the

investigation reported in the thesis is presented.
2.2 BOND OF STEEL REINFORCEMENT IN CONCRETE

Traditionally, bond strength has been represented in terms of shear stress at the
interface between a reinforcing bar and surrounding concrete. This approach effectively
treats bond as a material property. Developments in our understanding of bond have
shown that bond, anchorage, development, and splice strength are structural properties,
dependent not only on the materials but also on the geometry of the reinforcing bar and
the structural member itself (ACI, 2003). It is now accepted that besides serving to
transfer axial force from a reinforcing bar to surrounding concrete, bond also serves a
range of structural functions in reinforced concrete. At the serviceability limit state, bond
serves to control crack widths and deflection. At the ultimate limit state, strength of laps
and anchorages depend on bond. In addition, bond characteristics of flexural
reinforcement will influence rotation capacity of plastic hinges. Extreme reductions in bond
stiffness would affect the composite interaction between reinforcement and concrete and
negate the usual assumptions of plane section behaviour (i.e., plane sections remain
plane before and after bending). Bond of steel reinforcement in concrete is important to
three aspect of structural performance namely (1) bond is used to anchor rebar ends, (2)
bond transfers force into concrete under tension, reducing the average strain in flexural
reinforcement and enhancing member stiffness, (3) bond is used to maintain composite

interaction between rebar and concrete (fib, 2000).
2.2.1 Mechanisms of bond resistance

In reinforced concrete construction, efficient and reliable force transfer between
reinforcement and concrete is required for optimal design. The transfer of forces from the

reinforcement to the surrounding concrete occurs for a deformed bar (Figure 2.1) by:



. Chemical adhesion between the reinforcing bar and the surrounding concrete;

o Frictional forces arising from the roughness of the interface, forces transverse to
the bar surface, and the relative slip between the bar and the surrounding
concrete; and

. Mechanical anchorage or bearing of the ribs against the concrete surface (ACI,
2003).

T bearing and friction
forces on bar

adhesion and friction forces
along the surface of the bar

Figure 2.1 Bond force transfer mechanisms (ACI, 2003)

Bond resistance occurs due to development of tangential (shear) stresses
components along the interface (contact surface) between the reinforcing bar and
surrounding concrete. This stress is called as the bond stress and is expressed as the
tangential force per unit surface area of the rebar.

According to the ACI Committee 408 (ACI, 2003), friction plays a major role in the
bond resistance of plain bars. These slip-induced frictional forces come into play due to
transverse stresses at the bar surface caused by small variations in bar shape and
surface roughness of the bars. However, when a deformed bar moves with respect to the
surrounding concrete chemical adhesion gets quickly lost and bearing forces on the ribs
and friction forces on the ribs and barrel of the rebar are mobilised. With increase in slip,
friction on the barrel of the reinforcing bar is reduced and the bearing forces remain the
principal mechanism of bond resistance. The bearing forces can be resolved into tensile
stresses acting in concrete which can result in cracking in planes that are both
perpendicular and parallel to the reinforcement. The ACI Committee 408 (ACI, 2003)
states that splitting cracks form if concrete cover or spacing between the bars is small
whereas if the concrete cover, bar spacing or transverse reinforcement is sufficient to
prevent or delay a splitting failure, then bond resistance will be lost by shearing of
concrete along a surface at the top of the ribs around the bars resulting in what is called

as a “pullout” failure.



The ACI Committee 408 (ACI, 2003) states that bond resistance is governed by
the following factors:

() The mechanical properties of concrete, in particular its tensile and its bearing
strength

(i)  The concrete volume surrounding the bar

(i) Presence of confinement which can delay and control crack propagation

(iv) Surface condition of the bar

(v) Bar geometry in terms of deformation height, rib spacing, width and face angle

2.2.2 Types of bond

Depending on the loading situation, bond is characterised as:
. Flexural bond

o Anchorage or development bond.
2.2.2.1 Flexural bond

Flexural bond arises in flexural members on account of shear or a variation in
bending moment. It causes a variation in axial tension along the length of a reinforcing bar
(Figure 2.2(d)). Flexural bond is critical at locations where shear (V=dM/dx) is significant.
The flexural stresses at two adjacent sections of a beam, dx apart, subjected to a
differential moment dM, are depicted in Figure 2.2(b). The differential tension dT in the

tension steel over the length dx is given by

dT = O;—Z' (2.1)

where jd is the internal lever arm.
This unbalanced bar force is transferred to the surrounding concrete by means of

flexural bond' developed along the interface. Assuming the flexural (local) bond stress z,

to be uniformly distributed over the interface in the elemental length dx, equilibrium of

forces gives:
7, (Zo)dx =dT (2.2)

Where > 0is the total perimeter of the bars at the beam section under consideration

(Figure 2.2(c)).



From Equation 2.2, it is evident that the bond stress is directly proportional to the
change in the bar force. Combining Equation 2.2 with Equation 2.1, the following

expression for the local bond stress 7, is obtained.

. dM/dx

= Fo)ia (2.3a)

Alternatively, in terms of the transverse shear force at the sectionV = dM/dx,

Vv

= ol (2.3b)

The above discussion shows that flexural bond stress is high at locations of high
shear, and that this bond stress can be effectively reduced by providing an increased
number of bars of smaller diameter bars (to give the same required Ay). According to Pillai
and Menon (2010) the actual bond stress will be influenced by flexural cracking, local slip,
splitting and other secondary effects which are not accounted for in Equations 2.3a and
2.3b. In particular, flexural cracking significantly affects the magnitude and distribution of

local bond stresses.
2.2.2.2 Anchorage bond

Anchorage bond (or development bond) arises over the length of anchorage
provided for a bar or near the end (or cut-off point) of a reinforcing bar. At a conceptual
level, this bond resists the 'pulling out' of the bar if it is in tension (Figure 2.2(e)), or
conversely, the 'pushing in' of the bar if it is in compression. An example of anchorage
bond is depicted in the cantilever beam of Figure 2.3, where it may be seen that the
tensile stress in the bar segment varies from a maximum (fs) at the continuous end D to
practically zero at the discontinuous end C.

The bending moment, and the tensile stress fs, are maximum at the section at D.
Evidently, if a stress fs is to be developed in the bar at D, the bar should not be terminated
at D, but has to be extended (‘anchored') into the column by a certain length CD. At the
discontinuous end C of the bar, the stress is zero. The difference in force between C and
D is transferred to the surrounding concrete through anchorage bond. According to Pillai

and Menon (2010), the probable variation of the anchorage bond stress r,is as shown in

Figure 2.3(b) with a maximum value at D and zero at C. It may be noted that a similar (but
not identical) situation exists in the bar segment CD of the simply supported beam in
Figure 2.2(e).
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The average bond stress 7 can be calculated by assuming a uniform bond stress

distribution over the length L of the bar of diameter d, (Figure 2.3(c)), and considering

equilibrium of forces as given below:

_ ﬂ-ds _dbfs
(7rdb L)TC —[ 2 jfs =7, = m (2.4)

The above bond stress may be viewed as the average bond stress generated over a
length L in order to develop a maximum tensile (or compressive) stress fs at a critical
section. Therefore, this type of bond is referred to as 'development bond' or it may also be
viewed as the bond required to provide anchorage for a critically stressed bar, hence the

name anchorage bond.
2.2.3 Bond failure mechanisms

According to Pillai and Menon (2010), the mechanisms that initiate bond failure

may be any one or a combination of the following:

° break-up of adhesion between the bar and the concrete;

° longitudinal splitting of the concrete around the bar;

° crushing of the concrete in front of the bar ribs (in deformed bars); and

° shearing of the concrete keyed between the ribs along a cylindrical surface

surrounding the ribs (in deformed bars).

The most common type of bond failure is pulling loose of the reinforcement bar
following the longitudinal splitting of the concrete along the bar embedment. In the case of
plain bars placed with large cover, failure may occur due to the bar pulling out of concrete
with little or no splitting of concrete. Such a failure may also occur with very small
diameter deformed steel bars embedded in concrete with a large cover. However, for the
usual sizes of deformed steel bars and concrete cover, longitudinal splitting of concrete is

the most common bond failure mechanism.
2.3 FACTORS AFFECTING BOND

Although many factors are known to affect bond between reinforcing bars and
concrete, only the major ones are reviewed here under three subject headings: structural

characteristics, bar properties, and concrete properties.
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2.3.1 Structural characteristics
2.3.1.1 Concrete cover and bar spacing

Bond failure mode depends on concrete cover and bar spacing (Untrauer, 1965;
Tepfers, 1973; Orangun et al.,, 1977; Eligehausen, 1979; Darwin et al., 1996). Pullout
failure occurs when the cover and bar spacing is large. This type of failure can occur with
some splitting if the member has significant reinforcement to confine the anchored steel. If
the cover and bar spacing is small, splitting failure will occur, resulting in lower bond
strength. Splitting failures can occur between the bars, between the bars and the free
surface, or both (ACI, 2003).

2.3.1.2 Bonded length

Although increase in the bonded length (development or splice length) of a
reinforcing bar increases the bond strength, it is not proportional. As the bar moves (or
slips) with respect to concrete, splitting may also be accompanied by crushing of the
concrete in front of the ribs, especially in normal-strength concrete. Even at low
embedded lengths, the bars will have measurable bond strength. This occurs because, in
the tests, there is always at least one set of ribs that forces the concrete to split before
failure. When failure occurs, a significant crack area is opened in the member due to
splitting (Brown et al., 1993; Darwin et al., 1994; Tholen and Darwin, 1996). As the
bonded length of the bar increases, crack surface at failure also increases in a linear but
not proportional manner with respect to the bonded length. The total energy needed to
form the crack and, in turn, the total bond force required to fail the member, increase at a
rate that is less than the increase in bonded length. Therefore, the ACI Building Code
(ACI, 2011) design practice of establishing a proportional relationship between bond force
and development or splice length is conservative for short bonded lengths, but becomes
progressively less conservative, and eventually unconservative, as the bonded length and
stress in the developed or spliced bar increase (ACI, 2003). Bond-slip failure will occur
due to inadequate bonded length of steel bars in concrete (Chugh and Menon, 2005;
Girija and Menon, 2011).

2.3.1.3 Transverse reinforcement

The presence of transverse reinforcement confines the development and spliced
bars by limiting the growth of splitting cracks, thus increasing the bond force required to
cause failure (Tepfers, 1973; Orangun et al., 1977; Darwin and Graham 1993a, 1993b).
By increasing the amount of transverse reinforcement, splitting failure mode may change

to pullout failure due to increase in bond force. Orangun et al. (1977) concluded that there
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no significant gain in bond strength is obtained if the amount of transverse reinforcement

is more than that required.
2.3.1.4 Bar casting position

The bar casting position plays an important role in bond strength between concrete
and reinforcing bar (Abrams, 1913). Bottom-cast bars develop higher bond strengths
compared to top-cast bars (Clark, 1946, 1950; Collier, 1947; Larnach, 1952; Menzel,
1952; Menzel and Woods, 1952; Ferguson and Thompson, 1962, 1965; CUR, 1963;
Untrauer, 1965; Welch and Patten, 1965; Untrauer and Warren, 1977; Thompson et al.,
1975; Jirsa and Breen, 1981; Luke et al., 1981; Zekany et al., 1981; Donahey, 1984,
1985; Brettmann et al., 1984, 1986; Jeanty et al., 1988). As per ACI 318-11 (2011), a 30%
increase in development length is required for top horizontal reinforcement when the fresh
concrete depth exceeds 300mm. The reason for this recommendation is the settlement of
fresh concrete and the accumulation of bleed water below the reinforcing steel. Ferguson
and Thomson (1965) conducted beam tests to compare the ratio of top-cast to bottom-
cast bar bond strength. These authors conclude that bond strength of top-cast bars

decreased with slump and decreasing top cover (ACI, 2003).
2.3.2 Bar properties
2.3.2.1 Bar Size

Because of the following two reasons, there is no appreciable relationship between
bar size and bond strength: (1) as the bar size increases, longer development or splice
length is required, and (2) for a given development or splice length, larger bars achieve
higher total bond forces than smaller bars for the same degree of confinement. The total
force developed at bond failure is not only an increasing function of concrete cover, bar
spacing, and bonded length, but also of bar area (Orangun et al., 1977; Darwin et al.,
1992; 1966). The bond force at failure, however, increases more slowly than the bar area.
If there are no space restrictions, it is advisable to use larger number of smaller bar
diameters by replacing large bar diameters for the same area of reinforcement (ACI,
2003).

2.3.2.2 Bar geometry

Some studies indicate that bar geometry strongly influences bond strength, while
other studies indicate that the influence is minor. Based on the bond studies of both plain
and deformed bars, Abrams (1913) concluded that deformed bars produced higher bond

strength than plain bars. Abrams (1913) observed that the ratio of the bearing area of the
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projections (projected area measured perpendicular to the bar axis) to the entire surface
area of the bar in the same length could be used as a criterion for evaluating bond
resistance of deformed bars and suggested the ratio be not less than 0.2 (ACI, 2003).
When the face angle is greater than 400, slip occurs by crushing of concrete in front of the
ribs, and for the face angle 30 to 40°, the crushed concrete acts as a wedge (Lutz et al.,
1966; Lutz and Gergely, 1967).
To account for the effect of bar geometry on bond strength, ACI 408.3-01/408.3R-
01 (2001a) recommends the use of the parameter called as the relative rib area, R,
illustrated in Figure 2.4, which is the ratio of the bearing area of the bar deformation to the
shearing area between the deformations. The definition of average rib width is illustrated
in Figure 2.5, where h, is the height of the rib and s, is the spacing of the rib. For
evaluating splice and development length of coated and uncoated reinforcing bars in
tension having a high relative rib area (R, =2 0.1), ACI 408.3-01/408.3R-01 (2001a)
provides the following restrictions:
(i)  The relative rib area is at least 0.10, but no larger than 0.14
(i) The ribs are at an angle of 45 to 65 degrees inclusive with respect to the axis of
the bar
(i) Ribs shall not cross. Use of X-patterns and diamond patterns for ribs is not
permitted
(iv) The rib spacing is at least 0.44 of the nominal diameter d, of the reinforcing bar
(v) The average rib width is less than or equal to one third of the average rib spacing

(vi) The diameter of the bar does not exceed 36 mm
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Figure 2.4 Definition of relative rib area, R; (ACI, 2001a)
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)
Figure 2.5 Definition of average rib width (ACI, 2001a)

Failure mechanisms at the ribs of deformed bars as a function of h/s, are
presented in Figure 2.6. This figure shows that when h//s, > 0.15, shearing of concrete in
front of the ribs occurs and when h,/s, < 0.1, crushing of concrete in front of the ribs

OocCcurs.

_/ Cruched concrete ] Failure suriau:c:\.l

Compacted powder

I i |

(a) (b)

Figure 2.6 Failure mechanisms at the ribs of deformed bars:
(@) hy/s; >0.15, (b) h//s, < 0.1 (Park and Paulay, 1975)

2.3.2.3 Bar surface condition and strength

Bar surface condition is an important parameter which affects the bond strength
because of its effect on friction and ability of the ribs to transfer force between the two
materials. Bar surface condition is defined by the presence or absence of foreign and/or
deleterious matter on the bar surface. This may include rust, epoxy coating, mud, oil, dirt
and bar finish during manufacturing. The ACI 318-11 (2011) requires that the
reinforcement must be free of mud, oil, and other nonmetallic coatings that decrease the

bond. An epoxy coated bar is much smoother than the normal non-coated bar. Although
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epoxy coating will not significantly affect the bond strength of deformed bars, in the case
of plain bars (which rely on adhesion and friction) bond strength is likely to be significantly
compromised by epoxy coating (fib, 2000). Reinforcement yield strength also influences
bond strength. It has been observed that when high-strength steel is used, the concrete
adjacent to the bars will have greater strains and cracks when compared to when normal
strength steel is used, leading to a reduction in ultimate bond strength (ACI, 1973).

2.3.3 Concrete properties
2.3.3.1 Compressive strength

According to the ACI Committee 408 (ACI, 2003) bond strength between steel
bars and NA concrete has been traditionally normalised to the square root of concrete
compressive strength, f'. (Tepfers, 1973; Orangun et al., 1977; Darwin et al., 1992;
Esfahani and Rangan, 1998a, 1998b; Harajli, 2005; ACI, 2011) though this practice has
not been universal. Zsutty (1985), on the other hand has found that ;> provided a better
match with data compared to f';2. On the basis of a review of a large number of bond test
results of concretes with strengths between 17 MPa and 110 MPa, Darwin et al. (1996)
and Zuo and Darwin (1998, 2000) have reported that the effect of concrete grade on
splice strength for normal-strength as well as high-strength concrete is more accurately
represented if the bond strength data are normalised to f.**. Bond test results of Harajli
and Al-Hajj (2002) show that as the compressive strength of concrete increased from
about 28 MPa to about 55 MPa, the local splice strength increased in proportion to f'c°
where p is in excess of %. These authors found that for all their parameters under
investigation, whenever the local splice strengths were normalised to .Y the results of
high-strength concrete were about 23% larger than those of normal-strength concrete. On
the other hand, according to Azizinamini et al. (1993), normalised average bond strength
at failure in high-strength concrete reduces relative to normal-strength concrete and this
reduction in bond strength increases with an increase in splice length. In contrast to the
results of Azizinamini et al. (1993), Esfahani and Rangan (1996) found that the average
bond stress at failure normalised with respect to f'.? is higher for high-strength concrete
than for normal-strength concrete. According to the literature, ;> does not accurately
represent the effect of concrete strength on bond and ACI 408R-03 (2003) states inter alia
that 'when bond strengths are normalised with respect to f.Y2 the effect of concrete
strength is exaggerated resulting in an overestimation of bond strength for higher strength

concretes'.
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2.3.3.2 Tensile strength

According to the ACI Committee 408 (ACI, 2003), the observed effects of
aggregate strength and quantity and of concrete compressive strength on bond strength
strongly indicate that the tensile properties of concrete play a significant role in
determining bond strength. The concrete contribution to total bond force increases
approximately with M4 This contrasts with the relationship between compressive
strength and tensile strength, where it is generally agreed that tensile strength increases
approximately with f'.*2. Some studies dealing with high-strength concrete, a power higher
than %2 has been observed to relate f'; to tensile strength (Ahmad and Shah, 1985; Kozul
and Darwin, 1997). If tensile strength alone the key goveming factor in bond strength, f'.*?
should provide a good representation of the relationship between compressive strength
and bond strength, and aggregate strength should have little effect on concrete

contribution to total bond force (ACI, 2003).
2.3.3.3 Aggregate type

Zuo and Darwin (2000) concluded that under all conditions of confinement,
stronger coarse aggregates provides higher splice strength and for splices confined by
transverse reinforcement, the higher the quantity of coarse aggregate in the concrete, the
greater the contribution of transverse reinforcement to splice strength. Among aggregate
types, basalt gives higher fracture energy, increases resistance to crack propagation that

delays splitting failure and hence increases splice strength (Zuo and Darwin, 2000).
2.3.3.4 Slump and workability

According to Darwin (1987), workability of concrete has a significant effect on bond
strength. In higher slump concrete, the tendency for settling and bleeding will be more
which in turn will reduce bond strength. In the case of reinforced concrete members with a
concrete depth of more than 300 mm, the presence of bleed water accumulated below the
top-cast bars produces voids. These voids affect the bond strength (ACI, 2003). By using
hand-rodded concrete with slump ranging from 127 to 152 mm, Menzel (1952) observed a
marked reduction in bond strength when the height of top-cast bars increased from 54 to
841 mm. ACI 408R-03 (2003) concluded that an increase in slump and the use of

workability-enhancing admixtures tends to have a negative effect on bond strength.
2.3.3.5 Mineral admixtures

Mineral admixtures like silica fume, flyash and ground granulated blast furnace

slag have been used by various researchers (Gettu et al., 1990; Gjorv et al., 1990; Olsen,

18



1990a, 1990b; Hwang et al. 1994; Hamad and Itani, 1998; Sivakumar and Santhanam,
2007a, 2007b; Bhaskar et al., 2008; Chidiac and Panesar, 2008; Bhaskar et al., 2012;
Onuaguluchi and Panesar, 2014), to produce high-strength and high-performance
concretes. According to the ACI Committee 408 (ACI, 2003), most studies of the effect of
mineral admixtures on bond strength have been limited to the effects of silica fume and for
this case bond strengths are normalised with respect to f';/2. Because this value
overestimates the effect of compressive strength, the conclusion has often been made
that silica fume has a negative effect on bond strength. If the test results are normalised
with respect to ¥, however, the apparent negative impact of silica fume on bond is
significantly decreased (ACI, 2003). Gjorv et al. (1990) conducted pullout tests for
concrete strengths ranging from 21 MPa to 83 MPa with silica fume replacements of 0 %,
8% and 16% by weight of cement and concluded that silica fume increases bond strength
between concrete and reinforcing steel. An increase in bond strength by 10 % for concrete
containing silica fume and 17 % for concrete containing fly ash has been reported by
Olsen (1990a, 1990b). On the other hand, a 7-12% reduction in bond strength has been
reported by Hwang et al. (1994). Hamad and Itani (1998) carried out 16 splice tests that
included both top- and bottom-cast bars. The test strengths showed reductions in bond
strength averaging 5 % for silica fume replacements of Portland cement between 5 and 20
% (ACI, 2003).

2.3.3.6 Fibre reinforcement

Fibre reinforcement has been used by various researchers (Banthia and Trottier,
1994; Harajli, 1994; Harajli et al., 1995; Harajli and Salloukh, 1997; Banthia et al., 2000;
Bindiganavile and Banthia, 2002; Bindiganavile and Banthia, 2005; Baruah and Talukdar,
2007a; Mohammadi et al., 2008; Singh et al., 2010; Onuaguluchi et al., 2014; Singh et al.,
2014), to enhance the performance of concrete. Addition of fibres in concrete improves
the tensile strength of concrete, however the increase is small (ACI, 2003). Harajli et al.
(1995) measured the local bond stress-slip behaviour for bars embedded in fibre
reinforced concrete pullout specimens. These authors studied the effect of bar diameter
(19 mm and 25 mm), mode of failure (pullout, splitting), type, volume fraction and aspect
ratio of the bars. They reported a 20 % increase in bond strength when using 2 % fibres
by volume. Bond strength of reinforcing bars embedded in both plain and fibre reinforced
concrete using splice specimens were studied by Harajli et al. (2002). They investigated
the effect of the ratio of concrete cover to bar diameter and fibre volume fraction. Harajli et
al. (2002) reported a 26 % and a 33 % increase in bond strength for 1 and 2 % fibre

volume fraction respectively.
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24 BOND TEST SPECIMENS

Bond strength between reinforcing steel and concrete can be evaluated by using a
variety of test specimen configurations. Only the most common configurations viz. pullout,
beam-end, beam-anchorage and splice specimens are reviewed in the following sections.
According to the ACI 408R-03 (2003) specimen configuration affects the measured bond
strength and the nature of the bond response.

2.4.1 Pullout specimens

Pullout specimens are widely used for investigation of bond behaviour because of
their ease of fabrication and the simplicity of the test and they provide a simple means of
comparing normalized bond behaviour (Abrams, 1913; Menzel, 1952; Gjorv et al., 1990;
Harajli et al., 1995; Esfahani and Rangan, 1998a; Ajdukiewicz and Kliszewicz, 2002; Xiao
and Falkner, 2007; Choi and Kang, 2008; Corinaldesi and Moriconi, 2009; Harajli and
Abouniaj, 2010; Bai et al., 2010; Bhaskar et al., 2012; Kim et al., 2012; Kim and Yun,
2013; Breccolotti and Materazzi, 2013; Seara-Paz et al., 2014; Metelli and Plizzari, 2014).
However, these specimens are the least realistic because the stress fields in them do not
accurately simulate bond conditions in actual construction. As the bar is placed in tension,
the concrete is placed in compression unlike in actual construction wherein both the
embedded bar and the surrounding concrete are in tension. Figure 2.7 shows a typical
pullout specimen, wherein the pullout load is applied on the concentrically embedded steel
bar.

v

Figure 2.7 Pullout specimen (ACI, 2003)

2.4.2 Beam-end specimens

A beam-end specimen, also sometimes called as a modified cantilever beam is
shown in Figure 2.8 and has been used by a number of investigators for studying bond
(Johnston and Zia, 1982; Brettmann et al., 1984, 1986; Zilveti et al., 1985; Darwin and
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Graham, 1993a, 1993b; Darwin et al., 1996; Tan et al., 1996; Zuo and Darwin, 1998,
2000; Butler et al., 2011; Butler, 2012; Fathifazl et al., 2012; Butler et al., 2014)
Compared to pullout specimens, these specimens simulate more accurately the state of
stress in actual construction with the reinforcing steel and the surrounding concrete being
simultaneously placed in tension. The specimen consists of a reinforcing bar which is cast
in a block of reinforcing concrete. According to the ACI Committee 408 (ACI, 2003), to
achieve the desired state of stress, the compressive force must be located away from the
reinforcing bar by a distance approximately equal to the embedded or the bonded length

of the bar within the concrete.

¥ _

Figure 2.8 Beam-end specimen (ACI, 2003)

2.4.3 Beam anchorage specimens

Beam anchorage specimens are large specimens ideally suited to represent full-
size and they provide realistic data on development and splice length. The anchorage
specimen Figure 2.9 simulates a member with a flexural crack and a known bonded
length. According to the ACI 408R-03 (2003), in order to minimise the effect of increased
normal stresses caused by support reactions, it is desirable that the reactions are
displaced laterally from the centre-line of the beam. Beam anchorage specimens have

been used for example by Hamad et al., 2005.

+

Figure 2.9 Beam anchorage specimen (ACI, 2003)
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2.4.4 Splice specimens

Splice specimens are also large specimens and are representative of actual
construction and like beam anchorage specimens they also provide realistic data on
development and splice length. The splice specimen (Figure 2.10) is normally fabricated
with the splice in a constant moment region and produces bond strengths similar to those
obtained with the anchorage specimens. Their advantage over anchorage specimens is
that they are easier to fabricate while at the same time they provide realistic stress-state in
the vicinity of the bars. According to the ACI Committee 408 (ACI, 2003), the bulk data
provided by these specimens has been used to establish design provisions for
development length as well as splice length, in ACI 318-11 (2011) starting with ACI 318-
95 (1995). Splice specimens have been used by researchers like Chinn et al. (1955),
Chamberlin (1958), Zekany et al. (1981), Treece and Jirsa (1989), Hamad and Jirsa
(1993), Darwin et al. (1996), Tan et al. (1996), Harajli and Salloukh (1997), Hamad and
Itani (1998), Esfahani and Rangan (1998b), Zuo and Darwin (1998, 2000), Harajli et al.
(2002), Morohashi et al. (2007), Harajli and Abouniaj (2010), Hassan et al. (2012), Pay et
al. (2014).

Figure 2.10 Splice specimen (ACI, 2003)

25 PREDICTIVE MODELS FOR BOND STRENGTH AND RECOMENDATIONS OF
DESIGN CODES

2.5.1 Predictive models for bond strength

The following sections discuss selected bond strength predictive models in the
literature. Although currently there is no widely accepted and accurate theory-based
model for development and splice strength, a majority of the bond models in the literature
are based on statistical comparison of experimental results and these models produce

reasonably accurate predictions of bond strength.
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2.5.1.1 Orangun, Jirsa and Breen

Based on a nonlinear regression analysis of test results of 62 beam-splice
specimens, Orangun et al. (1975, 1977) developed equations (Equation 2.5 and 2.6), for
bond strength of concrete not confined and confined by transverse reinforcement
respectively. Equations 2.5 and 2.6 are applicable for only splitting failure with restriction
given in Equation 2.7.

%o _0.10+0.25%mm 1 4.15% (2.5)

\/E db Ld

To _TetTe Al 60500 (c, +0.4d, )116.6A,+ Frol g (2.6)
N R 41.5sn
f
= c,.,+0.4d, +& <25 (2.7
d, 10.34sn

where A, = area of developed or spliced bar (mm?, A, = area of transverse
reinforcement normal to the plane of splitting through the anchored bars in (mm?), cmin =
smaller of minimum concrete cover or ¥ of the clear spacing between bars = minimum
(cw, Cs) (mm), ¢, = bottom concrete cover for reinforcing bar being developed or spliced
(mm), ¢ = minimum [Cso, Csi + 6.35 mm] (mm), ¢cs; = ¥ of the bar clear spacing (mm), cs, =

side cover for reinforcing bar (mm), d, = bar diameter (mm), fc' = cylinder compressive

strength of concrete (MPa), fs = stress in reinforcing bar (MPa), f,; = yield strength of
transverse reinforcement (MPa), Ly = development or spliced length (mm), n = number of
bars developed or spliced at the same location, s = spacing of transverse reinforcement
(mm), T, = total bond force of a developed or spliced bar = T, + Ts (kN), T. = concrete
contribution to total bond force, the bond force that would be developed without transverse

reinforcement (kN), Ts = steel contribution to total bond force, the additional bond strength

provided by the transverse steel (kN), z. = average bond strength at failure (MPa).

2.5.1.2 Darwin et al.

Darwin et al. (1996) used a larger database of bottom-cast bars, consisting of 133
splice and development specimens without confined transverse reinforcement and 166

specimens with confined transverse reinforcement. They observed that f'.*

provided a
better representation of concrete strength than the more traditional .Y, For bars confined

by transverse reinforcement, the relative rib area R, shows a significant effect on bond
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strength. Based on their studies, equations were developed for bars not confined and
confined by transverse reinforcement and these are presented in Equations 2.8 and 2.9
respectively. Equations 2.8 and 2.9 are applicable for only splitting failure subject to
restrictions given in Equation 2.10.

fT134 = fA*;L = [1.5L, (cmin+o.5dbﬁ5m](o.1§“+“+ o.9j (2.8)

C C

where (o.1°ﬂ+0.9}g 1.25
c..

min

let;4 :T;j/} _ ng,fA ~[L5L, (cmin+o.5db)+5mb(o.1?+“+ o.9j+ 53.3t t, N:“ +1019

min

(2.9)
where t, =9.6R, +0.28 and, t,=0.028d,+0.28
di - {(cmm+0.5db)(0.1ﬁ+ o.9j+(mﬂs4.o (2.10)
b min sn

where Ap, At, Cmaxs Cmins Cby Css Csos Csi, b, fc' , fs, La, n, s, Ty, Tc and Ts are defined in section
2.5.1.1, N = number of transverse bars in the development or splice length, R, = relative

rib area, ty = term representing the effect of bar size on Ts, t; = term representing the effect

of relative rib area on Ts.
2.5.1.3 Zuo and Darwin

Zuo and Darwin (1998, 2000) expanded the work of Darwin et al. (1996) by
increasing the database and adding substantially to the percentage of test specimens
containing high-strength concrete (55 MPa). The database included 171 specimens
containing bars not confined by transverse reinforcement and 196 specimens containing
bars confined by transverse reinforcement. All bars were bottom cast. They concluded
that f'.** realistically represents the contribution of concrete strength to bond strength for
bars not confined by transverse reinforcement, which supports the earlier observations.
Their bond strength equations for bars not confined and confined by transverse
reinforcement are presented as Equations 2.11 and 2.12 respectively. Equations 2.11 and

2.12 are applicable for splitting failure only subjected to restrictions given in Equation 2.13.
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<= J,fj =[1.43L,(c,,,+0.5d, }+ 56.2Ab](0.1?—%+ 0.9] (2.12)

min

—
&

fT1$4 =T; ;;r = ng,f4 =[1.43L, (cmin+o.5db)+56.2Ab][o.1‘2“+“+ o.9j

Cc C Cc

+[9trtd NA, +744]fc'1/2 (2.12)
n
where t, =9.6R, +0.28 and t, = 0.03d, +0.22
di{(cmmeO.Sdb)(O.lcmax +o.9}+ (mjf;“} 4.0 (2.13)
b min sn

where the notations are defined in sections 2.5.1.1 and 2.5.1.2.

2.5.1.4 Esfahani and Rangan

Esfahani and Rangan (1998a, 1998b), extended the local bond theory of Tepfers
(1973) and developed expressions for bond strength of bars not confined by transverse
reinforcement (Equations 2.14 and 2.15).

For f'. < 50 MPa

Te AL 570,

(c,;, +0.5d, )[1+1j
M Crred
0.125%ms o.ssj (2.14)
[Cdm'" +3.6](1.85+0.024\/M )

b

;I
;I

where M = COS}{0.00ZZLd %J

b

For f'. = 50 MPa

Te AL 47341,

K

(c,;, +0.5d, )(1+'\ﬂ (
Lo.lzcmed = o.ssj (2.15)
(Cc;“m+5.5)(1.85+o.024\/ﬁ ) G

b

25



where Ay, dy, Lg, fs, T, T are defined in section 2.5.1.1, Cpin = MiNiMum (Cso, Cp, Csi + du/2)

(mm), Cmeq = Median (Cso, Cp, Csi + dp/2) [that is, middle value] (mm), M = constant for the
bond strength of bars. For conventional reinforcement (R, = 0.07), r = 0.3. The hyperbolic
cosine enters the relationship based on the assumed variation in bond stress along the
developed or spliced length of a bar.

Esfahani and Rangan (1998a), also presented the following equations (Equations
2.16 and 2.17) for predicting peak bond strength in short length specimens.

For f'. < 50 MPa

—+0.5
=49 L2 |f (2.16)

max ct
£ 136
d

b

For f'. 2 50 MPa

(2.17)

max : ct
C

where 7, = peak bond strength (MPa), ¢ = minimum concrete cover (Cso, Cp) (MM), Cso =

side cover, ¢, = bottom cover, d, = bar diameter, f, = 0.55\/E = splitting tensile strength

1 et

of concrete (MPa), fc' = cylinder compressive strength of concrete (MPa).

2515 ACI408R-03

Using the database 10-2001, the ACI Committee 408 (ACI, 2003) has updated the
equations (Equations 2.11 and 2.12) developed by Zuo and Darwin (1998, 2000) with
minor changes and these are presented below as Equations 2.18 and 2.19 respectively.
The restriction in Equation 2.20 (same as Equation 2.13) applies to Equations 2.18 and
2.19 also.

f

min

.T1°,4 = fA’;,f4 =[1.43L,(c,,,+0.5d, }+ 57.4&](0.1‘2“4% 0.9J (2.18)

Cc Cc
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T, T.+T. f Cona
o =?3,4=[1.43|_d(cmin+o.5db)+57.4Ab](o.1T+0.9J

f

f min

Cc C [

+(8.9trtd NA, +558ij' He (2.19)
n
where t, =9.6R, +0.28 and t, =0.03d,+0.22
i[ (c,. +0.5d, ){o.lcmi+ o.9]+ (M]ﬁ 1’2} 4.0 (2.20)
d, Crin sn

where the notations are defined in sections 2.5.1.1 and 2.5.1.2.

2.5.1.6 MacGregor

The following equation was presented by MacGregor (1997) for predicting the
peak bond strength of concrete.

r = 0.498\/E(§—b —%j (2.21)
b

where 7, = peak bond strength (MPa), c, = concrete cover measured from the centre of

the bar (mm), dp = bar diameter, fc' = cylinder compressive strength of concrete (MPa).

2.5.1.7 Kim et al.

Kim et al. (2012) modified the equation of MacGregor (1997) for predicting the
bond strength of RCA concrete. The bond strength equation of MacGregor (1997) was
suitably modified to take care of both fine and coarse RCA replacement levels and the

following equation was obtained.

r = {0.614& ((‘;—C—0.55}}(0.4203e°-°”2S +0.007G) (2.22)

b

where 7, = peak bond strength (MPa), c. = concrete cover measured to the centre of

the bar (mm), d, = bar diameter, fc' = cylinder compressive strength of concrete (MPa), S

= replacement level of fine RCA, G = replacement level of coarse RCA.
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2.5.2 Development length provisions in design codes

In structural design, bond is of direct relevance for calculating the development
lengths of rebars. Most current design codes give equations for calculating development
lengths as a function of the allowable bond stress, besides many other parameters. In
these predictive equations, the allowable bond stress is expressed as a function of the
grade of concrete. A review of development length provisions in selected design codes is
presented in the following sections.

2521 ACI318-11

ACI 318-11 (2011) provides the following equation, based on the expressions
developed by Orangun, Jirsa, and Breen (1975, 1977), for calculating development and
splice length. This equation is applicable to both confined as well as unconfined

concretes.

f
Ld= y ‘ l//t!//elr//s db (223)
11241, €, +K,
dy

The peak bond strength for concrete according to ACI 318-11 (2011) is given by the
equations (Equation 2.24 and 2.25).

For rebar diameter < 20 mm

~ 0.34375c¢, 4f,

max
d,

T (2.24)

For rebar diameter > 25 mm

- m (2.25)

Tmax
d
b

where ¢, = the factor that represents the smallest of the side cover, the cover over the bar

or wire (in both cases measured to the centre of the bar or wire), or one-half the centre-to-

centre spacing of the bars or wires, d, = bar diameter, fc' = cylinder compressive strength

40A,
sn

of concrete, f, = yield strength of the longitudinal reinforcement, K, = = the factor

that represents the contribution of the confining transverse reinforcement across potential
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splitting planes, Ay, = area of transverse reinforcement perpendicular to the plane of

splitting, s = spacing of transverse reinforcement in the splice zone, n = number of bars or
, . , - c, +K, ,
wires being spliced or developed along the plane of splitting, T = confinement
b

term which shall not be taken greater than 2.5 to avoid pullout failure, Ly = development or
spliced length, 4 = modification factor reflecting the reduced mechanical properties of
lightweight concrete, 0.75 for light weight concrete and, 1.0 for normal weight concrete,

v, = reinforcement location factor, 1.3 when the horizontal reinforcement is placed such
that more than 300 mm of the fresh concrete is cast below the development length or
splice and, 1.0 for other situations, y,= coating factor, 1.0 for uncoated reinforcement,

1.5 for epoxy-coated bars or wires with cover less than 3d, or clear spacing less than 6dy,

1.2 for epoxy-coated bars or wires, y = bar size factor, 0.8 for 19 mm and smaller bars

and, 1.0 for 22 mm and larger bars, z, . = peak bond strength (MPa). The value of \/E

should not exceed 8.3 MPa.
2.5.2.2 Canadian standard CSA A23.3-04

Canadian Standards Association, CSA A23.3-04 (2004) recommends the following
equation (Equation 2.26) for calculating development and splice length. This equation has
been modelled on the expressions ACI 318-11 (2011) developed by Orangun, Jirsa, and
Breen (1975, 1977). This equation is applicable to both confined as well as unconfined

concretes.

kl k2 k3 k4 fy

L, =1.15 2.26
ERETN (2:20)

where A, = cross-sectional area of the bar being developed or spliced, d.s = the smaller of
() the distance from the closest concrete surface to the centre of the bar being developed,

or (i) two-thirds of the centre-to-centre spacing of the bars being developed, f, = yield

strength of the longitudinal reinforcement, fc' = cylinder compressive strength of concrete,

_ Atr fyt

Ky = 105 = the factor that represents the contribution of the confining transverse
.osn

reinforcement across potential splitting planes, A, = area of transverse reinforcement
perpendicular to the plane of splitting, s = spacing of transverse reinforcement in the

splice zone, n = number of bars or wires being spliced or developed along the potential

plane of bond splitting, (dCS +Ktr)= confinement term which shall not be taken greater
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than 2.5d, to avoid pullout failure, k; = bar location factor, 1.3 for horizontal reinforcement
placed in such a way that more than 300 mm of fresh concrete is cast in the member
below the development length or splice and, 1.0 for other cases, k, = coating factor, 1.5
for epoxy-coated reinforcement with clear cover less than 3d,, or with clear spacing
between bar being developed less than 6d, 1.2 for all other epoxy-coated reinforcement
and, 1.0 for uncoated reinforcement, k3 = concrete density factor, 1.3 for structural low-
density concrete, 1.2 for structural semi-low-density concrete and, 1.0 for normal-density
concrete, k, = bar size factor, 0.8 for 20 mm and smaller bars and deformed wires and,
1.0 for 25 mm and larger bars. The product k; k, need not be taken greater than 1.7, Ly =

development or spliced length.
2.5.2.3 Australian code AS 3600-2009

The development length for deformed bars in tension according to Australian code
AS 3600-2009 (2009) is given by the following equation (Equation 2.27).

0.5k, k,f,,d,

L - - 23 -
sy.tb k2 \/E

where dy, = bar diameter, Lg, 1 = development length, fc' = cylinder compressive strength of

> 29k,d, (2.27)

concrete at 28 days which shall not be taken to exceed 65 MPa, fs, = yield strength of

reinforcing steel, k; = 1.3 for a horizontal bar with more than 300 mm of concrete cast
below the bar, 1.0 for other cases, k, =(132-d, )/100, k, =1.0-0.15(c, —d, )/d,
subjected to 0.7 <k, <1.0, cq = min of clear spacing between spliced bars, side cover

and, bottom cover. It is worth nothing that the minimum value of 29k.d, is specified to
ensure that the bar does not prematurely pullout prior to the mobilization of the concrete
around the bar in providing an effective means of stress development.

In AS 3600-2009 (2009), the peak bond strength for concrete is given by Equation
2.28.

b

r =o.265\/f[di—o.5J (2.28)

where 7, = peak bond strength (MPa), ¢ = concrete cover measured from the surface of

the bar (mm), dy, = bar diameter, fc' = cylinder compressive strength of concrete (MPa).
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2.5.2.4 British standard Eurocode 2

The British standard, Eurocode 2 (2004), recommends the following equations for
calculating the basic anchorage length (Equation 2.29) and the design anchorage length
(Equation 2.30) for both confined and unconfined concretes.

¢O d
L = S 2.29
b,rqd 4fbd ( )

Loy =y az0,05 04100 2 L in (2.30)

where f,, =2.25n,n,f,,= design value of ultimate bond stress, 7, = coefficient related
to the quality of the bond and the position of the bar during concreting, 1.0 for good

conditions and, 0.7 for all other cases, 7,= term related to the bar diameter, 1.0 for

132 ¢
100

f
$<32mm and, 7, :( jfor ¢>32mm, f,, = 2oLwO% - gegign value of

Ve

concrete tensile strength, «, = coefficient for taking into account long term effects on the

tensile strength and of unfavourable effects resulting from the way the load is applied

recommended value is 1.0, y, = partial safety factor for concrete, 1.5 for persistent &

transient and, 1.2 for accidental loads, f_, s = 0.7f_,,=concrete tensile strength with 5%

fracture, fum = mean value of the axial tensile strength of concrete,
f. =0.30f?9<C50/60, f = 2.12In(1+ G_BD >C50/60, C = concrete grade, fy, =

characteristic compressive cylinder strength of concrete at 28 days, f.,, = mean value of

concrete cylinder compressive strength, Ly = basic required anchorage length, o =
design stress of the bar at the position starting where the anchorage is measured, ¢=
longitudinal bar diameter, Lyg = design anchorage length, «,= effect of form of the bars
assuming adequate cover, 1.0 for straight bars, «,= effect of concrete minimum cover
given by @, =1-0.15(c, —¢)/¢ and 0.75>a, <1.0, c4 = minimum of clear spacing
between spliced bars, side cover and, bottom cover, «,= effect of confinement by
transverse  reinforcement  given by oy =1-KA and 0.7>0,<1.0,
A= (Z A, —Z)Ast’mm)/AS , 2. A, = cross-sectional area of the transverse reinforcement
along the design anchorage length Lyy , 2 A, ,= cross-sectional area of the minimum

transverse reinforcement, 0.25A; for beams and, 0 for slabs, As = area of a single

anchored bar with maximum bar diameter, K = 0.1 for the beam, p = transverse pressure
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at ultimate limit state along Lws , o, = influence of one or more welded transverse bars
((,75t > 0.6¢) along the design anchorage length Lyy, o= effect of the pressure transverse

to the plane of splitting along the design anchorage length, Lymin = minimum anchorage
length if no other Ilimitation is applied; for anchorage in tension:
lymin > Max{0.3l, 4, 10$100mm;. The product (&, ;) > 0.7.

b,min =
2.5.25 fib Model code 2010

In the fib Model code 2010 (2013), the design anchorage length for both confined

and unconfined concrete is calculated from the following equation

L, = 9% (2.31)

- 4fbd = ™b,min

where Ly min = minimum anchorage length, L > max{0.3¢fyd /(4fbd );10¢;100mm}, Lp

b,min

= design anchorage length, o, = steel stress to be anchored by bond over the distance

L, , ¢ = diameter of the anchored bar, f,q = design yield strength of reinforcing steel in

tension, fy, = ((052 +a3)fbd,0 —2p, /7c) < (2-5 foa0—0.4p, /7/c) < (1-5(\/fck )/ 7/0)’ foa =
design bond strength, «,= factor representing the influence of confinement due to

concrete cover, may conservatively be taken as 1.0, a,= factor representing the influence

of confinement due to transverse reinforcement, may conservatively be taken as 0, Py =
mean compression stress perpendicular to the potential splitting failure surface at the
ultimate limit state; where transverse compression perpendicular to the bar axis acts over
a portion of the bond length, bond strength may be increased over that portion, negative

when transverse stress is compressive, y. = partial safety factor for bond, taken as 1.5,

foa,0 = basic bond strength, fu o =m,7, 1751, (fck /25)0'5 ! y., n,= bar surface factor, taken

as 1.75 for ribbed bars (including galvanized and stainless reinforcement and, 1.4 for

fusion bonded epoxy coated ribbed bars, 7,= bar location factor, 1.0 for good bond

condition and, 0.7 for all other cases, 7,= bar size factor, 1.0 for ¢ <25mm and,

(25/¢)°'3for ¢ <25mm, n,= factor representing the characteristic strength of steel
reinforcement being anchored or lapped, 77,= 1.0 for fx = 500 MPa, 7,= 1.2 for f, = 400

MPa, n,= 0.85 for f,, = 600 MPa, r,= 0.75 for fy, = 700 MPa, 1,= 0.68 for f,, = 800 MPa,

fy« = characteristic value of yield strength of reinforcing steel in tension, fi = characteristic
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cylinder compressive strength of concrete. Intermediate values for 7, may be obtained by
interpolation.

fib model code 2010 (2013) recommends the following equation for calculating the
peak bond strength in short length specimens.

T = 2.5\F, (2.32)

where 7, = peak bond strength (MPa), fc' = cylinder compressive strength of concrete

(MPa).
2.5.2.6 Indian standard IS 456:2000

The following equation is included in the IS 456:2000 (2000) for calculating the

development length for deformed steel bars in tension.

[, = —¢ S (2.33)
b
4z,

where ¢= nominal diameter of the bar, o, = stress in bar at the section considered at
design load, 7,,= design bond stress, r,,= 1.92 for f« = 20 MPa, 7,4 = 2.24 for f = 25

MPa, r,4,= 2.4 for fc = 30 MPa, 7,,= 2.72 for fy« = 35 MPa, r,,= 3.04 for fx = 40 MPa

and above, fy = characteristic cube compressive strength.
Equation 2.33 is also applicable for calculating the development length for
deformed steel bars in compression. For bars in compression, the values of bond stress

for bars in tension shall be increased by 25 %.
2.6 RECYCLED CONCRETE AGGREGATES

Growth of population, combined with overall growth of the country, has
necessitated development of industries, residential accommodation and commercial
offices. Concrete use will increase many-fold in the years to come. As concrete consumes
non renewable natural resource of aggregates, in addition to emission of around 1 kg of
carbon dioxide for every kg of cement produced, sustainability has to be seriously
addressed (Ramalingam and Santhanam, 2012). A depletion in the availability of quality
aggregates together with environmental, economic, and energy considerations is
encouraging recycling of demolished concrete structures and pavements for use as
aggregates in new concrete constructions (Bindra et al., 2003, 2007b). Recycling of

concrete is the alternative for the sustainable development of construction industry.
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2.6.1 Sources of recycled concrete aggregates

The main source of recycled concrete aggregates is the demolished concrete
obtained from buildings, pavements and returned ready-mixed concrete. Recycling
aggregate entails breaking old concrete, removing reinforcement and contaminants, and
crushing the processed material to a specified size and gradation. Demolition can be
carried out using any one or a combination of the following techniques: crushing,
chopping, splitting, blasting, cutting/drilling, laser, electric heating, and microwaving. While
selecting the appropriate technique, considerations like resources, safety, time
constraints, quality of concrete, geometry of the demolished object, quantity of concrete to
be demolished, location, aggregate hardness, concrete compressive strength,
environment, specific risks, utility locations and adjoining construction should be evaluated
(ACI, 2001b). Figure 2.11 outlines the production process of RCA recommended by ACI
555R-01 (2001b).
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selective demolition to reduce individual fragments of
broken concrete to a maximum of 0.4 to 0.7 m

A

separate storage of concrete, brick rubble and mixed
demolition debris which is heavily contaminated with
wood, iron, plastics and gypsum

v

manual or mechanical pre-separation

by-pass of

10 mm <d <40 mm

.

primary screening

4

primary crushing

magnetic separation

by-pass ‘
of d <40

;

mm

secondary screening

.

manual or mechanical removal of remaining
contaminants

A

secondary crushing

A

Washing, screening or air-sifting

!

fraction of concrete demolition waste and brick rubble
<40 mm

A

finish screening into size fractions according to
customer’s wishes

removal of large pieces
of wood, iron, paper,
plastics etc.

removal of all minus 10
mm fine material such
as soil, gypsum etc.

removal of
remaining ferrous
matter

removal of light weight
matter such as plastics,
paper and wood

removal of remaining
contaminants such as
plastics, paper, wood
and gypsum

Figure 2.11 Flow chart for processing of building and demolition waste (ACI, 2001b)

2.6.2 Classification

RILEM (1984) classifies RCA of size greater than 4 mm as coarse RCA and

particle with a size lesser than 4 mm as fine RCA and further classifies coarse RCA in the

following three categories:

aggregates.

Type | aggregates originated primarily from masonry rubble.

Type Il aggregates originated primarily from concrete rubble.
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The above classification of the materials is based on the mandatory requirements
stated in Table 2.1. In addition, RILEM (1984) specifies that the composition of type llI

aggregates shall meet the following additional requirements:

¢ the minimum content of natural aggregates is at least 80 % (m/m)

e the maximum content of type | aggregates is 10 % (m/m)

Table 2.1 Classification of coarse recycled concrete aggregates for concrete

(RILEM, 1994)

Coarse Coarse Coarse
Mandatory requirements RCA RCA RCA
Type | Type ll Type lll
Min. dry particle density (kg/m?) 1500 2000 2400
Max. water absorption (% m/m) 20 10 3
Max. content of material with SSD < 2200 kg/m?®
- 10 10

(% m/m)
Max. content of material with SSD < 1800 kg/m?®

a 10 1 1
(% m/m)
Max. content of material with SSD < 1000 kg/m® 1 05 0.5
(% m/m and % v/v) ' '
Max. content of foreign materials (metals, glass, 5 1 1
soft material, bitumen) (% m/m)
Max. content of metals (% m/m) 1 1 1
Max. content of organic material (% m/m) 1 0.5 0.5
Max. content of filler (< 0.063 mm) (% m/m) 3 2 2
Max. content of sand (< 4 mm) (% m/m)® 5 5 5
Max. content of sulphate (% m/m)° 1 1 1

Water saturated surface-dry condition (SSD)

® If the maximal allowable content of sand is exceeded, this part of the aggregates shall be
considered together with the total sand fraction.

 Water soluble sulphate content calculated as SOs.

2.6.3 Grading

Grading is the particle-size distribution of an aggregate as determined by sieve
analysis. Various investigations (Hansen and Narud, 1983; Kawamura et al., 1983;
Fergus, 1981) of fine crusher products below 5 mm are compared in Figure 2.12. All
gradings fall within the shaded area of the grading curve. All the investigated samples
were produced by crushing old concretes in a jaw crusher. It may be seen that all the
gradings in Figure 2.12 are somewhat coarser than the lower limit of ASTM grading
requirements for fine aggregates. Fergus (1981) found that the material finer than 75
micron in 38 mm maximum size coarse aggregates ranged from 0.3 to 0.5 %. Also in the

case of fine recycled aggregate (material finer than 4 mm maximum size) depending on
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the quality of aggregate, the material finer than 75 micron ranged from 4.1 to 6.6%
whereas Hansen and Narud (1983) found that the range was 0.8 to 3.5 %.

100

3

[*2]
o

b
o

PERCENT PASSING

N
o

0075 0125 025 05 10 20 4 8
SIEVE SIZE, IN mm

— —— ASTM C33 grading require-
ment for fine aggregate

Range of gradings of crusher fines < 4 mm obtained when
25-30 mm makx. size coarse recycled concrete aggregates
as produced by jaw crusher in one pass

Figure 2.12 Range of gradings of crusher fines <4 mm (fine aggregate) obtained
when 25-30 mm max. size coarse recycled aggregates were produced by a jaw
crusher in one pass (Hansen, 1986)

2.6.4 Water absorption

Water absorption capacity is defined as the total amount of water required to bring
the aggregate to a saturated surface-dry condition. Aggregates may exist in several
moisture states namely oven dry, air-dry, saturated surface-dry and moist and these are
schematically illustrated in Figure 2.13. Neville (1997) stated that water absorption
depends on the size and number of internal pores in the aggregates. Hasaba et al. (1981)
found water absorption to be about 7 % for coarse RCA in the size range of 5 mm —
25mm and 11 % for fine recycled aggregate. When the water absorption is more than 7 %
for coarse aggregates and more than 13 % for fine aggregates, the recycled aggregates
should not be used for concrete production (BCSJ, 1977). In order to maintain uniform
quality during concrete production, it is suggested to use presoaked aggregates (Hansen,
1986). Additional findings of earlier researchers on water absorption of coarse RCA are

summarised in Table 2.2.
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Absorbed Moisture

Free Moisture

Moist = 55D + surface
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(o o sl o
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Dry (SSD)

moisture

Figure 2.13 Various moisture states of aggregates (Neville, 1997)

Table 2.2 Summary of findings of various researchers on water absorption of

coarse RCA (Butler, 2012)

Number of RCA

Researcher(s) sources studied Water absorption
Bordelon et al. (2009) 1 5.3%
Rahal (2007) 1 3.5%
Tam and Tam (2007) 10 0.6-88%
Lin et al. (2004) 1 7%
Casuccio et al. (2008)** 2 3.9%
Chen et al. (2003) 2 5-75%
Padmini et al. (2009)** 3 3.6-49%
Nagataki et al. (2004)* 3 49-63%
Poon et al. (2004) 1 6.3 %
Movassaghi (2006) 2 52-11.6%
Etxeberria et al. (2007) 1 45 %
Choi and Kang (2008) 3 2.7-6.3%
Obla and Kim (2009) 4 43-59%
Fathifazl et al. (2009) 2 3.3-54%
Smith (2009) 1 4.3 %
Shayan and Xu (2003) 1 4.3 %
Gokce et al. (2004) 2 3.2-56%
Hansen and Narud (1983) 3 5.7-6.0%
Sagoe-Crentsil et al. (2001) 1 5.6 %
Xiao and Falkner (2007) 1 9.25 %

* Investigated a secondary crushing process which reduced the amount of adhered mortar and

consequently, the absorption.

**Used laboratory produced original concrete with nominal aggregate size of 20 mm.

38




2.6.5 Bulk density

The bulk density of an aggregate is the mass of the aggregate divided by the volume of
particles and the voids between particles. Independent of original concrete, Hansen and
Narud (1983) found that the bulk densities of coarse RCA in SSD condition ranged from
2340 kg/m® (for 4 — 8 mm material) to 2490 kg/m® (for 16 — 32 mm material). The
corresponding bulk densities of original coarse aggregates ranged from 2500 kg/m? to
2610 kg/m®. Additional findings of earlier researchers on bulk density of coarse RCA are

summarised in Table 2.3.

Table 2.3 Findings of selected researchers on bulk density of coarse RCA

vesearcher) | Jumber STRCA [ oul desiy
Belén et al. (2011) 4 2400 - 2580
Poon et al. (2009) 2 2330 - 2370
Etxeberria et al. (2007) 1 2430
Tam and Tam (2007) 10 2330 — 2580
Gokce et al. (2004) 2 2410 — 2500

2.6.6 Specific gravity

The specific gravity of an aggregate is the mass of the aggregate in air divided by
the mass of an equal volume of water. Specific gravity of coarse RCA obtained by

selected researchers are summarised in Table 2.4.

Table 2.4 Findings of selected researchers on specific gravity of coarse RCA

Nurggir of Specific Specific Specific
Researcher(s) sources gravity gravity gravity
studied (Bulk) (SSD) (Apparent)
Chen et al. (2003) 2 - 2.28-2.29 -
Obla and Kim (2009) 4 - 2.54 - 2.56 -
Smith (2009) 1 - - 2.40
Tu et al. (2006) 1 - 2.48 2.35
Fathifazl et al. (2009) 2 2.31-2.42 2.42 -2.50 2.64
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2.6.7 Abrasion resistance

The abrasion resistance of an aggregate is a measure of its ability to resist being
worn away by rubbing and friction or shattering upon impact. It is a general measure of
aggregate quality and resistance to degradation due to handling, stockpiling, or mixing.
According to Kosmatka et al. (2002), low abrasion resistance of an aggregate increases
the quantity of fines in the concrete and increases water demand. Los Angeles abrasion
test is the most common method for finding the abrasion resistance. BCSJ (1977)
reported a Los Angeles abrasion loss of 12.5 to 35.1 % for coarse RCA sourced from 15
different countries and having a variety of strengths with the aggregate being obtained by
different crushing methods. A selection of results on abrasion resistance of coarse RCA is

presented in Table 2.5.

Table 2.5 Selected findings on abrasion resistance of coarse RCA (Butler, 2012)

Number of RCA Los Angeles Micro-Deval
Researcher(s) sources abrasion abrasion
studied resistance resistance

Casuccio et al. (2008) 2 34-39% -
Obla and Kim (2009)* 4 23.8-26.0% -
Movassaghi (2006) 2 - 106 —34.2 %
Hansen and Narud (1983)* 3 26.4 - 36.7 % -
Shayan and Xu (2003) 1 32% -
Tu et al. (2006) 1 29.3 % -
Smith (2009) 1 - 14.9 %

*Note: only 2 of the 4 RCA sources were derived from returned concrete

2.6.8 Aggregate crushing value

The aggregate crushing value gives a relative measure of the resistance of an
aggregate to crushing under a gradually applied compressive load. The compressive
strength of concrete mainly depends on strength of the aggregate. Several codes like BS
812-110:1990 (1990) and IS 2386 (Part 1V):1963 (1963a) provides guidelines for
determining the aggregate crushing value (ACV). There is no direct correlation between
ACV and aggregate compressive strength although values will sometimes be in
agreement. It may be possible that the influence of aggregate on the strength of concrete
is not only due to the mechanical properties of the aggregates, but also its absorption and
bond characteristics (Neville, 1997). On the basis of tests on RCA derived from two

different sources, Limbachiya (2010) concluded that the ACV for natural aggregate was
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12.4 and for the RCAs it was 17.5 and 22.0 respectively. Table 2.6 shows some findings
of researchers on aggregate crushing value of coarse RCA.

Table 2.6 Selected results on aggregate crushing value of coarse RCA (Butler, 2012)

Researcher(s) Number gtful;?eg sources Aggregs;elzucerushing
Padmini et al. (2009)* 3 23-26%
Hansen and Narud (1983) 3 23.2-28.4%
Sagoe-Crentsil et al. (2001) 1 23.1%
Rakshvir and Barai (2006) 3 26.2-28.1%
Shayan and Xu (2003) 1 24 %

Katz (2003) 1 24.3 %

*RCA was produced from laboratory concrete with nominal aggregate size of 20 mm

2.6.9 Residual mortar content

The coarse RCA obtained after crushing process contains both natural aggregate
and old hardened cement mortar attached to it to varying degrees. This hardened cement
mortar is called as residual mortar. Though the amount of residual mortar may vary from
sample to sample, it is estimated that residual mortar may constitute between 25 to 60 %
of volume of the coarse aggregate patrticle. It is also reported that as the aggregate size
decreases the residual mortar content increases (Hansen and Narud, 1983; Tu et al.,
2006; Juan and Gutierrez, 2009). Properties like absorption, density, abrasion resistance
and sulphate content are significantly affected by the residual mortar content. It is also
reported that as the number of passes through the crushing cycle increases the amount of
residual mortar decreases (Juan and Gutierrez, 2009; Nagataki et al., 2004). The amount
of residual mortar can be determined by different methods. Hansen and Narud (1983)
prepared RCA concrete cubes using various grades of RCA particles and red coloured
cement. After hardening, the cubes were cut into slices and the slices polished. Mortar
attached to natural gravel particles in recycled aggregates could be clearly distinguished
both from the original gravel particles and from the red cement matrix. Chemical treatment
is the most common method for determining residual mortar content. Hydrochloric acid
method (Gokce et al., 2004, Nagataki et al., 2004, Poon et al., 2004), nitric acid method
(Movassaghi, 2006), freeze-thaw method (Abbas et al., 2008) and thermal treatment
method (Juan and Gutierrez, 2009) are the common methods adopted by the researchers.
Findings of selected researchers on residual mortar content of coarse RCA are given in
Table 2.7.
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Table 2.7 Selected results on residual mortar content of coarse RCA (Butler, 2012)

Number of Method of Residual
Researcher(s) RCA sources residual mortar mortar
studied removal content
Nagataki et al. (2004) 3 Fydtochtoric acid | 305 _55.0 9

Hydrochloric acid

) . 324 -557%
dissolution

Gokce et al. (2004) 2

Fathifazl et al. (2009) 2 Freeze-thaw + 2341 %
sulphate attack

Nitric acid

i — 0,
Movassaghi (2006) 2 dissolution 37.6 —-62.6 %
Liu et al. (2011) 2 Image analysis 42.2-46.5%
Juan and Gutierrez (2009)** 1 Thermal treatment 40 -55%
Hansen and Narud (1983) 3 Linear traverse 41 -43 %

method

*Note: the linear traverse method is based on a percent volume of residual mortar.
*The RCA sample came from one recylcing plant however, 15 separate samples were tested.

2.6.10 Specifications of recycled concrete aggregates

In the following sections, a summary of design code recommendations related to

RCA is presented.
2.6.10.1 American concrete institute (ACI)

The ACI 318-11 (2011) does not include specific provisions on using RCA
concrete in building construction. The ACI 555R-01 (2001b) provides guidelines for the
removal and reuse of hardened concrete. Guidance on production of concrete from
recycled aggregate is given in section 5 which includes a discussion on aggregate
production process, aggregate quality, effects of recycled aggregates on concrete

properties and guidelines for mixture proportioning.
2.6.10.2 British standard

The British standard BS 8500-2:2002 (2002) allows the use of coarse RCA in
concrete. Recycled aggregate is classified into two classes namely recycled concrete
aggregate (RCA) and recycled aggregate (RA). The RCA should consist of more than
95 % of crushed concrete whereas the RA comprises less than 95 % of crushed concrete.
The other requirements specified in BS 8500-2:2002 (2002) are compiled in Table 2.8.

42



Table 2.8 Requirements of BS 8500-2:2002 for RCA and RA (BSI, 2002)

Recycled concrete

Items aggregate *° Recycled aggregate
Max. masonry content, % 5 100
Max. fines, % 5 3

Max. lightweight material

(density < 1000 kg/m®), % 0.5 !
Max. asphalt, % 5 10
Max. other foreign 1 1
materials, %

Max. acid-soluble 1 c

sulphates, SO;

" Where the material to be used is obtained by crushing hardened concrete of known composition
and which has not been contaminated by use, the only requirements are those for grading and
maximum fines.

® The provisions for recycled concrete aggregate may be applied to mixtures of natural coarse
aggregate blended with the listed constituents.

¢ The appropriate limit needs to be determined on a case-by-case basis.

2.6.10.3 Canadian standards association (CSA)

Currently there is no specific section on the use of RCA in Canadian standards.
However in CSA A23.1-09 (2009) clause 4.2.3.1 reference is given for using recycled
concrete as aggregate. It states that aggregates should be evaluated in a similar manner
to normal density aggregates and the following parameters should be assessed: durability
characteristics, deleterious materials, potential alkali-aggregate reactivity, chloride
contamination, and workability characteristics of concrete made using the recycled

aggregates.
2.6.10.4 European guidelines (RILEM)

RILEM (1994) provides detailed specifications for concrete made with recycled
aggregates. Based on the nature of the aggregates, these guidelines classify coarse RCA
into three categories namely type | (originated from demolished masonry rubble), type I
(originated from concrete rubble), and type Il (combination of recycled aggregates and
natural aggregates). The provisions for the use of recycled aggregates in concrete are

presented in Table 2.9.
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Table 2.9 Provisions for the use of recycled aggregates in concrete (RILEM, 1994)

class 1°

Coarse RCA Coarse RCA Coarse RCA
Recycled aggregates Type | Type Il Type Ili
Max. allowable strength C16/20° C50/60 No limit
class
Additional testing required
when using in exposure None None None

Additional testing required
when used in exposure
classes 2a, 4a

ASR expansion
test©
Use in class 4a
not allowed

ASR expansion
test

ASR expansion
test

Additional testing required

Use in classes

ASR expansion

ASR expansion

when used in exposure 2b, 4b not test test

' Bulk freeze-thaw | Bulk freeze-thaw
classes 2b, 4b allowed

test test
ASR expansion ASR expansion

Additional testing required . test test

. Use in class 3
when used in exposure Bulk freeze-thaw | Bulk freeze-thaw
not allowed
class 3 test test

Deicing salt test

Deicing salt test

However, the strength class may be increased to C30/37 subject to the condition that the

saturated surface-dry (SSD) density of the recycled aggregates exceeds 2000 kg/m?.

® Confirming with ENV 206.

¢ Expansion test to evaluate alkali-silica reactivity.

2.6.10.5 German institute for standardisation

The German standard, DIN 4226-100 (2002), allows the use of RCA in concrete.

All the aggregates should satisfy the requirements mentioned in Table 2.10. Four

separate classes of RCA are recognised in this standard.
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Table 2. 10 DIN 4226-100 requirements for use of RCA in concrete (DIN, 2002)

Constituents (% by mass) Typel | Type2 | Type3 | Type4
Concrete and natural aggregates according
to DIN 4226-1 290 | =270 | =20
Clinker, no porous clay bricks <10 <30 =80 <80
Calcium silicate bricks - - <5
Other mineral materials (e.g., porous brick,
lightweight concrete, plaster, mortar, porous <2 <3 <5
slag)

<20

Asphalt <10 <30 <1
Foreign substances (e.g., glass, plastic, <02 <05 <05 <1
metal, wood, paper, other)
Oven-dry density (kg/m°) >2000 | 22000 | 21800 | =1500
Maximum water absorption after 10 min (%) 10 15 20 No limit

2.6.10.6 Japanese industrial standard

According to the Japanese Standards Association, recycled aggregates are

classified into three categories namely low quality, Class L, medium quality, Class M, and

high quality, Class H. Class L aggregate concrete includes backfilling, filling and levelling

concrete application. For members subjected to drying or freezing and thawing action,

Class M can be used and for normal concrete applications Class H can be used. JIS A
5023 (2012), JIS A 5022 (2012) and JIS A 5021 (2011) give specifications for Class L,

Class M and Class H recycled aggregates respectively. Physical property requirements

for Class H recycled aggregates are presented in Table 2.11.
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Table 2.11 JIS A 5021 requirements for use of high-quality RCA in concrete

(JIs, 2011)

ltems Coarse aggregate Fine aggregate
Oven-dry density, kg/m® > 2500 > 2500
Water absorption, % <3.0 <3.0
Abrasion, % <35 NA
Solid volume p_ercgntage > 55 > 53
for shape determination, %
Amoupt of matena;l passing <10 <70
test sieve 75 um, %
Chloride ion content <0.04 -

2.6.10.7 Korean standard

The Korean standard KS F 2573:2011 (2011) allows the use of RCA in new
concrete. The requirements specified in KS F 2573:2011 (2011) are compiled in Table
2.12.

Table 2.12 Korean standard requirements on use RCA in concrete (KSA, 2011)

ltems Coarse aggregate Fine aggregate
Oven-dry density, kg/m? > 2440 — 2500 > 2200
Water absorption, % <£3.0-10 -
Soundness, % <12 <10
Clay lumps, % <0.2 -
Maximum aggregate size, mm <20-25 -
Fineness content ( < 0.063 mm), % <1-10 -
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2.7 PROPERTIES OF CONCRETE MADE WITH RECYCLED AGGREGATES
2.7.1 Mixture proportioning

Three RCA concrete mixture design methods namely Direct weight replacement
(DWR) method, Equivalent mortar replacement (EMR) method, and Direct volume
replacement (DVR) method are reported in the literature.

2.7.1.1 Direct weight replacement (DWR) method

Due to its simplicity, the direct weight replacement (DWR) method has been
adopted by most researchers (Buck, 1977; Nishibayashi et al., 1984; Yamato, 1998; Dhir
et al., 1999; Abbas et al., 2008; Xiao and Falkner, 2007; Knaack and Kurama, 2013). In
this method, for any selected replacement level, the weight of the total coarse aggregate
(i.e., coarse NCA and coarse RCA) is kept constant. The water content (mixing water
beyond saturated surface-dry condition of the aggregates) and the cement content are
also kept constant. Since the specific gravity of RCA is less than natural aggregate, the
equal weight of RCA typically occupies a greater volume than natural aggregate. To
maintain the same volumetric yield, a small reduction in the amount of fine aggregate may
be made in the mixture. Dhir et al. (1999) reported that the increased volume of coarse
aggregate in the mixture causes a gradual reduction in workability (Knaack and Kurama,
2013).

2.7.1.2 Equivalent mortar replacement (EMR) method

The equivalent mortar replacement (EMR) method was proposed and used by
Abbas et al. (2008). Fathifazl et al. (2009) and Knaack and Kurama (2013) have also
adopted this method. In this method the RCA is treated as a two-phase material made of
the coarse recycled natural aggregate (RNA) (i.e., coarse natural aggregate in the RCA)
and residual mortar (i.e., mortar attached to the RNA) rather than as a single material.
Since the volume of the residual mortar (RM) is assumed to become a part of the total
mortar volume in the concrete, the volume of total mortar (i.e., residual plus fresh mortar)
and the total coarse natural aggregate (i.e, recycled plus new coarse natural aggregate) is
taken to be the same as in the target NCA concrete (NAC) mixture. This requirement can
be stated as (Equation 2.34)

VIR SVEIR SVC and VE Vv e (2.34
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where V5" is the volume of residual mortar (RM) in the EMR mixture, V5'F is the
volume of fresh mortar (FM) in the EMR mixture, V' is the volume of FM in the NAC
mixture, Vaa© is the volume of coarse recycled natural aggregate (RNA) in the EMR
mixture, V% is the volume of new coarse natural aggregate (NA) in the EMR mixture,

and V' is the volume of coarse natural aggregate in the NAC mixture. The reduction in

fresh mortar in the EMR mixture significantly reduces the workability of concrete thus
giving a limitation to the maximum aggregate replacement. As a result in EMR mixtures,
Abbas et al. (2008) used significant amounts of water-reducing admixtures and relatively

low levels of aggregate replacement in his EMR mixtures (Knaack and Kurama, 2013).
2.7.1.3 Direct volume replacement (DVR) method

Based on the volume of each ingredient, ACI 211.1-91 (1991) and ACI 211.4R-08
(2008) provide a method for proportioning NCA concrete for normal and for high-strengths
respectively. The so-called direct volume replacement (DVR) method has also been used
for designing RCA concrete mixtures (Topcu and Sengal, 2004; Etxeberria et al., 2007;
Obla et al., 2007; Corinaldesi, 2010; Knaack and Kurama, 2013). The DVR method treats
RCA as a single-phase coarse aggregate and a given volume of NCA in the target mixture
is replaced by the same volume of RCA. Because the resulting volumetric proportions of
total coarse aggregate (RCA plus NCA), fine aggregate, cement, and water remain
unchanged between the NCA and the RCA concrete there will not be a significant loss in
workability in DVR concrete other than that due to differences in the surface texture and
angularity of the aggregates, as long as the greater absorption of RCA (as compared with

NCA) is incorporated into the design (Knaack and Kurama, 2013).
2.7.2 Characteristic of fresh recycled aggregate concrete
2.7.2.1 Workability

It has been reported in the literature that as the amount of RCA in the concrete
mixture increases the slump value decreases. This is attributed to the higher water
absorption of the RCA particles. In RCA concretes produced with coarse RCA, Mukai et
al. (1978) found that 5 % more free water was required to achieve the same slump as the
control NCA concrete and when using both fine and coarse RCAs, 15 % more free water
was required. Similar results were found by Buck (1977), Frondistou-Yannas (1977),
Malhotra (1978), Hansen and Narud (1983), and by Ravindrarajah and Tam (1985). Poon
et al., 2004 reported a slump loss was noticed when using RCA in SSD moisture
condition. Researchers like Oliverira et al. (1996) and Poon et al. (2002, 2004) have
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suggested that the change in moisture condition of the RCA particles will improve
workability.

2.7.2.2 Wet unit weight and air content

Mix design and efficiency of compaction affects the air content and the density.
Hansen (1986) concluded that in RCA concrete, air content may be slightly higher than
that of control concrete made with natural aggregates. The density of RCA concretes is
always lower than that of control mixtures. Reduction in density may vary from less than 5
% to more than 15 %. In the case of 100 % replacement with RCA, Katz (2003) found air
content to be 4 to 5.5 % more than that in the control NCA concrete. It has been reported
that whereas the bulk density of fresh concrete made with natural aggregate is about 2400
kg/m?®, the value for concrete made with RCA was about 2150 kg/m?® (Topcu and Guncan,
1995; Katz, 2003).

2.7.3 Characteristic of hardened recycled aggregate concrete
2.7.3.1 Compressive strength

Based on the review of the literature, Nixon (1978) concluded that compressive
strength of RCA concrete is up to 20 % lower than that of NCA concrete. On the basis of
experimental work, BCSJ (1978) showed that the compressive strength of RCA concrete
is between 14 to 32 % lower than that of NCA concrete. Xiao and Falkner (2007) reported
20 % reduction of compressive strength for 100 % replacement of NCA with RCA. Hansen
and Naurd (1983) concluded that the compressive strength of RCA concrete depends on
the strength of the original concrete. When others factors are essentially identical, the
strength is largely controlled by the wi/c ratio of both original and RCA concretes. If the w/c
ratio of the original concrete is the same as or lower than that of the RCA concrete, then
the new strength can be as good as the strength of the original concrete. The influence of
the w/c ratio on compressive strength of 100 % RCA concrete was studied by Deng
(2008). It was found that the compressive strength of RCA heavily depend on the wi/c
ratio. For w/c ratio higher than 0.57, compressive strength of RCA concrete decreases
with increase in w/c ratio. However, if w/c ratio is below 0.57, the compressive strength of
RCA concrete increases with increase of w/c ratio. With the same w/c ratio (w/c = 0.5) and
cement quantity (325 kg of cement /m®), Etxeberria et al. (2007) observed between 20 to
25 % reduction in compressive strength of RCA concrete at 28 days. The effect of mixture
design on compressive strength of normal-strength RCA concrete has been reported by

Knaack and Kurama (2013). It was found that using varying amounts of direct volume

49



aggregate replacement, direct weight replacement and equivalent mortar replacement
gave similar compressive strengths and elastic modulus of RCA concrete.

2.7.3.2 Tensile strength

In general, tensile strength of concrete falls between 8 and 15 % of the
compressive strength. The type of test, the type of aggregate, the compressive strength,
and the presence of a compressive stress transverse to the tensile stress strongly affect
tensile test results (Wight and MacGregor, 2012). Typical configurations for measuring the
tensile strength of concrete include the direct tension test, the splitting tensile test using
cylindrical specimens, and the flexural-tensile test using prismatic beam specimens.
According to Neville (1997), tensile strength of concrete may be influenced by coarse
aggregate properties and therefore the tensile strength of RCA concrete can be expected
to be different from the tensile strength of NCA concrete. According to Etxeberria et al.
(2007), splitting tensile strength of RCA concrete is comparable to that of NCA concrete
and in some cases it may even be higher. This has been attributed to the absorption
capacity of the residual mortar present in the recycled aggregate and the effectiveness of
the new interfacial transition zone in the RCA concrete. The literature indicates that
compared to the RCA content, the splitting tensile strength of RCA concrete is more
sensitive to its compressive strength. As with NCA concrete, in RCA concrete also, as the
compressive strength increases, the tensile strength also increases, but not at the same
ratio. Ajdukiewicz and Kliszczewicz (2002) have reported that high performance concrete
mixtures made with natural aggregate always had higher tensile strengths than

comparable RCA concrete mixtures, though the difference was never more than 10 %.
2.7.3.3 Flexural strength

BCSJ (1978) reported that as with NCA concrete, the flexural strength of RCA
concrete is between 1/5 and 1/8 of the compressive strength. Abou-Zeid et al. (2005)
reported that the flexural strength of RCA concrete was similar or slightly less than NCA
concrete. However the flexural-compressive strength ratio has been observed to be
slightly higher for the RCA concrete. This may be attributed to superior bond between
RCA patrticles and the cement binder due to the rough surface and angularity of the
aggregate. Abou-Zeid et al. (2005) also believed that the relatively better flexural
behaviour of RCA concrete may be due to some form of reaction between the recycled
concrete and the surrounding cement paste. Unlike the above observations, Malhotra

(1976) found lower flexural strengths for RCA concrete than for NCA concrete.
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2.7.3.4 Modulus of elasticity and Poisson’s ratio

Since the residual mortar has comparatively lower modulus of elasticity, the
modulus of elasticity of RCA concrete is always lower than that of NCA concrete (Hansen,
1986). Compared to NCA concrete, RCA concrete may have up to 40 % lower modulus of
elasticity. For example, Frondistou-Yannas (1977) and Gerardu and Hendriks (1985)
respectively found elastic modulus of RCA concrete to be up to 40 % and 15 % lower
when compared to NCA concrete. Xiao et al. (2005) investigated the mechanical
properties of RCA concrete with various replacement levels (0 %, 30 %, 50 %, 70 % and
100 %) and measured the complete stress-strain behaviour. They found that as the
replacement level increases, the modulus of elasticity decreases and a reduction of 45 %
was observed for 100 % replacement level. Knaack and Kurama (2013) found that in the
case of normal-strength concrete with recycled concrete aggregates mixture design
methods such that direct volume aggregate replacement, direct weight replacement and
equivalent mortar replacement had no significant effect on elastic modulus of RCA
concrete. They also observed that while the effect of increased amounts of RCA on the
concrete compressive strength was generally small for all the three mixture design
methods, the concrete elastic modulus is more significantly affected by the amount of
RCA.

Poisson’s ratio of concrete is mainly dependent on the properties of aggregate and
ranges between 0.15 and 0.22 and is generally the same under compressive or tensile
loading (Neville, 1997). The Poisson’s ratio for RCA concrete is found to vary between
0.15 and 0.23 (Hu et al., 2009; Li, 2007) and the values are similar to that of NCA
concrete. On the basis of their investigations with RCA derived from high-strength
concrete, Ajdukiewicz and Kliszczewicz (2002) reported that there is no significant
difference in Poisson’s ratio between NCA and RCA concretes for a range of compressive
strengths (38.7 to 89.2 MPa). They reported 28 day Poisson’s ratio vales ranging between
0.17 and 0.22.

2.7.3.5 Fracture energy

Ong and Ravindrarajah (1987) compared fracture energy of low and high strength
concrete produced using natural aggregates, RCAs, and a combination of natural
aggregates and RCAs. To determine the fracture engergy, 50 mmx 50 mmx 650 mm
prisms were casted and tested with 25 mm notches cut at their mid-spans. They
concluded that the concrete produced using natural aggregates had higher fracture
energies than the RCA concretes. They attributed this difference to the weaker bond
between the cement paste and the RCAs which causes less complex micro-cracking and

consumes less energy during crack propogation. Casuccio et al. (2008) have reported
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similar trends with their RCA concrete having lower stiffness (13 — 18 %) and significantly
lower fracture energies (27 — 45 %) compared to the control NCA concrete. They
attributed this difference to a decrease in elastic compatibility between the mortar and the
coarse RCAs. Recently, Arezoumandi et al. (2014) have reported that fracture energy
decreases with the increasing RCA replacement level.

2.8 BOND OF STEEL REINFORCEMENT IN RECYCLED AGGREGATE
CONCRETE

Limited research has been carried out on bond behaviour between RCA concrete
and steel bars. Ajdukiewicz and Kliszewicz (2002) conducted pullout tests (as per the
recommendations of RILEM (1983)) on high performance RCA concrete using cubical
specimens embedded with 14 mm diameter plain and ribbed bars. They have reported
that for 100 % coarse and fine RCA replacement, 20 % reduction in peak bond stress was
observed. When using 100 % coarse aggregate and natural fine aggregate, the reduction
was only 8 %.

Xiao and Falkner (2007) performed pullout tests in accordance with the Chinese
standard GB 50152-92 (1992) with three RCA replacement levels (0 %, 50 %, and 100
%). Both plain and deformed bars having 10 mm diameters embedded in cubes of size
100 mm x 100 mm x 100 mm were used in this investigation. Figure 2.14 and Figure 2.15
show a pullout specimen and the pullout test setup respectively. The slip of the bar was
measured by two high precision linear variable differential transducers (LVDTSs). It has
been reported that the bond development and deterioration in RCA concrete is similar to
that in NCA concrete. The authors report that under the condition of equivalent mix
proportions, bond strength between plain bars and RCA concrete decreased by 12 % and
6 % for 50 % and 100 % RCA replacement level respectively. In the case of the deformed
bars, the bond strength of NCA and RCA concrete was similar irrespective of the RCA
replacement level. It has been postulated that since the bond of deformed bars mainly
depends on mechanical anchorage and frictional resistance therefore the influence of
RCA replacement level on bond of deformed bars is not very significant. The authors have
recommended that for deformed bars embedded in 100 % RCA concrete, the anchorage
length could be the same as NCA concrete. Based on a regression analysis of test data,
the authors have presented a model for representing the bond-slip relationship of plain

and deformed bars embedded in RCA concrete.
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Figure 2.14 Pullout specimen configuration (Xiao and Falkner, 2007)

Figure 2.15 Pullout test setup (Xiao and Falkner, 2007)

Morohashi et al. (2007) tested RCA concrete splice specimens to evaluate splitting
bond strength. The specimens were so designed that splitting bond failure would occur
before flexural yielding of the main reinforcement. Figure 2.16 shows the dimensions and
reinforcement details of the splice specimens. A lap splice length of 30 times the rebar
diameter (570 mm) was adopted at the bottom of the specimens in the region of pure
bending. It has been reported that bond splitting was independent of the substitution rate
of high-quality coarse RCA and bond splitting in the RCA concrete was similar to that in
NCA concrete. Similar flexural crack widths and bond strengths were obtained for the
NCA and the 100 % RCA concretes. Based on their findings they have suggested that
beams made with high-quality RCA concrete can be used for architectural structures.
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Figure 2.16 Dimensions and reinforcement details of the splice beam specimens
(Morohashi et al., 2007)

Choi and Kang (2008) investigated bond behaviour of deformed bars in RCA
concrete by using pullout test cube specimens of size 150 mm x 150 mm x 150 mm. The
test parameters included three RCA grades namely (coarse RCA (RG) of grade |, coarse
RCA (RG) of grade Ill, and fine RCA (RS) of grade II), two w/c ratios (40 % and 50 %),
and four replacement levels (0 %, 30 %, 50 %, and 100 %). High-strength deformed bars
of 16 mm diameter with yield strength of 800 MPa were used in the investigation. The
pullout tests were carried out in accordance with ASTM A944-05 (2005). The loaded-end
slip and the unloaded-end slip were measured by three electric dial gauges EDG) of
accuracy 1/1000 mm. The test setup configuration is shown in Figure 2.17. The variation
of mean pullout bond strength with RCA replacement levels and wi/c ratio is presented in
Figure 2.18. It was observed that the bond-slip relationship shows a similar trend for both
RCA and NCA concretes having w/c ratio of 0.4 and up to 50 % replacement levels. But in
the case of w/c ratio of 0.5 and up to 50 % replacement levels, the bond-slip relationship
was seen to be more sensitive to the quality of the recycled aggregate and the
replacement level. It was concluded that the ACI 408 model (ACI, 1966) over estimates
bond strength of RCA concrete and therefore this model will lead to unconservative splice

lengths.
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Figure 2.17 Test setup configuration of Choi and Kang (2008)
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and w/c ratio (Choi and Kang, 2008)

55



Corinaldesi and Moriconi (2009) conducted pullout tests based on the
recommendations of RILEM (1983) using 150 mm cubes embedded with 16 mm diameter
plain and ribbed bars. The bonded length was 5 times the bar diameter. Three mixes,
namely a reference mix (REF) made with NCA, RCA concrete without flyash (REC), and
RCA concrete with flyash (REC+FA) were employed. It is worth nothing that both the
natural coarse aggregate as well as the natural fine aggregate were completely replaced
with recycled aggregates. A 6 % and 20 % increase in bond strength was observed for the
REC and the REC+FA mix respectively. Typical load-slip curves for each category of
concrete-bar coupling are shown in Figure 2.19.

80

-~ REF+Ribbed Bar
=~ REC+Ribbed Bar

60 o~ REC+FA+Ribbed Bar []
~ -+ REF+Smooth Bar
é -4 REC+Smooth Bar
o 40 & REC+FA+Smooth Bar
=]
—

T

0 10 20 30
Displacement (mm)

Figure 2.19 Typical load-slip curves for various concrete-rebar combinations
(Corinaldesi and Moriconi, 2009)

In order to investigate the bond-slip behaviour between RCA concrete and steel
bars, Bai et al. (2010) conducted 120 pullout tests in accordance with the Chinese
standard GB 50152-92 (1992). The following were the parameters in this investigation:
two wi/c ratios (0.4 and 0.55), five RCA replacement levels (0 %, 30 %, 50 %, 70%, and
100 %), and four types of steel bars (12 mm plain bars, 25 mm, 18 mm and 12 mm
deformed bars). Figure 2.20 shows the details of the pullout specimens. It was found that
for the deformed bar specimens, as the cube strength increased, the bond strength also
increased whereas cube strength had little effect on bond in the plain bar specimens.
Further, when the RCA replacement level increased from 0 % to 100 %, the bond strength
in the case of deformed bar decreased in the range of 5 % to 25 % but this effect was
negligible in the case of the plain bars. It was observed that bond strength of the deformed
bars embedded in RCA concrete was approximately 200% to 400 % higher than that for

plain bars embedded in RCA concrete.
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Figure 2.20 Details of the pullout specimens (Bai et al., 2010)

Butler et al. (2011) investigated bond strength between RCA concrete and steel
reinforcement by testing beam-end specimens following the guidelines in ASTM A944-05
(2005). Three concrete mixtures were investigated namely, control (NAC), direct
replacement (RAC1), and strength-based (RAC2). In order to achieve the target strengths
of 30 and 50 MPa, two controls mixtures were proportioned with natural aggregate with
slump values between 75 and 100 mm. Figure 2.21 shows the beam-end specimen
dimensions and reinforcement details. The beam-end test setup configuration, the frame
test setup and a typical beam-end specimen are depicted in Figure 2.22. It was concluded
that for the natural aggregate concrete beam-end specimens the bond strengths were
10.4 % to 19 % higher than RCA1 and 9.4 % to 21.3 % higher than RCA2 concrete
specimens. It has been reported that for a given grade of RCA concrete, the RCA

replacement level had a significant impact on bond strength.
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Figure 2.21 Beam-end specimen dimensions and reinforcement details
(Butler et al., 2011)
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Figure 2.22 Beam-end test setup configuration, completed test frame and a typical

beam-end specimen (Butler et al., 2011)

To investigate the bond strength of deformed steel bars in RCA concrete, Fathifazl
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et al. (2012) tested 12 beam-end specimens per the guidelines given in ASTM A944-05
(2005). The variables were: mix proportion method, bar size, and aggregate type. It has
been reported that when proportioned using the equivalent mortar volume method, the
bond strength of RCA concrete is comparable with NCA concrete whereas if the RCA
concrete is proportioned using conventional methods, then 18 % to 33 % higher bond
strengths were obtained in the NCA concrete compared to the RCA concrete.



To investigate the bond characteristics of RCA concrete, Kim et al. (2012)
conducted pullout tests by modifying the specimen and the test setup configuration given
in the Korean standard, KS F 2441 (2010). Deformed bars having a diameter of 19 mm
were embedded in concrete prisms with five mixture proportions namely NN (100 %
coarse NA + 100 % fine NA), RN (100 % coarse RCA + 100 % fine NA), RR30 (100 %
coarse RCA + 30 % fine aggregate replaced with RCA), RR60 (100 % coarse RCA + 60
% fine aggregate replaced with RCA), and RR (100 % coarse RCA + 100 % fine
aggregate replaced with RCA). The pullout load was applied at a stain- controlled rate of
0.5 mm/min and rebar slip was recorded by extensometers. It has been reported that
bond strength decreased with increase in replacement of natural aggregates with recycled
aggregates. It was observed that the bond strength predictive equations in CEB-FIP
MC90 (1990), ACI 318-08 (2008), Orangun et al. (1977), MacGregor (1997), which were
originally formulated for NCA concrete do not gave accurate predictions for bond
strengths of RCA concrete. This has been attributed to the fact that the above equations
do not effectively account for the various characteristics of RCA concrete. The authors
proposed a new expression for evaluating bond strength of RCA concrete by introducing
RCA replacement level as a parameter and this equation has been reported to give good
prediction for their test results.

Kim and Yun (2013) conducted 144 pullout tests to investigate bond strength of
deformed bars in RCA concrete. The variables were: aggregate size (20 mm and 25 mm),
coarse RCA replacement level (0 %, 30 %, 60 %, and 100 %), bar direction (vertical and
horizontal), and bar location (75 mm and 225 mm from the bottom). The RCA was
classified into RCA-I (with 20 mm maximum size particles) and RCA-Il (with 25 mm
maximum size particles). The specimens were fabricated and tested in accordance with
ASTM C234-91a (1994) and CSA S806-02 (2002) respectively. The load was applied at a
rate of 1.2 mm/min in displacement control mode. It was observed that regardless of
ageing, similar bond strength was obtained in the RCA-I specimens even though the
compressive strength decreased with increase in RCA replacement level. It was also
noted that settlement of coarse aggregates affects the uniformity of bond stress
distribution in RCA-II.

Breccolotti and Materazzi (2013) evaluated bond strength between RCA concrete
and steel rebars using pullout specimens fabricated and tested in accordance with RILEM
(1983). The specimen size adopted was 200 x 200 mm cross section and 150 mm height
with 14 mm diameter reinforcing steel casted in two groups of concrete mixtures having
three mixtures in each group. It has been reported that in the case of concrete with 100 %
coarse RCA a 19 % and 8 % reduction in bond strength in each group was noticed with

respect to the control concrete.
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Seara-Paz et al., (2014) evaluated bond strength of RCA concrete by conducting
pullout tests on 100 mm x 100 mm x 100 mm cubic specimens with 10 mm deformed bars
embedded in eight concrete mixtures. The parameters include the age of concrete (7, 28,
90, and 365 days), w/c ratio (0.5 and 0.65), and replacement level (0 %, 20 %, 50 %, and
100 %). The pullout specimens were tested at a constant rate of 0.6 mm/min in
displacement control mode following the guidelines of RILEM (1983). It has been reported
that at 28 days, for the RCA concretes H50-20, H50-50, and H50-100 the maximum bond
stress was reduced by 9 %, 16 %, and 27 % respectively and for the RCA concretes
H65-20, H65-50, and H65-100 the reductions were 4 %, 12 %, and 22 % respectively.
Based on the experimental results, a bond strength equation based on fib MC 2010
(2013) has been proposed by introducing an additional term to account for the effect of
RCA replacement level.

In extension of their previous work (Butler et al., 2011), Butler et al. (2014) carried
out bond tests on RCA concrete in accordance with ASTM A944-05 (2005) using beam-
end specimens. The test setup and the specimen configurations were similar to that used
in their earlier investigation (Butler et al., 2011). One NCA and three RCA sources were
evaluated and used in 14 different concrete mixtures with four compressive strength
levels. A total of 48 beam-end specimens incorporating several bonded lengths were
tested. They have reported that when comparing with the NCA concrete, up to 21 %
reduction in bond strength was noticed in the RCA concrete. A regression model has been
proposed to relate bond strength to coarse aggregate strength, concrete compressive

strength, and the bonded length.
2.9 NEED FOR THIS INVESTIGATION

A review of the literature indicates that only a limited number of investigations have
been carried on bond behaviour of deformed steel bars embedded in RCA concrete. In a
majority of the aforesaid investigations, pullout tests have been conducted using cubical
specimens, probably due to convenience of working with such specimens. It is recognised
that c/dy (cover/bar diameter) has a significant effect on bond behaviour and in a typical
cubical pullout specimen, the c/d, within the specimen will not be the same in plan. For
example, at the vertical corners of the cubes the c/dy, will be larger compared to the value
at the vertical side faces of the cube. This inconsistency can be eliminated using
concentric rebar embedment in a cylindrical specimen. Towards this end, pullout tests
using cylindrical specimens with concentric rebar embedment are proposed to be carried
out in this investigation. To mitigate the effect of the inclined compressive struts, a
majority of the investigators have used bond breakers only at the loaded end of the pullout

specimens. For a more accurate assessment of bond-slip characteristics, it is reckoned
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that bond breaker should be placed at the unloaded end of the pullout specimens also.
This is proposed to be done in this investigation. Most of the past studies have focussed
on only a selected number of bar diameters such that bond strength related
recommendations have been made on the basis of a relatively small data base. In this
investigation, rebar diameters in the range of 8 mm — 25 mm are proposed to be studied
so as to cover nearly the entire range of practical bar sizes used in actual construction.
Earlier investigations have used either pullout or splice beam or beam-end test specimens
to study bond behaviour. In this investigation, selected number of splice beam tests are
proposed to be carried out in addition to a larger number of pullout tests. The splice beam
tests are meant to compliment the pullout tests and will serve the purpose of validating

bond strengths predictive equations developed on the basis of the pullout tests.
2.10 CONCLUSION

The literature review presented in this chapter starts from the basics of bond
strength in NCA concrete, discusses bond strength predictive models and reviews bond
related recommendations of selected current design codes. A review of various properties
of recycled aggregates and RCA concrete has also been presented. On the basis of
literature review, the need for this investigation has been identified. The next chapter

presents the experimental programme of this investigation.
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Chapter 3

EXPERIMENTAL PROGRAMME

3.1 INTRODUCTION

To achieve the objectives of the present investigation, several series of
experiments were carried out comprising a total of 270 pullout specimens and 24 scaled
splice specimens. The experimental programme starts with material testing followed by
concrete mixture design, test methods and bond testing. The bond testing was classified
into pullout tests and splice beam specimens. The details of these tests are discussed in

this chapter. Analysis of the measured data has been carried out in the next chapter.
3.2 MATERIALS

The test specimens were casted using locally available Ordinary Portland Cement
(OPC), Fine Aggregate (FA), Natural Coarse Aggregate (NCA), Coarse Recycled
Concrete Aggregate (RCA), potable water, High Range Water Reducing Admixture
(HRWRA), Thermo-Mechanically Treated (TMT) steel rebars, all confirming to the relevant
Indian Standards. The properties of the materials used in this investigation are presented

in the following subsections.
3.2.1 Cement

Freshly packed 43-grade Ordinary Portland Cement (OPC) from a single source
(Vikram Premium brand) confirming to the requirements of IS 8112:1989 (1989) was used
throughout this investigation. The physical analysis of cement was carried out in
accordance with the requirements of IS 4031(Part 2):1999 (1999a) and IS 4031(Parts 3 -
6):1988 (1988a, 1998b, 1998c, 1998d) while the chemical analysis was carried out in
accordance with the requirements of IS 4032:1985 (1985a) and the measured values are

presented in Table 3.1 and Table 3.2 respectively.



Table 3.1 Physical properties of the Ordinary Portland Cement

Limiting values
Property Unit Test result specified in IS 8112:1989

(1989)
Specific gravity - 3.14 -
Fineness by Blaine’s Air 2
permeability test m/kg 285 2225
Soundness, Le-Chatelier mm 1 <10
Standard consistency % 28 -
Initial setting time minutes 74 =30
Final setting time minutes 168 <600
72 £ 1 hours’ compressive MPa o5 2 > 23
strength
168 + 2 hours MPa 375 >33
compressive strength
672 + 4 hours MPa 45.8 > 43
compressive strength

Table 3.2 Chemical composition of the Ordinary Portland Cement

Limiting values

Chemical composition Tes'z();e)sult specified in IS 8112:1989

° (1989)
Silica (SiO,) 22.3 -
Ferric oxide (Fe;05) 3.7 -
Alumina (Al,O3) 57 -
Calcium oxide (CaO) 61.2 -
Magnesia (MgO) 35 <6
Sulphur anhydride (SO3) 1.74 <3
Insoluble Residue (IR) 1.8 <2
Loss of Ignition (LOI) 1.97 <5
Total alkali in terms of sodium oxide
and potassium oxide (Na,O+K,0) 0.46 =06
A|203/F9203 1.54 = (0.66

Ca0O-0.7S0;,
0.84 > (0.66 and < 1.02

2.8Si0, +1.2A1,0, +0.65Fe,0,
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3.2.2 Fine aggregates

Locally available coarse river sand confirming to Zone Il of IS 383:1970 (1970)
was used as fine aggregate (FA) (fineness modulus = 2.68) throughout this investigation.
The fine aggregate was sieved through 4.75 mm sieve to remove the coarser particles
and also sieved through a 150-micron sieve to remove silt and clay. A typical sample of
this material is presented in Figure 3.1. This process makes the fine aggregate grading

uniform and consistent.

Figure 3.1 A sample of the fine aggregates

3.2.3 Natural coarse aggregates

Locally available crushed stone aggregate of maximum size 12.5 mm procured
from a single source was used as the natural coarse aggregates (NCA) (fineness modulus
= 6.38) in the investigation. In order to maintain uniform grading confirming to IS 383:1970
(1970), the coarse aggregates were successively screened through 12.5 mm and 4.75
mm sieves. The coarse aggregates were washed with water by placing on 4.75 mm sieve,
for removing the fine particles, clay lumps and all other impurities, and then stored in bags
in sufficient quantities in the casting laboratory. Figure 3.2 shows a sample of the natural
coarse aggregates.
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Figure 3.2 A sample of the natural coarse aggregates

3.2.4 Coarse recycled concrete aggregates

The investigations with the recycled concrete aggregate were confirmed only to
the coarser fraction since it is reported in the literature (Hansen, 1986) that fine recycled
concrete aggregates are unsuitable for use in concrete, unless special precautions are
taken. In the absence of sufficient and assured quantities of CDW in and around the
vicinity of Roorkee (the town where that host institute of the author is located), the coarse
recycled concrete aggregates (RCA) (fineness modulus = 6.4) for this investigation were
produced by crushing with the help of a jaw crusher waste specimens obtained from the
concrete laboratory of the author’s host institute.

In the RILEM Report 6 (1992), 'Recycling of Demolished Concrete and Masonry'
(edited by T.C. Hansen) it is stated under Section 6.2, pp. 16, that "jaw crushers provide
the best grain-size distribution of recycled aggregate for concrete production". It is further
mentioned in this report that "when it comes to other properties of recycled concrete
aggregate than grain-size distribution, jaw crushers perform better than impact crushers
because jaw crushers which are set at 1.2-1.5 times the maximum size of original
aggregate will crush only a small proportion of the original aggregate particles in the old
concrete. Impact crushers, on the other hand, will crush old mortar and original aggregate
particles alike and thus produce a coarse aggregate of lower quality. Another
disadvantage of impact crushers is high wear and tear and therefore relatively high

maintenance costs". The aforementioned report also presents results of a comparison of
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crusher efficiencies carried out by B.C.S.J. (1978) according to which "except for grain-
size distribution the physical properties of recycled aggregates such as specific gravity,
water absorption, sulfate soundness and Los Angeles abrasion loss percentage were not
significantly affected by different types of crushers and crusher settings". In this
investigation, the choice of a jaw crusher for processing waste concrete was made
keeping the above mentioned facts in mind. The angular-shape of the RCA particles
typically obtained from a jaw crusher is likely to have a conflicting effect on concrete
properties. While on one hand, workability of fresh concrete is likely to be impaired, on the
other hand the larger surface area of angular particles means that a larger adhesive force
can be developed resulting in a better bond between the aggregate particle and cement
mortar. Given the sheer volumes involved, it was practically impossible to confirm the
grades of the various constituents of the waste concrete from which the RCA particles
were sourced. The suitability of the waste concrete to be processed into RCA was
decided on the premise that all the waste concrete (which was a conglomerate of various
grades of concrete) which survived the crushing operation (i.e. it had not been reduced to
a powder) in the jaw crushers was fit for use as coarse RCA. In this manner, the weaker
grades of waste concrete were automatically filtered out during the crushing operations.
The nominal maximum size of the NCA and the RCA particles was kept equal to
12.5 mm and the size fractions of the RCA particles obtained from the jaw crusher were
so blended that the grading curves of both the coarse aggregate types, presented in
Figure 3.3, besides being similar to each other were also within the specified coarse
aggregate grading limits of IS 383:1970 (1970). A sample of the coarse recycled concrete
aggregates is showed in Figure 3.4. It may be noted that the output from the jaw crusher
consisted of the following three types of materials: virgin aggregate particles covered
partially or completely with the hardened cement paste, virgin aggregate particles with
very little hardened cement paste on them and pieces of hardened cement paste in
different shapes and sizes. None of these three constituents were discarded and as long
as their size distribution fell within the grading requirements, they were used as coarse

recycled concrete aggregates.
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Figure 3.3 Grading curve of the NCA and RCA

Figure 3.4 A sample of the coarse recycled concrete aggregates
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3.2.5 Water

Water used for mixing and curing shall be clean and free from injurious amounts of
oils, acids, alkalis, salts, sugar, organic materials or other substances that may be
deleterious to concrete or steel. IS 456:2000 (2000) considers potable water to be
satisfactory for the purpose of mixing and curing of concrete. Accordingly, potable tap
water confirms to IS 456:2000 (2000) has been used for mixing and curing of concrete in
this investigation. Chemical tests on the water samples were conducted as per IS 3025
(Parts 1 - 36):1987 (1987) and the measured values are presented in Table 3.3.

Table 3.3 Chemical composition of the water

_ N Test L_i_miti_ng values
Chemical composition result specified in IS 456:2000
(2000)
pH 7.4 >6
Acidity (%) 4.9 -
Alkalinity (%) 92 -
Chloride (mg/l) 41 <500
Sulphate (mg/l) 79.80 <400
Organic solids (mg/l) 46 <200
Inorganic solids (mg/l) 33 <3000
Total suspended solids (mg/l) 1.86 <2000

3.2.6 High-range water reducing admixture

A high-range water reducing admixture (HRWRA), Glenium 51, based on high
molecular weight polymers and sulphonated melamine formaldehyde conforming to IS
9103:1999 (1999b) and ASTM C494/C494M -13 (2013) at a dosage of 0.4% by weight of
the cement was used in the medium-strength and the high-strength concretes for
achieving desired workability. Table 3.4 summarises the physical and chemical properties
of the Glenium 51.
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Table 3.4 Physical and chemical properties of the HRWRA

Chemical composition rzztlt
pH 6.7
Relative density 1.10
Chloride ion (%) 0.001
Ash content (%) 0.20
Dry material content (%) 9.20

3.2.7 Steel reinforcement

Thermo-mechanically treated (TMT) type SD (Special Ductile) deformed steel
reinforcement bars confirming to IS 1786:2008 (2008) having diameters 6 mm, 8 mm,
10 mm, 12 mm, 16 mm, 20 mm, and 25 mm were used in this investigation. Figure 3.5
shows the typical rib orientation in the bars used in this investigation. Surface
characteristics of the steel bars were defined in terms of the parameters shown in Figure
3.6 (in accordance with the recommendations of RILEM (1983), ACI 408.3-01/408.3R-01
(2001a) and Lutz and Gergely (1967a)) and the measured values are reported in Table
3.5. To evaluate the mechanical properties, the steel bars were tested in tension as per IS
1608:2005/ISO 6892:1998 (2005) and IS 1599:1985 (1985b) using a 1000 kN capacity
universal testing machine (UTM), Figure 3.7, and the measured values are compiled in
Table 3.6. For the purpose of illustration, the measured stress-strain relationships of the
6 mm, 8 mm, 10 mm, and the 12 mm diameter bars are shown in Figures 3.8, 3.9, 3.10

and 3.11 respectively.

Figure 3.5 Typical rib orientation in the deformed steel bars
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Figure 3.6 Definition of surface characteristics

Table 3.5 Surface characteristics of the steel reinforcing bars

Rebar diameter
Property

6mm | 8mm |[10mm | 12mm |16 mm | 20 mm | 25 mm
Rib height, h, (mm) * 0.50 0.70 0.70 0.83 1.03 1.50
Rib width, w, (mm) * 1.19 1.21 1.43 1.52 2.10 2.00
Rib spacing, s; (mm) * 5.40 6.80 7.28 8.30 10.89 | 12.53
Relative rib area, * 0.093 | 0.103 | 0.096 | 0.100 | 0.095 | 0.120
(hsy)
Rib face angle, o * 480 | 440 | 450 | 36° | 41° | 510
(Degree)

* Accurate measurements were not possible
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Table 3.6 Mechanical properties of the steel reinforcing bars

Figure 3.7 Tension testing of a steel reinforcing bar

Nominal Cross - Yield Ultimate
Sl. size Mass | sectional stress, tensile Elongation Bend
No. (mm) (kg/m) area op strength (%) test
(mm? (MPa) (MPa)
1 6 0.207 26.38 633 775 20 Pass
2 8 0.394 50.18 600 720 25 Pass
3 10 0.596 75.90 576 660 26 Pass
4 12 0.879 111.98 532 616 23.33 Pass
5 16 1.560 198.74 574 694 23.75 Pass
6 20 2.398 305.43 588 691 25 Pass
7 25 3.810 485.31 601 706 24 Pass
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Figure 3.8 Measured stress-strain relationships of the 6 mm diameter bars
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Figure 3. 9 Measured stress-strain relationships of the 8 mm diameter bars
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Figure 3.10 Measured stress-strain relationships of the 10 mm diameter bars
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Figure 3.11 Measured stress-strain relationships of the 12 mm diameter bars

3.3 MATERIAL TESTING

Several tests were conducted to determine the physical properties of the fine and
the coarse aggregates. These tests are briefly described and their results are discussed in

the following sections.
3.3.1 Grading of the aggregates

Grading refers to the distribution of particle sizes present in an aggregate and it
affects the workability of concrete. Well graded aggregates require minimum paste to fill
voids which is conducive to producing high strength and durable concrete with low
shrinkage. To determine grading, sieve analysis was conducted as per IS 2386
(Part 1):1963 (1963b). The aggregates were dried in an oven at a temperature of 100°C for
4 hours and then 1 kg of the FA was sieved in a set of sieves with sizes ranging from
10 mm to 0.15 mm and the weight of aggregate retained in each sieve was noted.
Similarly, 10 kg of the coarse aggregate was sieved through a set of sieves with sizes
ranging from 20 mm to 4.75 mm and the weight of aggregate retained in each sieves was
noted. Table 3.7 and Figure 3.12 show a comparison of particle size distribution of the FA
with the limits specified in IS 383:1970 (1970). Table 3.8 and Table 3.9 show a
comparison of particle size distribution of the NCA and the RCA with the limits specified in
IS 383:1970 (1970). A comparison of the particle size distribution of the NCA and the RCA
with the grading limits in IS 383:1970 (1970) is also plotted in Figure 3.3. Figures 3.3 and
3.12 show that the size distribution of the fine and the coarse aggregates used in this

investigation was within the grading limits specified in 1S 383:1970 (1970).
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Fineness modulus of the FA, NCA and the RCA was calculated using the following

equations (Equations 3.1, 3.2 and 3.3) and the corresponding values were tabulated in
Table 3.10.

Total cumulative percentageretained

FinenessModulus of FA = (3.1
100
FinenessModulus of NCA — Total cumulative percentageretained+ 500 (3.2)
100
FinenessModulus of RCA — Total cumulative percentageretained-+ 500 (3.3)

100

Table 3.7 Sieve analysis of the fine aggregates

IS Sieve | Weight Cumulative Percenta_ge hassing
. . Percentage Percentage | for grading Zone Il
Size retained : percentage : ,
retained . passing of IS 383:1970
(mm) (9) retained (1970)
10 0 0 0 100.0 100
4.75 75 7.5 7.5 925 90-100
2.36 97 9.7 17.2 82.8 75-100
1.18 125 125 29.7 70.3 55-90
0.600 160 16.0 457 54.3 35-59
0.300 283 28.3 74.0 26.0 8-30
0.150 200 20.0 94.0 6.0 0-10
Residue 60 6 - - -
120 ~
g 100 -~
(@]
£ 80 -
(]
)
S ,
g 60 - /7 —_—FA
T 40 - / — - |S 383:1970 upper limit for FA
2 / — — 1S 383:1970 lower limit for FA
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O l T T T T 1
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Sieve size (mm)
Figure 3.12 Grading curve of the fine aggregates
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Table 3.8 Sieve analysis of the natural coarse aggregates

IS Sieve

Weight

Cumulative

Range specified for
12.5 mm maximum

Size retained Percentage ercentage Percentage | size graded coarse
(mm) @) retained pretainec? passing aggregates in
g IS 383:1970
(1970)
20 0 0 0 100.0 100
12.5 0 0 0 100.0 90-100
10 4020 40.2 40.2 59.8 40-85
4.75 5730 57.3 97.5 2.5 0-10
Residue 250 2.5 - - -

Table 3.9 Sieve analysis of the coarse recycled concrete aggregates

Range specified for
12.5 mm maximum

IS Sieve | Weight Cumulative :

; . Percentage Percentage | size graded coarse
Size retained ined percentage . ,
(mm) @) retaine retained passing aggregates in

IS 383:1970
(1970)

20 0 0 0 100.0 100
12.5 0 0 0 100.0 90-100

10 4000 40.0 40.0 60.0 40-85
4.75 6000 60.0 100.0 0 0-10

Residue 0 0 - - -

3.3.2 Residual mortar content of the RCA particles

The hardened cement mortar attached to the surface of the virgin aggregate in a

coarse recycled concrete aggregate particle is called as the residual mortar. It may be

noted that no attempts were made to separate the residual mortar from the virgin

aggregates in this investigation. The residual mortar content was determined by using the
hydrochloric acid dissolution method proposed by Nagataki et al. (1998). A 100 g oven

dried (at a temperature of 100°C for 24 hours) RCA sample was taken in a plastic

container and 1:3 HCI solution was added such that the RCA sample was immersed by a
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depth ranging between 12 mm to 15 mm below the surface of the HCI solution. The level
of HCI in the container was maintained by adding more HCI as and when required. After 2
days of HCl immersion, the residual mortar in RCA begins to split up. Subsequently, the
RCA particles, which still had some residual mortar attached to their surface, were
transferred to a new container with fresh HCI solution. Again after 2 days, further
degradation and removal of the residual mortar took place and this process was repeated
until all the residual mortar stood removed. After all the residual mortar had been
separated from the virgin aggregate particles, the latter were shifted to a 4.75 mm sieve
and washed with hot water to remove all traces of the HCI and the aggregate particles
were oven dried. The mass of the oven dried coarse aggregates were noted. The amount
of residual mortar content was calculated based on Equation 3.4 and the results are

presented in Table 3.10.

Residual mortar content (%) :Welght of RCA—-Weight of RCA after removal of mortar x100%

Weight of RCA
(3.4)

3.3.3 Bulk specific gravity and water absorption of the aggregates

Bulk specific gravity and water absorption of both fine and coarse aggregates were
determined by following the procedure of IS 2386 (Part 111):1963 (1963c). The procedure
for finding bulk specific gravity and water absorption of the fine aggregates is outlined
here. A clean dry pycnometer, was weighed as W; gm, filled with distilled water and
weighed as W, gm. A 500 g (W3) sample of fine aggregate in SSD condition was placed in
the pycnometer and filled with distilled water and weighed as W4 gm. The contents of the
pycnometer were emptied into a tray and the water was drained from the sample by
decantation through a filter paper and any material retained returned to the sample. The
sample was placed in an oven at a temperature 100°C for 24 hours, cooled in air-tight
container and weighed as Ws gm. Bulk specific gravity and water absorption of the fine
aggregates was evaluated using the Equations 3.5 and 3.6 respectively and the results

are given in Table 3.10.

Bulk specific gravity of FA = 2 3.5
W3 _(WA _Wz) ( )
Water absorptionof FA (%)= V%xlOO% (3.6)

5

The bulk specific gravity and water absorption of the coarse aggregates were
determined by the following procedure. A wire basket was immersed in distilled water and

weighed as W; gm. A 3000 g (W;) sample of coarse aggregate in SSD condition was
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placed in the wire basket and then immersed in distilled water such that the top of the
basket was 50 mm below the water surface. The basket with aggregate in immersed
condition was weighed as W3 gm. Then, the sample was placed in an oven at a
temperature 100°C for 24 hours, cooled in air-tight container and weighed as W, gm. Bulk
specific gravity and water absorption of the coarse aggregates was evaluated using the
Equations 3.7 and 3.8 respectively and the results are presented in Table 3.10.

Bulk specific gravity of CA = 2 3.7
Wz _(Ws _Wl) ( )
Water absorptionof CA (%)= V% x100% (3.8)

4
3.3.4 Bulk density of the aggregates

Bulk density of both the fine and the coarse aggregates was determined by
following the procedure given in IS 2386 (Part 111):1963 (1963c). The aggregates were
dried in an oven at a temperature of 100°C for 4 hours. A clean and dry cylindrical metal
measure of weight W, kg was filled with water and weighed as W, kg. The measure was
filled with aggregate in three layers and each layer was tamped with 25 strokes using the
rounded end of a tamping rod of 16 mm diameter and 600 mm long and weighed as
W3 kg. The measure was then emptied, refilled with the aggregate without compaction
and levelled with a straightedge and weight as W, kg. Bulk density of fine and coarse
aggregates, for both compacted and loose state was evaluated using the Equations 3.9
and 3.10 and the results are tabulated in Table 3.10.

W, —W

Bulk density (compacted) (kg/mS): Vﬁ (3.9)
. W, -W

Bulk d I kg/m®)=—2—% 3.10

ulk density (loose) (kg/m?) WooW. (3.10)

3.3.5 Crushing, impact and abrasion values of the coarse aggregates

The crushing, impact and abrasion values of the coarse aggregates were
determined by following the procedure given in IS 2386 (Part IV):1963 (1963a). The
procedure for finding the aggregate crushing value, which gives a relative measure of the
resistance of an aggregate to crushing under a gradually applied load, is briefly presented
here. Both NCA and RCA aggregates were tested in surface-dry condition. A 3000 g (W3)

sample which passed through a 12.5 mm IS sieve and was retained on a 10 mm IS sieve
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was placed in an open ended 150 mm cylindrical cell with a base plate in three layers with
each layer being tamped with 25 strokes using a tamping rod. The surface of the sample
was levelled and the plunger inserted horizontally. The sample was placed in between the
platens of the testing machine and loaded at a uniform rate such that the total load of 40
tonnes was reached in 10 minutes. Subsequently the load was released and the materials
were removed from the cylinder, sieved on a 2.36 mm IS sieve and the fraction passing
the sieve was weighed as W, gm. The aggregate crushing value was calculated using
Equation 3.11 and the values are given in Table 3.10.

Aggregate crushing value (%) = % x100% (3.12)

1

The procedure for finding the aggregate impact value, which gives a measure of
the resistance of an aggregate to sudden shock or impact, is outlined here. The NCA and
RCA was oven dried at a temperature of 100°C for 4 hours before testing. A sample
passing through a 12.5 mm IS sieve and retained on a 10 mm IS sieve was placed in a
cylindrical metal measure having a diameter of 75 mm and a depth 50 mm in three layers
each layer being tamped with 25 strokes and the surplus aggregate was strucked off
using the tamping rod as a straight-edge. The net weight of the aggregate was weighed
as W; gm and this weight of aggregate was used for the replicate test on the same
material. The aggregate sample was then placed in three layers (each layer was
compacted using 25 strokes of the tamping rod) in a cylindrical steel cup having a
diameter of 102 mm and a depth of 50 mm which was fixed firmly in position on the base
of the impact testing machine. The impact hammer was raised until its lower face was
380 mm above the upper surface of the aggregate in the cup and allowed to fall freely on
the test sample. The test sample was subjected to a total 15 such blows each being
delivered at an interval of not less than one second and the crushed aggregate was then
removed from the cup and sieved on a 2.36 mm IS sieve, the fraction passing being
weighed as W, gm. The aggregate impact value was calculated using Equation 3.12 and

the values are given in Table 3.10.

Aggregate impactvalue (%) = %xlOO% (3.12)

1

The aggregate abrasion value gives a measure of the resistance of an aggregate
to being worn away by rubbing and friction or shattering upon impact. A brief outline of the
test procedure is given here. The NCA and the RCA was oven dried at a temperature of
100°C for 4 hours before testing. A 5000 g (W,) sample, out of which 2500 g passed

through a 20 mm IS sieve and was retained on 12.5 mm IS sieve and the other 2500 g

79



passed through a 12.5 mm IS sieve and was retained on a 10 mm IS sieve was placed
together with the abrasive charge in a Los Angeles abrasion testing machine, and the
machine was rotated for 500 revolutions at a speed of 30 revolutions/min. The tested
aggregate were then removed from the machine, sieved through a 1.70 mm IS sieve and
the retained material was then washed dried in an oven at 110°C to a substantially
constant weight and weighed as W, gm. The aggregate abrasion value was calculated
using Equation 3.13 and the values are reported in Table 3.10.

Aggregate abrasionvalue (%) = Wlw;w x100% (3.13)

1

Table 3.10 Physical properties of the fine aggregate, the natural coarse aggregate
and the recycled concrete aggregate

Test result
Characteristic
FA NCA RCA
12.5 mm 12.5 mm
Grading Zone |l maximum size | maximum size
aggregate aggregate
Fineness modulus 2.68 6.38 6.40
Bulk specific gravity 2.68 2.67 2.50
Density (Compacted) (kg/m®) 1866 1630 1385
Density (Loose) (kg/m?) 1675 1419 1230
Water absorption (%) 0.7 1 6
Crushing value (%) - 21.2 21.7
Impact value (%) - 17.3 22.2
Abrasion value (%) - 18 20.2
Residual mortar content (%) - - 32.2

3.4 DESIGN OF THE CONCRETE MIXTURES

Two types of concrete mixtures were used in the investigation. In the control
mixture, only natural aggregates were used and this mixture has been identified as NCA
concrete in this investigation. In the other concrete mixture, designated as RCA concrete,

coarse recycled concrete aggregate has been used as either partial or full replacement of
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the coarse natural aggregates in the concrete. The fine aggregates in the RCA concrete

were sourced naturally.
3.4.1 Control concrete mixtures

Since concrete grade was a parameter in the investigation, three grades of the
control mixtures were designed following recommendations of the relevant ACI code. The
normal-strength control concrete mixture (Mix A), having a 56-day cylinder compressive
strength of 36 MPa was proportioned on the basis of the guidelines laid down in ACI
211.1-91 (1991), whereas for design of the medium-strength (Mix B) and the high-strength
(Mix C) control concrete mixtures, ACI 211.4R-08 (2008) was followed. Although
ACI 318-11 (2011), does not formally classify concrete being medium-strength, this
designation has been conventionally used in this investigation to identify the concrete
grade which is intermediate between the lowest (normal-strength, Mix A) and the highest
concrete grade (high-strength, Mix C). The medium-strength concrete, Mix B, was
designated for a 56-day cylinder strength of 51 MPa, whereas the high-strength concrete,
Mix C, was designed for a 56-day cylinder compressive strength of 68 MPa. The mixture
design was carried out using the absolute volume method and in order to order to achieve
the desired workability, high range water reducing admixture (Glenium 51) at a dosage of
0.4% by weight of cement was used in the medium-strength and the high-strength

concrete mixtures.
3.4.2 RCA concrete mixtures

Corresponding to the control concrete mixtures, three grades of RCA concrete
mixtures were designed using equivalent mix proportions wherein the mixture proportions
for the three grades of the RCA concrete were nominally kept the same as the three
corresponding grades of NCA concrete except for weight-to-weight replacement of NCA
with RCA, depending upon the desired RCA replacement level. Four RCA replacement
levels viz. 25 %, 50 %, 75 % and 100 % were investigated. In the 25 % replacement level
for example, 25 % of the weight of NCA in the control concrete mixture was replaced by
an equal weight of the RCA patrticles in the SSD moisture condition and so on. Admittedly,
the equal weight replacement strategy adopted in the investigation will affect the concrete
yield and some other investigators (Topcu and Sengal, 2004; Etxeberria et al., 2007; Obla
et al., 2007; Corinaldesi, 2010; Knaack and Kurama, 2013) have adopted equal volume
rather than equal weight replacement of NCA with RCA. The equal weight replacement is
reckoned to be conceptually more convenient and easier to implement in field practice
and has been adopted by Buck (1977), Nishibayashi et al. (1984), Yamato (1998), Dhir et
al. (1999), Abbas et al. (2008), Xiao and Falkner (2007) and Knaack and Kurama (2013)
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in their experimental investigations on RCA concrete. The following five weight
combinations of NCA and RCA were adopted: 100% NCA (control mixture), 75% NCA +
25% RCA, 50%NCA + 50% RCA, 25% NCA + 75% RCA, 100% RCA. The control and the
RCA concrete mixture are identified together with their proportions (ratios by weight) in
Table 3.11. It may be noted in Table 3.11 that in the control as well as the RCA concrete
mixtures, the water-cement ratio, w/c, in the normal-strength, the medium-strength and in

the high-strength concretes was kept nominally equal to 0.54, 0.42 and 0.37 respectively.

Table 3.11 Concrete mixture proportions

RCA _ Mixing HI(?(%VE?#
Mix ID’ repl':\feelr’“re”t Cement aggr'ggeate NCA | RCA ingﬁtﬁ;g Weci)?ht

(%) HRWRA™ | 0
ARO 0 1 2.31 2.47 0 0.54 -
AR25 25 1 2.31 1.85 | 0.62 0.54 -
AR50 50 1 2.31 124 | 1.24 0.54 -
AR75 75 1 2.31 062 | 1.85 0.54 -
AR100 100 1 2.31 0 2.47 0.54 -
BRO 0 1 2.08 2.9 0 0.42 0.4
BR25 25 1 2.08 218 | 0.73 0.42 0.4
BR50 50 1 2.08 145 | 1.45 0.42 0.4
BR75 75 1 2.08 073 | 2.18 0.42 0.4
BR100 100 1 2.08 0 2.9 0.42 0.4
CRO 0 1 1.73 2.56 0 0.37 0.4
CR25 25 1 1.73 1.92 | 0.64 0.37 0.4
CR50 50 1 1.73 1.28 | 1.28 0.37 0.4
CR75 75 1 1.73 0.64 | 1.92 0.37 0.4
CR100 100 1 1.73 0 2.56 0.37 0.4

" Mix ID: The alphabet in the first place-holder represents concrete grade (A: normal-strength, B:
medium-strength, C: high-strength), the alphabet R in the second place-holder stands for
‘replacement level’, the numerals in the remaining place holders represent RCA replacement levels
(0: 0%, 25: 25%, 50: 50%, 75: 75% and 100: 100%).

*High Range Water Reducing Admixture
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3.4.3 Aggregate preparation, batching and curing of concrete

The natural coarse aggregates consisted of locally available crushed rock and no
processing was required before their use. As has been mentioned earlier, the (coarse)
RCA was obtained from the waste concrete specimens, Figure 3.13, in the concrete
laboratory of the author’s host institute. The waste specimens were manually broken down
into small pieces and then fed into the jaw crusher, Figure 3.14, locally fabricated in the
institute. After crushing, the aggregates were sieved and separated into two size fractions.
The nominal maximum size of the NCA and the RCA particles was kept at 12.5 mm and
the size fractions of the RCA particles obtained from the jaw crusher were so blended that
the grading curves of both the coarse aggregate types besides being similar to each other
were also within the specified coarse aggregate grading limits of IS 383:1970 (1970).

Casting of both the concrete types was done in a tilting-drum type mixer. Since the
RCA used in this investigation had water absorption values which were about 6 times
higher than that of the NCA, the uniform w/c across all the concrete mixtures in each
group was achieved by ensuring that the NCA and the RCA particles were in the
saturated surface-dry (SSD) moisture condition at the time of batching. To achieve the
SSD condition, the NCA and the RCA patrticles were immersed separately in water for
24 hours. At the end of the immersion period, the aggregates were taken out of the
immersion tank and any water attached to the surface of the aggregate particles was
removed with the help of a hessian cloth by spreading the aggregate particles on the
laboratory floor. Immediately afterwards, the aggregates were batched in the concrete
mixer. While mixing, first the coarse aggregates were added to the mixer along with one-
third the total amount of total water so that all the aggregates become wet. Subsequently
one-third the total amount of cement was added and the constituents were mixed for
about one minute. Subsequently, fine aggregates were added followed by the remaining
guantity of cement and water. It was ensured that the total mixing time was not less than
3 minutes. The inside surface of the moulds for casting of the test specimens were coated
with shutter release oil and after compaction on a vibrating table, the specimens were
stored in humidity conditions the laboratory for a period of 24 h after casting by covering
them with a wet hessian cloth. After this period, the specimens were demoulded and moist
cured by immersion in a curing tank for a period of 56-days after casting. The water of the
curing tank was changed every week. For strength testing, the concrete specimens
(100 mm x 200 mm cylinders for compressive strength and splitting tensile strength), after
being taken out of the curing tank, were tested in the SSD moisture condition. For the
bond tests, the pullout specimens were prepared for testing at the end of the curing period

and the relevant details are explained in a subsequent section.
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Figure 3.13 Waste concrete specimens used for producing the RCA

Figure 3.14 Jaw crusher used for crushing of the waste concrete
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3.5 TESTING OF CONCRETE
3.5.1 Workability

Workability is the property of concrete which determines the amount of useful
internal work necessary to produce complete compaction. Workability was measured
using the slump test carried out as per the procedure mentioned in IS 1199:1959 (1959a).
The mould for the slump test is in the form of the frustum of a cone, 300 mm high with 200
mm bottom diameter and 100 mm top diameter. The concrete was filled in the mould in
four layers, each layer being compacted with 25 strokes of a 16 mm diameter tamping rod
and the top surface was strucked off level with a trowel. The mortar which leaked out
between the mould and the base plate was cleaned and the mould was slowly lifted, the

initial slump was measured, and the recorded values are presented in Figure 3.15.

100 -

80 -

60
= Mix A
40 1 = Mix B
20 Mix C
0 h T T T T
0 25 50 75 100

RCA replacement level (%)

Initial slump (mm)

Figure 3.15 Variation of initial slump of concrete with RCA replacement level

3.5.2 Density

Three replicate control cylindrical specimens (100 mm diameter x 200 mm height)
were used to determine the density of the hardened concrete. The mass (W) and average
measurements of the cylinders (diameter, d and height, h) were noted and the density of
hardened concrete in kg/m? (o.) was evaluated by the mass of the cylinder divided by its
volume, Equation 3.14. A minimum of three specimens were tested for each mix and

average values are presented in Figure 3.16.

Pe= 7 (3.14)
£7r dzjh
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Figure 3.16 Variation of density of hardened concrete with RCA replacement level

3.5.3 Compressive strength

Since the pullout tests were carried out at an age of 56 days, the compressive
strength measurements of the 100 mm diameter x 200 mm height control cylindrical
specimens were carried out at an age of 56 days. Compressive strength measurements
were done following the procedures recommended in IS 516:1959 (1959b) and ASTM
C39/C39M -12a (2012). After 56-days curing, the specimens were taken out from the
curing tank and the surface moisture was cleaned with the help of an absorbent cloth. The
irregular end surfaces were made level and ground smooth with a hand-held grinder.
Then the test cylinder was placed vertically between the platens of a 2500 kN capacity
close-loop servo-controlled universal testing machine (UTM), Figure 3.17, and the load
was applied at a displacement rate of 0.1 mm/min. The cylinder compressive strength in
MPa (f'c) was calculated by dividing the peak load by the cross-sectional area of the
cylinder, Equation 3.15. A minimum of three specimens were tested in each sample and
typical failure modes in the cylinders is shown in Figure 3.18. The average compressive
strength values were presented in Figure 3.19. A discussion of the compressive strength
trends in Figure 3.19 is presented in the next chapter, Results and Discussion.

g P (3.15)

: (E4D2j

where f'c = cylinder compressive strength in MPa, P = maximum applied load in N, and

D = diameter of the cylinder in mm.
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Figure 3.17 Compression testing of a cylindrical specimen

Figure 3.18 Typical failure after compression testing of cylinders
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Figure 3.19 Variation of compressive strength with RCA replacement level

3.5.4 Splitting tensile strength

Like the compressive strength, the splitting tensile strength was also evaluated at
an age of 56 days by testing cylindrical specimens (100 mm diameter x 200 mm height)
following the procedures given in IS 5816:1999 (1999c¢) and ASTM C496/C496M-11
(2011). After 56-days curing, the specimens were taken out from the curing tank and the
surface moisture was cleaned with the help of an absorbent cloth. The test the cylinder
was placed horizontally along with two hardboard packing strips, Figure 3.20, in between
the platens of the 2500 kN capacity close-loop servo-controlled universal testing machine
(UTM) and the load was applied at a displacement loading rate of 0.1 mm/min. The
cylinder splitting tensile strength in MPa (f.) was calculated using the Equation 3.16. A
minimum of three specimens were tested in each group and the average values were
presented in Figure 3.21. Trends in the splitting tensile strengths shown in Figure 3.21 are

discussed in the next chapter.

for = (EZTPD) (3.16)

where f, = cylinder splitting tensile strength in MPa, P = maximum applied load in N,

L = length of the cylinder in mm, and D = diameter of the cylinder in mm.
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Figure 3.20 Splitting tensile strength testing of a cylinder
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Figure 3.21 Variation of splitting tensile strength with RCA replacement level

3.6 BOND TESTING

Bond between the reinforcement bars and concrete was investigated through
pullout and through splice beam tests. A total of 270 pullout specimens and 24 scaled
splice beams were cast and tested. The specimen details and the test procedures are

described in the following sections.
3.6.1 Pullout tests

A major part of the investigation of bond behaviour was carried out with the help of
pullout tests. According to ACI 408R-03 (2003), a variety of test specimen configurations
have been used to study bond between reinforcing bars and concrete and a schematic of

the four most common configurations are shown in Figure 3.22.
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Figure 3.22 Schematic of commonly used test specimen configurations in bond
studies (ACI 408R-03)

Among the four test specimen configurations shown in Figure 3.22, the pullout
specimen, Figure 3.22 (a), is considered to be the least realistic because it has little
resemblance to bond conditions in actual construction. Unlike the stress condition in a
pullout specimen wherein the bar is placed in tension and the concrete in compression, in
most of the reinforced concrete members in practice, both the steel bar and the
surrounding concrete are in tension. Further in such members, the bearing surface of the
bar ribs are subjected to a compressive force only when there is relative movement
between the bar and the surrounding concrete. On the other hand, in a pullout test, the
bearing action of the ribs is mobilised due to the pullout load applied on the ribs is
mobilised due to the pullout load applied on the embedded steel bar in the test specimen.
Therefore, bond strengths obtained from pullout tests may have little application is
structural design. According to the ACI 408R-03 (2003), the configurations shown in
Figure 3.22 (b) though (d) provide bond strength measurements which are more relevant
to actual construction. In the beam-end specimen in Figure 3.22 (b), the steel bar as well
as the surrounding concrete are simultaneously placed in tension whereas the beam
anchorage specimen (Figure 3.22 (c)) and the splice beam specimen (Figure 3.22 (d))
represent large-scale specimens ideally suited for direct measurement of development
and splice strengths in prototype members.

In spite of their above mentioned drawbacks, pullout specimens have been widely
used for investigation of bond behaviour because of their ease of fabrication and the
simplicity of the test. Pullout tests also provide a simple and a convenient means for

relative comparison of bond behaviour. One of the drawbacks of the pullout test
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configuration is that the compressive struts formed between the test bearing surface and
the surface of the embedded rebar place the rebar surface in compression. This however
can be mitigated by suitable modifications in the setup of the test specimen which is
described in more detail in a following section. According to AClI Committee 408 (1966),
pullout tests remain useful for bond studies because:

(@) They give a reasonable estimate of the required anchorage length for a bar
embedded in a pier or an inactive mass of concrete.

(b) It emphasises the idea of anchorage based on the requirement of a certain length
of bar embedment beyond the section of maximum steel stress to prevent the bar
from pulling out.

(c) It approximately simulates conditions adjacent to a concrete crack where the bar
carries more tension than exists in nearby sections.

(d) The bar slip at the loaded face of the pullout specimen can be approximately
correlated with crack width in a beam having comparable levels of steel stress as
in the pullout specimens.

(e) The pullout test configuration can be very conveniently adopted to simulate the

effect of cover on bond behaviour.
3.6.1.1 Pullout specimen parameters

The pullout tests were carried out using cylindrical specimens 100 mm in diameter
and 200 mm long. Steel bar of the selected diameters (8 mm, 10 mm, 12 mm, 16 mm,
20 mm and 25 mm) were concentrically embedded in the cylindrical specimens. Although
guidelines given in IS 2770(Part-1):1967 (1967b) and RILEM (1983) were generally
followed with respect to the pullout specimen configuration, a significant deviation was
also made with respect to the type of the pullout specimen. Both the above mentioned
codes recommend cube specimens for pullout tests whereas in this investigation
cylindrical specimens were used in order to ensure a uniform cover for a given rebar
diameter. It may however be noted that since the size of the cylindrical specimens was
kept the same for all the rebar sizes under investigation the ratio of the cover, c, and the
rebar diameter, dp, was not constant across the investigation. Hence, the c/d, varied from
5.75 for the 8 mm bars to 1.5 for the 25 mm bars. The whole length of the embedded
rebar was not bonded to the surrounding concrete. The bonded length of the rebar was
kept equal to five times the rebar diameter (5 dp) as per RILEM (1983) so as to avoid
potential yielding of the bar during pullout. In order to eliminate the effect of compressive
struts in pullout specimens, RILEM (1983) recommends the use of bond-breaker at the
loaded end of the specimen. In this investigation however, the bond breaker was placed

both at the loaded as well as the unloaded end of the pullout specimens with the 5 d,
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bonded length being located symmetrically in between. Typical arrangement of bond-
breakers in the steel rebars is presented in Figure 3.23. Schematic details of a pullout
specimen are shown in Figure 3.24.

Figure 3.23 Typical rebars fixed with plastic tubes as bond-breaker

P
LVDT 1 t |;|HLVDT 2
[ 3 MS angle attached to rebar
Steel bar, diameter dy,
|, /| H MS restrainer plate, 40 thick
v
a/‘ < Pipe sleeve as bond breaker
]
o 1 [
= \] [/ 100 dia. cylindrical specimen
(o))
= ic, \] l/ . Nominal bond stresses in the
N ke, bonded length
3
: J| |V
m ] 5
X
9
1 1] a
. VA
I— Clay filling inside pipe sleeve
LVDT 3 I
¥r——LVDT 4

All dimensions in mm

Figure 3.24 Pullout test setup configuration in elevation
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3.6.1.2 Pullout specimen fabrication

The pullout specimens were cast in a vertical position in the laboratory using steel
moulds and during casting and subsequent compaction, the concentrically placed steel
bars were held in position using a specially designed steel fixture, Figure 3.25. Contact
between the concrete and the rebar along the debonded length of the embedded rebar
was broken using a soft plastic tube placed coaxially with the rebar and the annular space
between the rebar and the plastic tube was filled with clay, which was subsequently
removed after curing. Concrete was mixed in the laboratory using a tilting drum-type
concrete mixer, poured into the moulds and compacted using a vibrating table. For
preventing excessive evaporation from the fresh concrete, the pullout specimens were
covered with a plastic sheet soon after casting. To ensure repeatability of results, a
sample consisting of three nominally identical companion specimens were cast for each
parameter under investigation. Six cylinders (100 mm diameter x 200 mm height) were
also cast as control specimens with each batch of pullout specimens for finding the 56-day
compressive strengths and the splitting tensile strengths. All the specimens were
demoulded 24 h after casting following which they were moist cured in the laboratory for a
nominal period of 56 days by immersion in a curing tank whose water was changed every

week.

Figure 3.25 Pullout moulds with steel fixture

3.6.1.3 Pullout test setup

The pullout tests were performed in a stiff electro-hydraulic test frame using a
specially fabricated mild steel rig rigidly connected to the testing machine. A schematic
illustration of a test specimen and the instrumentation used in the pullout tests is shown in
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Figure 3.24 and the test setup is presented in Figure 3.26. The RILEM (1983)
recommended loading rate of 0.5 dy* N/s (where dj, is the rebar diameter) was adopted in
the pullout tests. During loading, the top cross-section the cylindrical pullout specimen
was pressed against a stiff 40 mm thick mild steel restrainer plate, Figure 3.26, with a thin
sheet of softwood and a layer of grease being placed between the soffit of the restrainer
plate and the pullout specimen to ensure uniform contact and to minimise platen friction
respectively. The test was performed by pulling the embedded rebar upward from the
specimen and the applied load was measured with the help of a pressure sensor whose
output was fed to an automatic data acquisition system. With reference to Figure 3.24, the
average loaded end slip was measured with the help of the LVDT’s (Linear Variable
Differential Transformer) 1 and 2 and the net slip at the unloaded end was measured with
the help of LVDT’s 3 and 4, the output the LVDT’s being recorded with the help of the data
acquisition system. After reaching peak loads, in order to record the descending branch of
the load-slip relationship, the pulling of the embedded rebar was continued such that the
increase in slip was accompanied by a decrease in the load resisted by the specimen.
The pullout tests were terminated when either of the following conditions occurred: (i) pull-
through or rupture of the rebar (ii) splitting of concrete enclosing the rebar (iii) unloaded

end slip in the range of 9 - 20 mm.

i, 3 r _/'W')

Figure 3.26 Pullout test setup

3.6.1.4 Variables in the pullout tests

Three concrete grades viz. normal-strength, medium-strength and high-strength,
six rebar diameters and four RCA replacement levels were used in the pullout tests of this
investigation. These variables are summarised in Table 3.12.
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Table 3.12 Variables in the pullout test specimens

RCA Number of
. replacement Rebar replicate Total number
Concrete mix IDIevel, r diameter (mm) specFi)mens in | of specimens
(%) each variable
8
0
10
Mix A 25
12
Mix B 50 3 270
16
Mix C 75
20
100
25

3.6.1.5 Summary of the pullout test specimens

A total of 270 specimens were cast and tested and the summary of the pullout test

specimens in normal-strength, medium-strength and high-strength concrete are presented
in Tables 3.13, 3.14 and 3.15 respectively.

Note to Tables 3.13, 3.14 and 3.15:

* Specimen ID: The alphabet in the first place-holder represents concrete grade (A: normal-

strength, B: medium-strength, C: high-strength), the numerals in the second/third place-holders

represent the nominal rebar diameters (8 mm, 10 mm, 12 mm, 16 mm, 20 mm, 25 mm) and the

alpha-numeric characters in the remaining place holders represent RCA replacement levels (0: 0%,
25: 25%, 50: 50%, 75: 75% and 100: 100%).

* Cover: The cover presented here is the side cover measured from the sides of the rebar to the

extreme concrete face
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Table 3.13 Summary of the pullout test specimens — normal-strength concrete

: Rebar RCA *
Spemgnen diameter replacement Cover cldy
ID (mm) level, r (mm)
(%)
A8RO 0
A8R25 25
A8R50 8 50 46 5.75
A8R75 75
A8R100 100
A10RO 0
A10R25 25
A10R50 10 50 45 4.50
A10R75 75
A10R100 100
Al12R0 0
A12R25 25
A12R50 12 50 44 3.67
A12R75 75
A12R100 100
A16R0 0
Al16R25 25
A16R50 16 50 42 2.63
A16R75 75
A16R100 100
A20R0 0
A20R25 25
A20R50 20 50 40 2.00
A20R75 75
A20R100 100
A25R0 0
A25R25 25
A25R50 25 50 37.5 1.50
A25R75 75
A25R100 100
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Table 3.14 Summary of the pullout test specimens — medium-strength concrete

: Rebar RCA *
Spemgnen diameter replacement Cover cldy
ID (mm) level, r (mm)
(%)
B8RO 0
B8R25 25
B8R50 8 50 46 5.75
B8R75 75
B8R100 100
B10RO 0
B10R25 25
B10R50 10 50 45 4.50
B10R75 75
B10R100 100
B12R0O 0
B12R25 25
B12R50 12 50 44 3.67
B12R75 75
B12R100 100
B16RO 0
B16R25 25
B16R50 16 50 42 2.63
B16R75 75
B16R100 100
B20RO0 0
B20R25 25
B20R50 20 50 40 2.00
B20R75 75
B20R100 100
B25R0 0
B25R25 25
B25R50 25 50 37.5 1.50
B25R75 75
B25R100 100
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Table 3.15 Summary of the pullout test specimens — high-strength concrete

. Rebar RCA *
Spemgnen diameter replacement Cover c/ds
ID (mm) level, r (mm)
(%)
C8RO 0
C8R25 25
C8R50 8 50 46 5.75
C8R75 75
C8R100 100
C10RO 0
C10R25 25
C10R50 10 50 45 4.50
C10R75 75
C10R100 100
C12R0 0
C12R25 25
C12R50 12 50 44 3.67
C12R75 75
C12R100 100
C16R0 0
C16R25 25
C16R50 16 50 42 2.63
C16R75 75
C16R100 100
C20R0 0
C20R25 25
C20R50 20 50 40 2.00
C20R75 75
C20R100 100
C25R0 0
C25R25 25
C25R50 25 50 37.5 1.50
C25R75 75
C25R100 100
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3.6.2 Splice beam specimens

In addition to the pullout tests, a selected number of splice beam specimens were
also tested for better simulation of bond conditions in actual construction. The splice beam
specimens were so designed that the splice was located in the constant moment region of
the beam so that the compressive struts do not affect bond behaviour.

3.6.2.1 Splice beam specimen design

The splice beam specimens were designed keeping the recommendations of ACI
408R-03 (2003) in mind. Singly reinforced beams 1700 mm long and simply supported on
an effective span of 1500 mm were tested. The beams had a rectangular section 225 mm

deep with the width being 110 mm for the 12 mm diameter longitudinally steel bars and

, I , . A
180 mm for the 20 mm diameter longitudinal bars. The tension steel ratio, p = ﬁ was

nominally kept constant at 0.01 and 0.018 respectively so that the beam sections were
under-reinforced. With respect to the size of the longitudinal rebars, the scope of the
splice beam investigations was limited to only two bar sizes viz. 12 mm and 20 mm and
one splice length each was investigated for both the bars. For both these bar sizes, the
c/d, was nominally kept constant at 1.25. Typical detailing of the splice beam specimens
reinforced with the 12 mm and the 20 mm bars is presented in Figure 3.27 and Figure
3.28 respectively. For the 12 mm and the 20 mm bars, the splice lengths were kept equal
to 25 d, and 20 d, respectively with each of these lengths being significantly smaller than
the ACI 318-11 (2011) required development length in tension. This was done in order to
ensure that flexural failure did not pre-empt bond failure in the splice beam specimens.
The other parameters in the splice beam tests were concrete grade (normal-strength,
Mix A, and high-strength, Mix C) and the RCA replacement level (50 % and 100 %). A
summary of the splice beam specimens is presented in Table 3.16. To ensure
repeatability of results, a pair of two nominally identical specimens were cast for each
parameter under investigation. An estimation of the maximum tensile force induced in the
spliced longitudinal reinforcement bars is a vital input for calculating the average local
bond stress in the beam specimens. Electrical-resistance type strain gauges having a
gauge length of 5 mm were mounted on the spliced reinforcement at the locations shown
in Figure 3.27 and Figure 3.28 for measuring strains. It may be noted that these figures
that the strain gauges were intentionally mounted at the ends of the splice just outside that
splice lead ends in order to minimise any disturbance to the distribution of bond forces in

the spliced lengths.
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Figure 3.27 Dimensions and reinforcement details of the splice beam specimens
with 12 mm dia. main bars
The tensile force in the spliced rebars was calculated from the stress induced in
the rebars due to the measured strain. The average local bond stress was calculated as

follows:

. (347)
zd, L

S

where 7, ., the peak bond stress (MPa) between concrete and steel rebar, is also termed

as the bond strength; A, is the area of the reinforcing bar (mmz); fs is the stress in steel at

failure (MPa); dy is the nominal rebar diameter (mm) and Ls is the splice length (mm).
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The stress was obtained from a moment-curvature analysis of the beam section.
The details of this analysis are presented in Appendix A. The experimentally obtained
bond strengths from the splice beam specimens were compared with predictions from the

literature and from the bond stress model presented in this investigation and relevant
conclusions drawn.
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Figure 3.28 Dimensions and reinforcement details of the splice beam specimens
with 20 mm dia. main bars
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Table 3.16 Summary of the splice specimens

_ Re_b ar RCA
i d(;? re|[)|Iea\(/:§|r,nrent (mbm) (mhm) (mCm) (n|1_rsn) cldy | Ls/do | Ly
(mm) (%)
1 2 3 4 5 6 7 8 o | 10
AS12RO-1 | 12 0 110 | 225 | 15 | 300 | 125 | 25 | 420
AS12R0-2 | 12 0 110 | 225 | 15 | 300 | 125 | 25 | 420
AS12R50-1 | 12 50 110 | 225 | 15 | 300 | 125 | 25 | 420
AS12R50-2 | 12 50 110 | 225 | 15 | 300 | 125 | 25 | 420
AS12R100-1 | 12 100 110 | 225 | 15 | 300 | 125 | 25 | 420
AS12R100-2 | 12 100 110 | 225 | 15 | 300 | 125 | 25 | 420

AS20RO0-1 | 20 0 180 | 225 | 25 | 400 | 1.25 | 20 | 520

AS20R0-2 | 20 0 180 | 225 | 25 | 400 | 1.25 | 20 | 520
AS20R50-1 | 20 50 180 | 225 | 25 | 400 | 125 | 20 | 520
AS20R50-2 | 20 50 180 | 225 | 25 | 400 | 125 | 20 | 520
AS20R100-1 | 20 100 180 | 225 | 25 | 400 | 125 | 20 | 520
AS20R100-2 | 20 100 180 | 225 | 25 | 400 | 125 | 20 | 520

CS12R0-1 | 12 0 110 | 225 | 15 | 300 | 125 | 25 | 420

CS12R0-2 | 12 0 110 | 225 | 15 | 300 | 125 | 25 | 420
CS12R50-1 | 12 50 110 | 225 | 15 | 300 | 125 | 25 | 420
CS12R502 | 12 50 110 | 225 | 15 | 300 | 125 | 25 | 420
CS12R100-1 | 12 100 110 | 225 | 15 | 300 | 125 | 25 | 420
CS12R1002 | 12 100 110 | 225 | 15 | 300 | 125 | 25 | 420

CS20R0-1 | 20 0 180 | 225 | 25 | 400 | 125 | 20 | 520

CS20R0-2 | 20 0 180 | 225 | 25 | 400 | 125 | 20 | 520
CS20R50-1 | 20 50 180 | 225 | 25 | 400 | 125 | 20 | 520
CS20R50-2 | 20 50 180 | 225 | 25 | 400 | 125 | 20 | 520
CS20R100-1 | 20 100 180 | 225 | 25 | 400 | 125 | 20 | 520
CS20R100-2 | 20 100 180 | 225 | 25 | 400 | 125 | 20 | 520
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Note to Table 3.16:

Column 1 = Specimen ID: The alphabet in the first place-holder represents concrete grade (A:
normal-strength, C: high-strength), the alphabet in the second place-holder represents splice
specimen, the numerals in the third/forth place-holders represent the nominal rebar diameters (12
mm, 20 mm) and the alpha-numeric characters in the remaining place holders represent RCA
replacement levels (0: 0%, 50: 50%, and 100: 100%). Column 4 = b: breadth of the beam. Column
5 = h: height of the beam. Column 6 = c: concrete cover (minimum of bottom cover, ¢, and side

cover, C;). Column 7 = Lg: splice length. Column 10 = L;: distance between two load points.
3.6.2.2 Splice beam specimen fabrication

All the splice beam specimens were fabricated in the laboratory with the pre-
assembled steel reinforcement cages being lowered into the steel formwork followed by
casting of concrete. Before assembly, strain gauge locations were marked on the
longitudinal rebars and at these locations the rebar surface was ground smooth with a
hand grinder and cleaned with emery paper and acetone. After reinforcement caging, the
strain gauges were pasted on to the bar surface with a thin film of adhesive and allowed to
dry. Wires were soldered to the strain gauges and a flexible tube was inserted to
safeguard the wires during casting. The strain gauges were covered with a thick film of
water resistant paste to arrest the entry of water during casting. A set of assembled
reinforcement cages together with strain gauges mounted on the spliced bars is shown in
Figure 3.29. Prior to casting, a thin layer of shutter-release oil was applied on the inner
surface of the steel forms. Then the reinforcement cages are placed inside the forms
before which the precast concrete cover blocks were inserted to maintain the required
side and bottom covers. Figure 3.30 shows two splice specimens ready for casting.
Concrete was mixed in the laboratory using a tilting drum-type mixer, poured into the
forms and compacted layer-by-layer using a needle-type vibrator and the top surface was
levelled. To prevent excessive evaporation from the fresh concrete, the splice specimens
were covered with a plastic sheet soon after casting. Six cylinders (100 mm diameter x
200 mm height) were also cast together with every set of the splice beams to serve as
control specimens for finding the 56-day compressive strengths and splitting tensile
strengths. All the specimens were demoulded 24 h after casting following which they were
moist cured in the laboratory for a nominal period of 56 days by immersion in a curing tank

whose water was changed every week.
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Figure 3.30 A pair of splice beam specimens ready for casting

3.6.2.3 Test setup

Bending tests under displacement-controlled loading were performed on the splice
beam specimens in a close-loop servo-controlled 2500 kN capacity universal testing
machine using a specially fabricated mild steel loading frame. The specimens were simply
supported at both their ends with one support simulating a hinge and the other a roller.
Test setup configuration is shown in Figure 3.31 and a splice beam test in progress is
presented in Figure 3.32. The splice beams were tested in four-point bending with the
loads being applied using a stiff spreader beam on top of the test specimen. The applied
load was measured using the internal load cell in the actuator and the deflections under
the load points as well as at the beam mid-span were measured using Linear Variable
Differential Transformers (LVDTs). The outputs of the LVDTSs, the steel strain gauges as
well as that of the load cell mounted in the UTM actuator was recorded with the help of a
data acquisition system at a sampling frequency of 1 s.

104



e

o
Y
-

Figure 3.32 Splice beam test in progress
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The splice beams were white-washes and allowed to surface dry before testing. A
rectangular grid with a line spacing of 50 mm in the vertical direction and a line spacing of
50 mm in the horizontal direction was marked on the side faces. The soffit of the 110 mm
width beams are marked at a spacing of 27.5 mm in width direction and 50 mm in
longitudinal direction while the soffit of the 180 mm width beams are marked at a spacing
of 30 mm in width direction and 50 mm in longitudinal direction. The beams were tested
under a displacement-controlled loading rate of 0.3 mm/min till failure. It may be noted
that since flexural cracks tend to develop close to the load points which in turn may effect
bond force in the bars within the splice zone, the two-point loads were spaced at a
distance L,=Ls+h/2 from each other as per the recommendations of Harajli and Abouniaj
(2010). This arrangement is meant to ensure that flexural cracking has minimal effect on
distribution of bond forces in the spliced rebars. Because the displacement-controlled
loading was applied in a continuous manner it was not possible to physical monitor crack
widths in the beams with a hand-held crack comparator. Hence, no cracks widths have
been reported for the splice beam specimens. The average time taken for testing each
splice beam specimen was 20 min. The control cylinders were tested for compressive
strength and splitting tensile strength on the same day as the companion beam specimen.

A summary of all the splice beam specimens is presented in Table 3.16.
3.6.2.4 Variables in the splice beam tests

A summary of the variables investigated in the splice beam test programme is

presented in Table 3.17.

Table 3. 17 Variables in the splice beam test specimens

RCA Rebar Number of
Concrete mix | r€placement diameter replicate Total number
level, r (mm) specimens in | of specimens
(%) each variable
0
Mix A 12
50 2 24
Mix C 20
100
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3.7 CONCLUSION

This experimental programme described in this chapter includes the relevant
material properties and specifications of the ingredients of concrete, reinforcement steel
etc., the testing procedures and the associated instrumentation. The properties of the
fresh and hardened concrete have been presented graphically under the relevant
subsections. The details of the pullout and splice beam specimens have been presented.
The test results, their analysis and subsequent discussions follow in the next chapter,

Results and Discussion.
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Chapter 4

RESULTS AND DISCUSSION

4.1 INTRODUCTION

The results of the experimental investigation are presented and discussed in this
chapter. The results of Phase | of the experimental investigation which focused on bond
behaviour of RCA concrete investigated with the help of pullout specimens are presented
first followed by results of Phase Il wherein bond of steel reinforcement in RCA concrete
was studied with the help of splice beam specimens. Conclusions of this investigation are

presented in the next chapter.

4.2 PHASE I: INVESTIGATION OF BOND BEHAVIOUR WITH PULLOUT
SPECIMENS

4.2.1 Experimental results
4.2.1.1 Compressive strength

The measured 56-day cylinder compressive strengths of the three grades of
recycled aggregate concrete are presented in Tables 4.1, 4.2 and 4.3. The variation of
compressive strength as a function of the RCA replacement level is presented in Figure
4.1. The trends in this figure show that for the normal-strength concrete, compressive
strength decreased by 33 % as the RCA replacement level increased from 0 % to 100 %
and the corresponding figure for the medium-strength concrete was about 30 %. Unlike
the aforesaid concrete grades, a uniform decrease in compressive strength with
increasing RCA replacement levels was not observed in the case of the high-strength
concrete, though between the lower-bound and upper-bound replacement levels of 0 %
and 100 % respectively, the measured compressive strength decreased by about 27 % for
this concrete grade. The above observations are in agreement with results reported in the
literature to the effect that compressive strength decreases (to varying degrees) with

increase in the amount of RCA particles in concrete.
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Figure 4. 1 Variation of compressive strength with RCA replacement level

4.2.1.2 Splitting tensile strength

The trends in the measured splitting tensile strengths of the three concrete grades
are presented in Figure 4.2. The trends in Figure 4.2 show that the splitting tensile
strength increased by 18 %, 13 % and 19 % for the normal-, medium- and the high-
strength concrete respectively, as the RCA replacement level increased from 0 % to 100
%. It may be noted that for all the three concrete grades, this gain in splitting tensile
strength was not uniform across the four replacement levels of 25 %, 50 %, 75 % and 100
% considered in this investigation. In the literature, no significant difference is reported
between indirect tensile strength of recycled aggregate concrete (made with coarse
recycled aggregate) and that of conventional concrete (BCSJ, 1978; Mukai et al., 1978;
Ravindrarajah and Tam, 1985). According to Gerardu and Hendriks (1985), at the most,
the indirect tensile strength of recycled aggregate concrete made with coarse recycled
aggregate and natural sand may be 10 % lower compared to that of conventional
concrete. On the other hand, the results of this investigation indicate a significant increase
in the indirect tensile strength, irrespective of the concrete grade, when all the natural
coarse aggregate was replaced with recycled aggregate. Although in the absence of any
widely accepted test, the quality of bond between the aggregate particles and the
hardened cement paste could not be measured, the observed higher splitting tensile
strength of the recycled aggregate concretes is attributed to the relatively better
aggregate-cement paste bond in recycled aggregate concrete due to higher surface
roughness of the recycled concrete aggregate particles. It may be of relevance to note
that according to Regan et al. (2005), in a heterogeneous material like concrete, beyond a

very early age, the main parameters affecting the crack path under the action of a tensile
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force are the strength of the parent rock (which makes up the coarse aggregate) and the
shape and surface texture of the aggregate particles. Hence, if the recycled aggregate
has been derived from quality parent concrete, a more tortuous crack path can be
expected in recycled aggregate concrete with the result that behaviour under a tensile
stress can be significantly different from that of conventional concrete.
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Figure 4. 2 Variation of splitting tensile strength with RCA replacement level

4.2.1.3 Bond strength

Assuming a uniform bond stress distribution over the short embedded length of a

steel rebar in concrete, the bond strength is given by the following relationship

P
Toax = —— (4.9)
zd, L,

where 7 the peak bond stress (MPa) between concrete and steel rebar, is also termed

max »
as the bond strength; P..s is the peak load (N), dp is the nominal rebar diameter (mm) and
Ly is the bonded length (mm) taken equal to 5 d, in this investigation. The experimental
results of all the 270 pullout specimens made of the normal-, medium- and the high-
strength concrete are presented in Tables 4.1, 4.2 and 4.3 respectively. For each
parameter under investigation, three nominally identical pullout specimens were tested.
The average value of the peak bond stress as well as the corresponding slip for each of

the specimens is also given in the above mentioned tables.
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Note to Tables 4.1, 4.2 and 4.3:

Column 1 = Specimen ID: The alphabet in the first place-holder represents concrete grade (A:
normal-strength, B: medium-strength, C: high-strength), the numerals in the second/third place-
holders represent the nominal rebar diameters (8 mm, 10 mm, 12 mm, 16 mm, 20 mm, 25 mm)

and the alpha-numeric characters in the remaining place holders represent RCA replacement

levels (0: 0%, 50: 50%, and 100: 100%). Column 2 = fC' : cylinder compressive strength. Column 3

= P, . peak load. Column 4 = Average P__ : average peak load of companion specimens.

Column 5 = 7. . peak bond stress. Column 6 = Mean 7., : mean peak bond stress of
companion specimens. Column 7 = s: slip at unloaded end. Column 8 = average s: average slip at

unloaded end. Column 9 = 7, .. : normalised bond strength. Column 10 = failure mode.
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Table 4.1 Experimental results of the normal-strength concrete pullout specimens

Specimen f ' P Average, | stress unloaded unloaded strength Failure

ID ¢ Pmax r T max end end Mode

max s s Tr,max
MPa kN kN MPa MPa mm mm MPanr 2

1 2 3 4 5 6 7 8 9 10
A8RO-1 25.20 25.06 0.662
A8RO-2 36.91 22.87 23.46 22.74 23.34 0.863 0.713 3.84 PO
A8RO-3 22.32 22.20 0.613
A8R25-1 15.31 15.22 0.354
ABR25-2 28.88 13.73 14.01 13.66 13.94 0.421 0.508 2.59 PO
A8R25-3 13.00 12.93 0.747
A8R50-1 21.02 20.91 0.393
ABR50-2 24.04 20.06 21.25 19.95 21.14 0.615 0.560 431 PO
A8R50-3 22.69 22.57 0.671
A8R75-1 16.81 16.73 0.361
ABR75-2 26.16 17.66 17.03 17.57 16.94 0.322 0.348 3.31 PO
A8R75-3 16.61 16.52 0.360
A8R100-1 21.78 21.66 0.432
A8R100-2 24.71 24.08 22.83 23.96 22.71 0.619 0.517 457 PO
A8R100-3 22.64 22.52 0.500
A10RO-1 28.37 18.06 0.598
A10RO0-2 36.91 27.67 28.24 17.61 17.98 0.595 0.576 2.96 PO
A10RO-3 28.67 18.25 0.536
A10R25-1 29.12 18.54 0.535
A10R25-2 28.88 31.34 30.25 19.95 19.26 0.619 0.708 3.58 PO
A10R25-3 30.29 19.28 0.968
A10R50-1 24.48 15.58 0.476
A10R50-2 24.04 29.15 27.12 18.56 17.27 1.046 0.590 3.52 PO
A10R50-3 27.74 17.66 0.249
A10R75-1 24.72 15.74 0.467
A10R75-2 26.16 28.83 27.64 18.36 17.59 0.505 0.486 3.44 PO
A10R75-3 29.35 18.69 0.485
A10R100-1 28.92 18.41 0.666
A10R100-2 | 24.71 30.15 28.77 19.20 18.32 0.556 0.595 3.68 PO
A10R100-3 27.24 17.34 0.562
A12RO0-1 43.58 19.27 0.555
A12R0-2 36.91 43.03 42.25 19.02 18.68 0.585 0.561 3.07 PS
A12R0-3 40.13 17.74 0.542
A12R25-1 44.03 19.47 0.946
A12R25-2 28.88 45.04 44.19 19.91 19.54 0.286 0.651 3.64 PS
A12R25-3 43.50 19.23 0.720
A12R50-1 43.23 19.11 0.831
A12R50-2 24.04 | 40.85 42.69 18.06 18.87 0.447 0.657 3.85 PS
A12R50-3 43.99 19.45 0.694
A12R75-1 35.60 15.74 0.752
A12R75-2 26.16 45.52 43.01 20.12 19.01 0.674 0.710 3.72 PS
A12R75-3 47.90 21.18 0.705
A12R100-1 43.47 19.22 0.627
A12R100-2 | 24.71 44.39 43.23 19.63 19.11 0.617 0.636 3.84 PS
A12R100-3 41.82 18.49 0.665

PO : Pullout PS : Pullout failure induced by through splitting
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Table 4.1 (Continued)

Specimen f ' P Average | stress unloaded unloaded strength Failure

ID ¢ Pmax T T nax ezd end , Mode

s r,max
MPa kN kN MPa MPa mm mm MPanr®?

1 2 3 4 5 6 7 8 9 10
A16RO-1 61.22 15.23 0.539
A16RO0-2 36.91 58.31 59.92 14.50 14.90 0.512 0.512 2.45 PS
A16RO0-3 60.22 14.98 0.486
Al6R25-1 56.83 14.13 0.481
A16R25-2 28.88 60.18 58.50 14.97 14.55 0.492 0.498 2.71 PS
A16R25-3 58.50 14.55 0.521
Al16R50-1 47.87 11.90 0.469
A16R50-2 24.04 50.40 50.38 12.53 12.53 0.499 0.479 2.56 PS
A16R50-3 52.88 13.15 0.468
Al6R75-1 56.11 13.95 0.465
Al6R75-2 26.16 52.10 54.10 12.96 13.45 0.440 0.445 2.63 PS
A16R75-3 54.08 13.45 0.430
A16R100-1 53.14 13.21 0.392
A16R100-2 24.71 56.28 55.03 14.00 13.68 0.427 0.417 2.75 PS
A16R100-3 55.66 13.84 0.433
A20R0-1 83.02 13.21 0.502
A20R0-2 36.91 86.73 84.63 13.80 13.47 0.517 0.495 2.22 PS
A20R0-3 84.13 13.39 0.466
A20R25-1 76.11 12.11 0.486
A20R25-2 28.88 75.62 77.12 12.04 12.27 0.456 0.463 2.28 PS
A20R25-3 79.64 12.67 0.447
A20R50-1 78.44 12.48 0.452
A20R50-2 24.04 75.61 75.71 12.03 12.05 0.467 0.447 2.46 PS
A20R50-3 73.08 11.63 0.422
A20R75-1 79.23 12.61 0.410
A20R75-2 26.16 82.82 82.61 13.18 13.15 0.409 0.420 2.57 PS
A20R75-3 85.79 13.65 0.442
A20R100-1 83.16 13.24 0.376
A20R100-2 | 24.71 81.22 83.13 12.93 13.23 0.392 0.395 2.66 PS
A20R100-3 85.02 13.53 0.416
A25R0-1 95.82 9.76 0.459
A25R0-2 36.91 97.35 95.55 9.92 9.73 0.496 0.480 1.60 PS
A25R0-3 93.47 9.52 0.485
A25R25-1 92.59 9.43 0.461
A25R25-2 28.88 90.45 89.89 9.21 9.16 0.446 0.444 1.70 PS
A25R25-3 86.63 8.82 0.425
A25R50-1 77.11 7.85 0.398
A25R50-2 24.04 78.63 79.45 8.01 8.09 0.426 0.405 1.65 PS
A25R50-3 82.60 8.41 0.392
A25R75-1 77.46 7.89 0.371
A25R75-2 26.16 82.67 80.51 8.42 8.20 0.380 0.381 1.60 PS
A25R75-3 81.40 8.29 0.392
A25R100-1 84.15 8.57 0.395
A25R100-2 | 24.71 80.16 82.14 8.16 8.37 0.370 0.374 1.68 PS
A25R100-3 82.12 8.36 0.356

PO : Pullout PS : Pullout failure induced by through splitting
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Table 4.2 Experimental results of the medium-strength concrete pullout specimens

Specimen f ' P Average | stress unloaded unloaded strength Failure

ID ¢ Pmax r T max end end Mode

max s s Tr,max
MPa kN kN MPa MPa mm mm MPanr 2

1 2 3 4 5 6 7 8 9 10
B8RO-1 28.77 28.62 0.516
B8RO-2 51.14 27.42 28.17 27.27 28.02 0.549 0.539 3.92 PO
B8RO-3 28.33 28.18 0.552
B8R25-1 29.36 29.21 0.608
B8R25-2 46.70 27.44 28.81 27.29 28.65 0.550 0.560 4.19 PO
B8R25-3 29.62 29.46 0.521
B8R50-1 29.42 29.27 0.542
B8R50-2 41.96 30.58 30.42 30.42 30.26 0.628 0.583 4.67 PO
B8R50-3 31.26 31.09 0.580
B8R75-1 33.46 33.28 0.568
B8R75-2 36.97 33.04 32.49 32.86 32.32 0.675 0.619 5.32 PO
B8R75-3 30.99 30.83 0.613
B8R100-1 28.83 28.68 0.652
B8R100-2 35.58 29.15 29.49 28.99 29.33 0.568 0.598 492 PO
B8R100-3 30.49 30.33 0.574
B10RO-1 39.03 24.85 0.497
B10RO0-2 51.14 39.06 39.29 24.86 25.01 0.431 0.486 3.50 PO
B10RO-3 39.78 25.33 0.529
B10R25-1 37.29 23.74 0.475
B10R25-2 46.70 39.93 37.91 25.42 24.13 0.567 0.518 3.53 PO
B10R25-3 36.52 23.25 0.512
B10R50-1 41.93 26.70 0.618
B10R50-2 41.96 40.57 40.92 25.83 26.05 0.572 0.567 4.02 PS
B10R50-3 40.25 25.62 0.511
B10R75-1 41.30 26.29 0.562
B10R75-2 36.97 40.34 40.40 25.68 25.72 0.549 0.585 4.23 PS
B10R75-3 39.58 25.19 0.643
B10R100-1 36.25 23.08 0.515
B10R100-2 | 35.58 36.58 35.45 23.29 22.57 0.492 0.537 3.78 PS
B10R100-3 33.53 21.35 0.603
B12R0-1 48.13 21.28 0.489
B12R0-2 51.14 | 44.24 44.75 19.56 19.78 0.457 0.456 2.77 PS
B12R0-3 41.89 18.52 0.423
B12R25-1 46.05 20.36 0.523
B12R25-2 46.70 45.49 46.09 20.11 20.38 0.456 0.475 2.98 PS
B12R25-3 46.73 20.66 0.447
B12R50-1 37.56 16.61 0.401
B12R50-2 41.96 38.29 38.24 16.93 16.90 0.482 0.432 2.61 PS
B12R50-3 38.86 17.18 0.412
B12R75-1 46.34 20.49 0.609
B12R75-2 36.97 48.82 47.92 21.58 21.19 0.514 0.543 3.48 PS
B12R75-3 48.61 21.49 0.506
B12R100-1 45.44 20.09 0.467
B12R100-2 | 35.58 43.21 44.24 19.10 19.56 0.534 0.497 3.28 PS
B12R100-3 44.08 19.49 0.489

PO : Pullout PS : Pullout failure induced by through splitting
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Table 4.2 (Continued)

Specimen f ' P Average | stress unloaded unloaded strength Failure

ID ¢ Pmax T T nax ezd end , Mode

s r,max
MPa kN kN MPa MPa mm mm MPanr®?

1 2 3 4 5 6 7 8 9 10
B16RO-1 57.14 14.21 0.421
B16RO0-2 51.14 61.56 59.53 15.31 14.80 0.456 0.426 2.07 PS
B16R0-3 59.90 14.90 0.401
B16R25-1 57.64 14.33 0.491
B16R25-2 46.70 57.73 57.68 14.36 14.34 0.421 0.442 2.10 PS
B16R25-3 57.68 14.34 0.414
B16R50-1 50.53 12.57 0.432
B16R50-2 41.96 50.74 53.12 12.62 13.21 0.385 0.392 2.04 PS
B16R50-3 58.09 14.45 0.360
B16R75-1 60.44 15.03 0.449
B16R75-2 36.97 67.71 63.55 16.84 15.80 0.487 0.492 2.60 PS
B16R75-3 62.51 15.54 0.541
B16R100-1 50.75 12.62 0.452
B16R100-2 | 35.58 56.54 54.45 14.06 13.54 0.431 0.461 2.27 PS
B16R100-3 56.07 13.94 0.501
B20RO0-1 70.30 11.19 0.434
B20RO0-2 51.14 74.76 74.26 11.90 11.82 0.402 0.395 1.65 PS
B20RO0-3 77.71 12.37 0.350
B20R25-1 74.27 11.82 0.374
B20R25-2 46.70 86.09 77.93 13.70 12.40 0.453 0.410 181 PS
B20R25-3 73.42 11.69 0.402
B20R50-1 64.16 10.21 0.321
B20R50-2 41.96 62.87 62.41 10.01 9.93 0.374 0.363 1.53 PS
B20R50-3 60.22 9.58 0.395
B20R75-1 70.36 11.20 0.438
B20R75-2 36.97 68.86 69.49 10.96 11.06 0.475 0.441 1.82 PS
B20R75-3 69.24 11.02 0.410
B20R100-1 68.54 10.91 0.423
B20R100-2 | 35.58 71.44 70.30 11.37 11.19 0.459 0.456 1.88 PS
B20R100-3 70.93 11.29 0.486
B25R0-1 87.77 8.94 0.421
B25R0-2 51.14 89.72 86.78 9.14 8.84 0.443 0.412 1.24 PS
B25R0-3 82.85 8.44 0.372
B25R25-1 72.44 7.38 0.334
B25R25-2 46.70 86.20 78.10 8.78 7.96 0.360 0.335 1.16 PS
B25R25-3 75.68 7.71 0.312
B25R50-1 70.30 7.16 0.335
B25R50-2 41.96 80.70 74.61 8.22 7.60 0.371 0.364 117 PS
B25R50-3 72.84 7.42 0.387
B25R75-1 71.13 7.25 0.412
B25R75-2 36.97 73.73 73.04 7.51 7.44 0.391 0.381 1.22 PS
B25R75-3 74.28 7.57 0.340
B25R100-1 75.55 7.70 0.394
B25R100-2 | 35.58 71.83 73.65 7.32 7.50 0.418 0.420 1.26 PS
B25R100-3 73.57 7.49 0.447

PO : Pullout PS : Pullout failure induced by through splitting
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Table 4.3 Experimental results of the high-strength concrete pullout specimens

Specimen f ' P Average | stress unloaded unloaded strength Failure

ID ¢ Pmax r T max end end Mode

max s s Tr,max
MPa kN kN MPa MPa mm mm MPanr 2

1 2 3 4 5 6 7 8 9 10
C8RO-1 34.18 34.00 0.521
C8RO0-2 68.65 32.65 33.48 32.47 33.31 0.481 0.481 4.02 PO
C8RO0-3 33.62 33.44 0.441
C8R25-1 33.65 33.47 0.482
C8R25-2 65.60 33.83 32.28 33.65 32.11 0.418 0.450 3.96 PO
C8R25-3 29.36 29.21 0.450
C8R50-1 28.94 28.79 0.462
C8R50-2 57.54 34.26 32.38 34.07 32.21 0.538 0.497 4.25 PO
C8R50-3 33.95 33.77 0.492
C8R75-1 33.73 33.55 0.531
C8R75-2 54.20 33.30 33.13 33.12 32.96 0.562 0.516 4.48 PO
C8R75-3 32.38 32.21 0.454
C8R100-1 34.86 34.68 0.594
C8R100-2 50.30 30.45 32.85 30.29 32.67 0.483 0.534 461 PO
C8R100-3 33.23 33.06 0.525
C10RO0-1 46.48 29.59 0.401
C10R0-2 68.65 47.77 46.52 30.41 29.61 0.455 0.436 3.57 PO
C10R0-3 45.30 28.84 0.453
C10R25-1 47.54 30.27 0.504
C10R25-2 65.60 44.08 46.28 28.06 29.46 0.432 0.454 3.64 PS
C10R25-3 47.21 30.05 0.425
C10R50-1 43.63 27.77 0.512
C10R50-2 57.54 47.38 45.22 30.16 28.79 0.544 0.509 3.79 PS
C10R50-3 44.65 28.42 0.471
C10R75-1 46.25 29.44 0.538
C10R75-2 54.20 43.69 43.16 27.81 27.48 0.442 0.494 3.73 PS
C10R75-3 39.56 25.19 0.503
C10R100-1 39.71 25.28 0.432
C10R100-2 | 50.30 43.88 41.50 27.94 26.42 0.507 0.476 3.72 PS
C10R100-3 40.90 26.04 0.488
C12R0-1 59.71 26.40 0.431
C12R0-2 68.65 58.42 59.00 25.83 26.08 0.463 0.464 3.15 PS
C12R0-3 58.86 26.02 0.497
C12R25-1 55.97 24.74 0.525
C12R25-2 65.60 59.92 59.25 26.49 26.20 0.434 0.481 3.23 PS
C12R25-3 61.87 27.35 0.483
C12R50-1 55.19 24.40 0.458
C12R50-2 57.54 52.30 53.12 23.12 23.49 0.426 0.418 3.10 PS
C12R50-3 51.88 22.94 0.371
C12R75-1 55.91 24.72 0.352
C12R75-2 54.20 49.42 51.16 21.85 22.62 0.392 0.394 3.07 PS
C12R75-3 48.13 21.28 0.439
C12R100-1 46.31 20.48 0.487
C12R100-2 | 50.30 48.38 50.04 21.39 22.12 0.437 0.443 3.12 PS
C12R100-3 55.43 24.50 0.404

PO : Pullout PS : Pullout failure induced by through splitting
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Table 4.3 (Continued)

Bond | Mean Slip at Avlt_arage Normalised

Specimen f' P Average | stress r unloaded u:Ié)F;g:ad st?g:gth Failure

ID c Prmax T max ezd end . Mode

s r,max
MPa kN kN MPa | MPa mm mm MPanr®?

1 2 3 4 5 6 7 8 9 10
C16RO0-1 92.26 22.94 0.423
C16R0-2 68.65 94.40 94.95 23.47 | 23.61 0.463 0.469 2.85 PS
C16R0-3 98.19 24.42 0.521
C16R25-1 79.30 19.72 0.421
C16R25-2 65.60 74.66 75.05 18.57 | 18.66 0.332 0.376 2.30 PS
C16R25-3 71.18 17.70 0.374
C16R50-1 82.73 20.57 0.384
C16R50-2 57.54 84.25 83.76 20.95 | 20.83 0.407 0.414 2.75 PS
C16R50-3 84.30 20.96 0.452
C16R75-1 83.77 20.83 0.468
C16R75-2 54.20 85.04 82.87 21.15 | 20.61 0.452 0.442 2.80 PS
C16R75-3 79.82 19.85 0.407
C16R100-1 82.09 20.41 0.402
C16R100-2 | 50.30 71.39 77.97 17.75 | 19.39 0.432 0.394 2.73 PS
C16R100-3 80.44 20.00 0.347
C20RO0-1 124.14 19.76 0.488
C20R0-2 68.65 118.93 115.45 18.93 | 18.37 0.428 0.435 2.22 PS
C20R0-3 103.28 16.44 0.389
C20R25-1 97.91 15.58 0.321
C20R25-2 65.60 87.45 92.63 13.92 | 14.74 0.366 0.331 1.82 PS
C20R25-3 92.53 14.73 0.305
C20R50-1 92.65 14.75 0.395
C20R50-2 57.54 90.31 89.22 14.37 | 14.20 0.354 0.355 1.87 PS
C20R50-3 84.70 13.48 0.317
C20R75-1 105.90 16.85 0.428
C20R75-2 54.20 92.94 95.78 14.79 | 15.24 0.371 0.403 2.07 PS
C20R75-3 88.50 14.09 0.409
C20R100-1 94.41 15.03 0.415
C20R100-2 | 50.30 95.43 91.72 15.19 | 14.60 0.398 0.387 2.06 PS
C20R100-3 85.31 13.58 0.347
C25R0-1 133.29 13.58 0.350
C25R0-2 68.65 119.28 127.01 12.15 | 12.94 0.342 0.362 1.56 PS
C25R0-3 128.45 13.08 0.395
C25R25-1 103.00 10.49 0.298
C25R25-2 65.60 101.57 105.65 10.35 | 10.76 0.342 0.315 1.33 PS
C25R25-3 112.39 11.45 0.305
C25R50-1 108.72 11.07 0.342
C25R50-2 57.54 107.98 111.98 11.00 | 11.41 0.305 0.340 1.50 PS
C25R50-3 119.26 12.15 0.374
C25R75-1 118.15 12.03 0.437
C25R75-2 54.20 112.42 117.20 11.45 | 11.94 0.365 0.393 1.62 PS
C25R75-3 121.04 12.33 0.378
C25R100-1 107.09 10.91 0.409
C25R100-2 | 50.30 123.90 114.44 12.62 | 11.66 0.368 0.411 1.64 PS
C25R100-3 112.34 11.44 0.455

PO : Pullout PS : Pullout failure induced by through splitting
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4.2.2 Analysis of pullout test results

Towards development of a predictive model for bond strength, linear regression
analysis of the 270 pullout test results was carried out using the following non-dimensional

parameters which are known to influence bond strength of deformed steel bars in
conventional concrete: fc', i, i—b z—r It may be noted that although the parameter d—b

b d r d
was held constant in the pullout specimens of this investigation, it has still been included
in the regression analysis in order to maintain uniformity with bond strength predictive
equations in the literature. In order that the proposed predictive model is applicable to
RCA concrete also, the RCA replacement level, r, was also included in the regression
analysis. It may be noted that for conventional concrete with compressive strength of up to

55 MPa, the effect of concrete properties on bond strength is usually represented using

the square root of the compressive strength, \/E One of the objectives of the regression

analysis was to examine whether \/{ accurately represents the effect of concrete
strength on bond in RCA concrete or not. The following 4 regression equations in which

the effect of concrete strength on bond has been modelled in terms of (fC )1/4, (fC )1/2,

(fc' )3/4 and (fC )1.0 were obtained after analysis of the test data.

Toa =) {498+1 50[OI J+1 oo(L—bj 3063(
d

o
m|:r

J +0.0028 r} (4.2)

S

T = F" {o 75+ 0. 23(d j (L—bJ 5.3 [ ]+o oozsr} (4.4)

Toa =] {0.29+ 0.09 (dij +0.06 (‘E—bJ —2.21(5}0.0014 r} (4.5)
b d r

S

Toa = (1) {1 92+0. 58(d ] (ﬁ—:J 12. 69(h—j 0.0037r} (4.3)

where 7., = peak bond stress (MPa), f_= cylinder compressive strength (MPa), ¢ =

minimum cover (mm), d, = bar diameter (mm), Ly = bonded length (mm), h, = rib height
(mm), s, = rib spacing (mm), r = replacement level (%).

A comparison of the bond strength predictions of Equations 4.2 — 4.5 with the
experimental results of the 270 pullout specimens of this investigation is presented in

Figure 4.3 which also includes four best-fit lines corresponding to the four descriptive
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equations above. Figure 4.3 shows that the best-fit lines corresponding to (fc')g/4 and
+\L.0 . . . \Y4 .-
(fc)1 have a negative slope while that corresponding to (fc)]/ has a positive slope.

However, the best-fit line based on (fC )1/2 has approximately a horizontal slope which

indicates that the % power provides an unbiased representation of the effect of concrete
strength on bond strength. It may also be noted that in Figure 4.3, the best-fit line based

on (fC )1/2 has when compared to all the other best-fit lines, the highest R* value at 0.853.

this lends further support to the descriptive equation containing (fC )1/2 for bond strength

prediction of RCA concrete. The results of this investigation therefore show that as with
. W2 .

conventional concrete, (fc)v gives an accurate representation of the effect of concrete

properties on bond strength of RCA concrete. The following bond strength predictive
equation for short embedded lengths is therefore proposed for RCA concrete. This

equation may be used for conventional concrete also by setting the parameter ‘r ’ to zero.

T =+f. [1.92+058) < |+0.38 9o | 1269 M |+ 0.0037¢ (4.6)
max Cc d L

b d Sr

2.0 -
0 ¢ p=1/4 O p=12
A p=3/4 X p=1.0
----- Linear (p = 1/4) Linear (p = 1/2)
--= Linear(p=3/4) —-- Linear(p=1.0)
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Figure 4.3 Variation of test-prediction ratio versus compressive strength
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4.2.3 Normalised bond strength

On the basis of the aforesaid analysis, the measured bond strengths have been

normalised with respect to \/E and the normalised bond strengths, ¢ SO obtained are

r max !
presented in column number 9 of the Tables 4.1, 4.2 and 4.3. The effect coarse aggregate
type (RCA/NCA) and RCA replacement level on bond behaviour of the 8 mm, 10 mm, 12
mm, 16 mm, 20 mm and 25 mm diameter bars has been studied in terms of the variation
of the normalised bond strength with these parameters. For direct comparison, the
normalised bond strengths of the normal- (Mix A), medium- (Mix B) and the high-strength
(Mix C) RCA concretes are plotted with respect to the RCA replacement level in Figures
4.4, 4.5 and 4.6 respectively together with the results of Xiao and Falkner (2007) and the
results of Kim and Yun (2013). The best-fit lines in Figures 4.4, 4.5 and 4.6 are indicative
of the following trends:

() For each of the three concrete grades, the normalised bond strengths were
inversely proportional to the bar diameter. Hence, for all the three grades and
across all the RCA replacement levels the descending order of the rebar bond
strengths were: 8 mm, 10 mm, 12 mm, 16 mm, 20 mm and 25 mm. This trend is
particularly evident in the case of the medium-strength (Mix B) and the high-
strength (Mix C) concrete in Figures 4.5 and 4.6 respectively. This behaviour has
to be seen in the context that pullout failure was observed in the 8 mm, the 10 mm
and to some extent the 12 mm bars, whereas pullout-induced-through splitting was
observed in the case of the larger bar sizes. Since the iWas not held constant in

b
this investigation, the relatively larger sized bars (16 mm, 20 mm and 25 mm)
would be increasing vulnerable to splitting failure since the size of the pullout test
specimens was kept the same across all the rebar sizes.

(i)  Across all the three grades of concrete, for the relatively smaller sized bars (8 mm,
10 mm and 12 mm) and more so for the 8 mm and the 10 mm bars, the
normalised bond strength increased with an increase in the RCA replacement level
with the highest bond strength being obtained for the 100 % RCA replacement
level. However, this trend was not as pronounced for the relatively larger sized
bars (16 mm, 20 mm, 25 mm). These trends in the normalised bond strengths of
the smaller sized bars are in agreement with the trends for the 10 mm bars of Xiao
and Falkner (2007) and the 16 mm bars of Kim and Yun (2013), also plotted in
Figures 4.4, 4.5 and 4.6. According to Xiao and Falkner (2007), the superior bond
strength of the RCA concrete when compared to that of NCA concrete is due to

the similar elastic moduli of coarse RCA and the cement paste of the recycled
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aggregate concrete. They state that this characteristic of RCA concrete should
improve composite action between these two phases and reduce deformation
incompatibilities under applied loads. In this investigation it is reckoned that water
entrainment due to the use of coarse RCA particles in the SSD moisture state
improves curing, reduces shrinkage and associated cracking and improves
hydration. All these effects together produce a higher quality paste and enhanced
mechanical properties of the concrete conglomerate which can be expected to

improve bond strength as well.

8 mm

10 mm

12 mm

16 mm

20 mm

25 mm

Xiao and Falkner, 2007
Kim and Yun, 2013
Linear (8 mm)

b O @ + X » H o

........... Linear (10 mm)

=+ ="+ Linear (12 mm)
— — Linear (16 mm)

Normalised bond strength (MPa°5)

— - - = Linear (20 mm)

Linear (25 mm)
0 25 50 75 100 — - — Linear (Xiao and Falkner, 2007)
RCA replacement level (%) = = = Linear (Kim and Yun, 2013)

Figure 4.4 Normalised bond strengths for various RCA replacement levels of
normal-strength concrete
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R2=0.79 =———a 12 mm
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Xiao and Falkner, 2007
Kim and Yun, 2013
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— — Linear (16 mm)

Normalised bond strength (MPa®5)

0 + T T T v — -+ = Linear (20 mm)

Linear (25 mm)
— - — Linear (Xiao and Falkner, 2007)
RCA replacement level (%) = = = - Linear (Kim and Yun, 2013)

Figure 4.5 Normalised bond strengths for various RCA replacement levels of
medium-strength concrete
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Figure 4.6 Normalised bond strengths for various RCA replacement levels of high-
strength concrete

4.2.4 Comparison of measured and predicted bond strengths

Table 4.4 presents a comparison of the measured bond strengths and predictions
from the bond strength model proposed in this investigation Equation 4.6 as well as the
predictions from selected models for short embedded lengths in the literature (fib, 2013;
Kim et al.,, 2012; Esfahani and Rangan, 1998a). The graphical representation of this
comparison is presented in Figures 4.7 — 4.9 for normal-, medium- and high-strength
concretes respectively. These figures show that the most accurate predictions were
obtained from the proposed model whereas the predictions of the model of Kim et al.
(2012) were overly conservative. It may be mentioned that the model in fib (2013) and the
model of Esfahani and Rangan (1998a) are applicable to conventional concrete whereas
the model of Kim et al. (2012) has been developed for recycled aggregate concrete. Table
4.4 shows that relatively, the most accurate predictions were obtained from the proposed
model with the mean, the standard deviation (SD) and the coefficient of variation (COV)
associated with this model being 1.01, 0.13 and 12.87 % respectively. Next in the order of
accuracy were the predictions from the fib bond strength model (fib, 2013) for which the
aforesaid values were 1.46, 0.27 and 18.49 % respectively. The robustness of the fib
bond strength model is noteworthy considering the fact that it has been derived for NCA

concrete and its application to RCA concrete is not strictly valid.
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Table 4.4 Comparison of measured and predicted bond strengths

Peak bond stress, 7. (MPa)
. Esfahani Measured bond strength
Specimen fib Kim et al., and Proposed Predicted bond strength
ID Test MC2010 2012 Rangan, | Model
1998a

A B C D E A/B AlC A/D AlE
A8RO 23.34 15.19 20.84 10.94 25.22 154 1.12 2.13 0.93
A8R25 13.94 13.44 18.21 9.68 22.80 1.04 0.77 1.44 0.61
A8R50 21.14 12.26 16.39 8.83 21.26 1.72 1.29 2.39 0.99
A8R75 16.94 12.79 16.96 9.21 22.65 1.32 1.00 1.84 0.75
A8R100 22.71 12.43 16.28 8.95 22.47 1.83 1.40 2.54 1.01
A10RO 17.98 15.19 16.18 10.11 20.04 1.18 1.11 1.78 0.90
A10R25 19.26 13.44 14.09 8.94 18.23 1.43 1.37 2.15 1.06
A10R50 17.27 12.26 12.63 8.16 17.08 1.41 1.37 2.12 1.01
A10R75 17.59 12.79 13.03 8.51 18.29 1.38 1.35 2.07 0.96
A10R100 18.32 12.43 12.46 8.27 18.24 1.47 1.47 2.22 1.00
A12RO 18.68 12.74 13.07 9.39 17.65 1.47 1.43 1.99 1.06
A12R25 19.54 11.98 11.34 8.30 16.11 1.63 1.72 2.35 1.21
A12R50 18.87 11.45 10.12 7.58 15.15 1.65 1.87 2.49 1.25
A12R75 19.01 11.69 10.41 7.90 16.27 1.63 1.83 241 1.17
A12R100 19.11 11.52 9.92 7.68 16.28 1.66 1.93 2.49 1.17
A16RO 14.90 10.77 9.19 8.22 13.67 1.38 1.62 1.81 1.09
A16R25 14.55 10.13 7.90 7.27 12.59 1.44 1.84 2.00 1.16
A16R50 12.53 9.68 6.98 6.63 11.94 1.29 1.79 1.89 1.05
A16R75 13.45 9.88 7.14 6.92 12.92 1.36 1.88 1.94 1.04
A16R100 13.68 9.74 6.74 6.73 13.02 1.40 2.03 2.03 1.05
A20R0 13.47 9.42 6.85 7.31 11.85 1.43 1.97 1.84 1.14
A20R25 12.27 8.86 5.84 6.47 10.98 1.39 2.10 1.90 1.12
A20R50 12.05 8.46 5.10 5.90 10.47 1.42 2.36 2.04 1.15
A20R75 13.15 8.64 5.18 6.15 11.40 1.52 2.54 2.14 1.15
A20R100 13.23 8.52 4.83 5.98 11.53 1.55 2.74 2.21 1.15
A25R0 9.73 8.19 4.99 6.42 8.16 1.19 1.95 1.52 1.19
A25R25 9.16 7.70 4.19 5.68 7.72 1.19 2.19 1.61 1.19
A25R50 8.09 7.36 3.59 5.18 7.49 1.10 2.25 1.56 1.08
A25R75 8.20 7.52 3.61 541 8.29 1.09 2.27 1.52 0.99
A25R100 8.37 7.41 3.31 5.25 8.52 1.13 2.53 1.59 0.98
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Table 4.4 (Continued)

Peak bond stress, 7. (MPa)

Measured bond strength

. Esfahani
Specimen fib Kim et al., and Proposed Predicted bond strength
ID Test MC2010 2012 Rangan, Model
1998a

A B c D E A/B AlC A/D AJE
B8RO 28.02 17.88 24.61 18.79 29.68 157 | 114 | 149 | 0.94
B8R25 28.66 17.08 23.32 12.31 29.00 168 | 123 | 233 | 099
B8R50 30.26 16.19 21.90 11.67 28.09 187 | 138 | 259 | 1.08
BSR75 32.32 15.20 20.33 10.95 26.93 213 | 159 | 295 | 1.20
B8R100 29.33 14.91 19.76 10.75 26.97 197 | 148 | 273 | 1.09
B1ORO 25.01 17.88 19.12 16.91 23.59 140 | 131 | 148 | 1.06
B10R25 24.13 17.08 18.08 11.37 23.18 141 | 134 | 212 | 1.04
B10R50 26.05 14.60 16.93 10.78 22.57 178 | 154 | 242 | 115
B1OR75 25.72 14.14 15.67 10.12 21.75 182 | 164 | 254 | 118
B10OR100 22.57 14.01 15.18 9.92 21.88 161 | 149 | 227 | 1.03
B12RO 19.78 13.82 15.46 15.38 20.77 143 | 128 | 129 | 095
B12R25 20.38 13.51 14.58 10.56 20.48 151 | 140 | 1.93 | 0.99
B12R50 16.90 13.16 13.61 10.01 20.01 128 | 124 | 169 | 084
B12R75 21.19 12.75 12.56 9.40 19.35 166 | 1.69 | 225 | 1.09
B12R100 19.56 12.62 12.13 9.22 19.53 155 | 161 | 212 | 1.00
B16RO 14.80 11.69 10.89 13.01 16.09 127 | 136 | 114 | 092
B16R25 14.34 11.42 10.21 9.25 16.00 126 | 141 | 155 | 0.0
B16R50 13.21 11.12 9.47 8.76 15.77 119 | 139 | 151 | 084
B16R75 15.80 10.78 8.67 8.23 15.36 147 | 182 | 1.92 | 1.03
B16R100 13.54 10.67 8.31 8.07 15.63 127 | 163 | 168 | 087
B20R0O 11.82 10.22 8.14 11.28 13.95 116 | 145 | 1.05 | 085
B20R25 12.40 9.99 7.59 8.22 13.96 124 | 163 | 151 | 0.89
B20R50 9.93 9.72 6.99 7.79 13.83 1.02 | 142 | 127 | 072
B20R75 11.06 9.42 6.33 7.32 13.55 117 | 175 | 151 | 082
B20R100 11.19 9.33 6.02 7.18 13.84 120 | 1.86 | 156 | 081
B25R0 8.84 8.89 5.95 9.66 9.61 099 | 149 | 091 | 092
B25R25 7.96 8.69 5.49 7.22 9.81 092 | 145 | 110 | o081
B25R50 7.60 8.46 5.00 6.85 9.90 090 | 152 | 111 | 077
B25R75 7.44 8.19 4.47 6.43 9.85 091 | 167 | 116 | 076
B25R100 7.50 8.12 4.19 6.30 10.22 092 | 179 | 119 | 073
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Table 4.4 (Continued)

Peak bond stress, 7. (MPa)

Measured bond strength

. Esfahani
Specimen fib Kim et al., and Proposed Predicted bond strength
ID Test MC2010 2012 Rangan, Model
1998a

A B c D E A/B AlC AID AIE
C8RO 33.31 20.71 28.58 21.77 34.39 161 | 117 | 153 | 097
C8R25 32.11 20.25 27.75 21.28 34.37 159 | 116 | 151 | 0.93
C8R50 32.21 18.96 25.78 19.93 32.89 170 | 125 | 162 | 0.98
C8R75 32.96 18.41 24.82 19.35 32.60 179 | 133 | 170 | 1.01
C8R100 32.67 17.73 23.70 18.64 32.06 184 | 138 | 175 | 1.02
C10R0 29.61 20.71 22.22 19.60 27.33 143 | 133 | 151 | 1.08
C10R25 29.46 16.32 21.53 19.16 27.47 180 | 137 | 154 | 1.07
C10R50 28.79 15.80 19.96 17.94 26.43 182 | 144 | 160 | 1.09
C10R75 27.48 15.56 19.17 17.41 26.33 177 | 143 | 158 | 1.04
C10R100 26.42 15.27 18.26 16.77 26.02 173 | 145 | 157 | 1.02
C12R0 26.08 14.88 17.98 17.81 24.06 175 | 145 | 146 | 1.08
C12R25 26.20 14.71 17.39 17.41 24.27 178 | 151 | 150 | 1.08
C12R50 23.49 14.24 16.07 16.31 23.43 165 | 146 | 144 | 1.00
C12R75 22.62 14.02 15.40 15.83 23.43 161 | 147 | 143 | 097
C12R100 22.12 13.77 14.63 15.25 23.22 161 | 151 | 145 | 095
C16R0 23.61 12.58 12.68 15.07 18.64 188 | 1.86 | 157 | 1.27
C16R25 18.66 12.44 12.21 14.73 18.97 150 | 153 | 127 | 0.8
C16R50 20.83 12.04 11.22 13.80 18.47 173 | 186 | 151 | 1.13
C16R75 20.61 11.86 10.69 13.39 18.60 174 | 193 | 154 | 111
C16R100 19.39 11.64 10.09 12.90 18.58 167 | 192 | 150 | 1.04
C20R0 18.37 11.00 9.50 13.06 16.16 167 | 193 | 141 | 1.14
C20R25 14.74 10.87 9.10 12.77 16.55 136 | 162 | 115 | 0.89
C20R50 14.20 10.52 8.31 11.96 16.20 135 | 171 | 119 | 0.8
C20R75 15.24 10.37 7.87 11.61 16.40 147 | 194 | 131 | 0.93
C20R100 14.60 10.18 7.37 11.18 16.46 143 | 198 | 131 | 089
C25R0 12.94 9.57 6.96 11.20 11.13 135 | 1.86 | 116 | 1.16
C25R25 10.76 9.46 6.62 10.95 11.63 114 | 163 | 098 | 0.93
C25R50 11.41 9.15 5.98 10.25 11.59 125 | 191 | 111 | 0.8
C25R75 11.94 9.02 5.61 9.95 11.93 132 | 213 | 120 | 1.00
C25R100 11.66 8.85 5.19 9.58 12.15 132 | 224 | 122 | 096
Mean 146 | 163 | 172 | 1.01
SD 027 | 036 | 045 | 0.13
COV (%) | 18.49 | 22.09 | 26.16 | 12.87
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Figure 4.7 Comparison of measured and predicted bond strengths for the normal-
strength concrete
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Figure 4.8 Comparison of measured and predicted bond strengths for the medium-
strength concrete
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Figure 4.9 Comparison of measured and predicted bond strengths for the high-
strength concrete
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Due to scarcity of data related to bond strength of RCA concrete for short
embedded lengths in the literature, the validation of the proposed bond strength model
could be carried only with reported data of Xiao and Falkner (2007) for their RCA concrete
specimens. The results of this validation exercise are presented in Table 4.5 wherein the
predictive efficacy of the proposed model is compared with that of the following models:
fib MC2010 (2013) ; Kim et al. (2012) and Esfahani and Rangan (1998a). Table 4.5 shows
that relatively the most accurate predictions were obtained from the model proposed in
this investigation followed by the model in fib MC2010. It is hoped that as more
information on bond behaviour of RCA concrete becomes available in the literature, the

proposed model can be made more robust by calibrating it against a larger data base.

Table 4.5 Validation of the proposed model with the data of Xiao and Falkner (2007)

Peak bond stress, T, (MPa)
‘ Esfahani Measured bond strength
Specimen Test fib Kim et al., and Proposed Predicted bond strength
ID MC2010 2012 Rangan, Model
1998a
A B C D E A/B AlC A/D A/E
RAC-II-0 17.39 14.75 16.08 9.82 15.66 1.18 1.08 1.77 1.11
RAC-II-50 17.24 14.01 14.92 9.32 15.91 1.23 1.16 1.85 1.08
RAC-II-100 17.39 13.16 13.64 8.76 15.92 1.32 1.27 1.99 1.09
Mean 1.24 1.17 1.87 1.09
SD 0.07 0.10 0.11 0.02
COV (%) 5.65 8.55 5.88 1.83

4.2.5 Brittleness index

A more objective explanation for the superior bond strength of the RCA concretes
relative to the NCA concrete has been sought here in the mechanical properties of
concrete. It is well established that besides the rebar characteristics, bond behaviour is
also a function of the tensile strength and fracture toughness of concrete (Opera et al.,
1994). Brittleness is an important attribute of concrete related to its fracture toughness
(Kahraman and Altindag, 2004), and drawing upon an analogy with rock mechanics, the
brittleness of the NCA and the RCA concretes has been calculated here in terms of the
brittleness index, Bl, (Gong and Zhao, 2007) which is a widely used parameter for
guantifying rock brittleness (Perera and Mutsuyoshi, 2013) and is calculated as follows.

Bl =ff—° (4.7)

ct
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where f_ and f_ are the compressive and the splitting tensile strengths of the material

respectively.

The higher the brittleness index, the more brittle the material can be expected to
be and therefore the lower is its fracture toughness. It is reckoned in rock mechanics that
as brittleness index increases, the size of the crushed zone as well as the number and
length of main cracks outside the crushed zone also increases (Perera and Mutsuyoshi,
2013). Assuming that this phenomenon holds true for concrete also it can be expected
that the bond strength of concrete should be inversely proportional to its brittleness index.
The BI values for the concretes of this investigation have been calculated from Equation
4.7 using the measured data presented in Figures 4.1 and 4.2 and the brittleness index
trend lines for the three concrete grades are plotted in Figure 4.10, which also includes
the BI values calculated from Kim and Yun (2013). This figure shows a consistent
decrease in brittleness index with increase in the RCA replacement level, which on the
basis of the fracture toughness hypothesis postulated above is indicative of an increase in
bond strength with increase in RCA replacement level. This observation therefore lends
support to the trends in Figures 4.4, 4.5 and 4.6 and suggests that brittleness index may

be a valid indicator of concrete bond strength.
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Figure 4.10 Variation of brittleness index with RCA replacement level
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4.2.6 Failure modes and interface in NCA and RCA concrete

Two types of bond failure were observed in the pullout specimens and these have
been classified as pullout (PO) and pullout-induced by through splitting (PS) in the Tables
4.1, 4.2 and 4.3. Traditionally, in conventional concrete, two types of bond failure have
been acknowledged viz pullout and splitting. In the former case, bond failure is due to
mostly to the shearing-off of the concrete keys between successive ribs and is more of an
interface collapse in a so called ‘local mechanism’. In the extreme, pullout failure may take
the form of complete separation of the rebar from the concrete. Pullout failures may be
accompanied by no or partial concrete splitting cracks and are associated with high
confinement of the rebar and/or large concrete cover. In the normal-strength concrete
specimens, pullout failure was observed in all the specimens with the 8 mm and the 10
mm diameter bars whereas in the medium-strength specimens, pullout failure was seen in
all the specimens with the 8 mm bars and in the specimens with the 10 mm bars
embedded in RCA concrete with replacement levels of up to 25 %. In the case of the high-
strength concretes, besides the specimens with the 8 mm bars, pullout failure for the
specimens with the 10 mm bars was noted only in NCA concrete. None of the pullout
failures were accompanied by any visible splitting cracks in concrete. The pullout failure in
the NCA and the RCA concrete specimens embedded with the 8 mm bars is consistent
with the fact that all these specimens were well confined (concrete cover > 5 dp) and
hence were susceptible to pullout failure as per the fib code for conventional concrete,
Model Code 2010 (fib, 2013). The aforesaid observations indicate that the limiting values
of concrete cover for a pullout failure seem to be the same for the NCA as well as the
RCA concrete of this investigation.

It may be noted that unlike the case of Xiao and Falkner (2007), the pullout failures
reported in this investigation were not characterised by complete separation of the
embedded rebar from the test specimens. Instead, this failure mode was identified on the
basis of the large slip values measured in the range of 4 mm — 6 mm at the culmination of
the descending branch the load-slip relationships. Hence, physical separation of the rebar
need not be the sole criterion for identification of a pullout failure. Confirmation of pullout
failure in the specimens with the 8 mm and the 10 mm bars was obtained from
examination of interface between the rebars and surrounding concrete. A discussion of
this interface follows. The failure mode in some of the specimens embedded with 10 mm
diameter deformed bars and in all the specimens with the 12 mm, 16 mm, 20 mm and the
25 mm deformed bars has been classified as pullout-induced by through splitting which is
different from the traditional acknowledged splitting failure associated with no confinement

and/or very limited cover.
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Pullout-induced by through splitting is in essence a pullout failure induced by
partial or through splitting and is identified by the presence of visible splitting cracks in the
test specimens, which are absent in the case of a classical pullout failure. According to fib
(2000), the failure mode is associated with moderate confinement and/or limited concrete
cover. In this context, note may be made of the fact cover/bar diameter was in the range
of 3.7 — 1.5 as the rebar size increased in the pullout specimens from 12 mm to 25 mm.
The above range of cover/diameter is taken to correspond to the category of moderate to
low confinement and hence pullout-induced by through splitting failure can be expected in
the specimens embedded with bar sizes 2 12 mm. The pullout-induced through splitting
failure was independent of the concrete type (NCA concrete or RCA concrete) and hence
the criteria for this failure in terms of cover/bar diameter seem to be applicable to both the
NCA as well as the RCA concretes of this investigation. According to fib (2000), pullout
failure induced by through splitting is characterised by shearing-off the concrete keys
accompanied by concrete slip on rib faces. It is reckoned that the residual tail in the
measured bond-slip relationship of the specimens which failed by pullout induced by
through splitting is indicative of frictional resistance due to concrete slip on rib faces during

rebar pullout. Examples of pullout failure by through splitting are presented in Figure 4.11.

Al12R0-1

-Al12R.00-1:

Figure 4. 11 Typical pullout failure induced by through-splitting

All the tested specimens were dissected to examine the interface between the
steel bars and concrete. The specimens were cut using a water-cooled diamond-tipped
saw and then pried open to reveal the interface. For the purpose of illustration, Figures
4.12 — 4.17 present interfaces in selected NCA and RCA concrete specimens. It may be

noted that these figures include interfaces of specimens failing in both the observed bond
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failure modes viz: Pullout and pullout failure induced by through splitting. In order to

clearly distinguish characteristics of the interface in the two types of concrete (NCA and

RCA concrete) used in this investigation, for each rebar diameter, interfaces in the NCA

concrete and in the RCA concrete with 100 % RCA replacement level are presented next

to each other for ease of comparison in Figures 4.12 — 4.17. The following observations

are made with respect to these figures:

(i)

(ii)

(i)

Across all the three concrete grades, for the 8 mm and the 10 mm bars, the
interface was predominantly made up of sheared concrete keys between
successive ribs, which is indicative of a pullout failure. No significant difference
could be observed between NCA and the RCA concrete specimens.

It is observed that for both the concrete types and across all the concrete grades
as the rebar diameter increased beyond 10 mm up to 25 mm, the degree of
shearing of concrete keys decreased and the interface was increasingly
characterised by crushing of concrete in front of the ribs over almost the interface
embedded length of the rebars. Crushing of concrete in front of ribs is associated
with development of splitting cracks in the pullout specimens. It may be noted in
particular in Figures 4.12 — 4.17, that the interface in the 25 mm diameter bars
consisted predominantly of crushed concrete in front of the ribs, with very little
shearing of concrete keys.

In the case of the 12 mm diameter bars in Figures 4.12 — 4.17, it may be noted
that for both the NCA as well as the RCA concrete specimens, crushing of
concrete in front of the ribs was relatively the least in the high-strength concrete
followed by the medium-strength concrete and maximum crushing may be seen in
the normal-strength concrete pullout specimens. This behaviour is also seen to
some extent in the case of the 16 mm bars though it was not very evident for the
20 mm and the 25 mm bars. The decrease in the degree of crushing with increase
in concrete strength observed in some of the bars is similar to the observations of
Esfahani and Rangan (1996) for their pullout specimens made of NCA concrete
with cylinder crushing strengths of 26 MPa, 50 MPa and 75 MPa, which are
approximately analogous to the normal-, the medium- and the high-strength
concretes of this investigation. Azizinamini et al. (1993) have also reported a
relatively larger degree of concrete crushing in front of the ribs in normal-strength

concrete compared to that in high-strength concrete.
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Figure 4.12 Interface of normal-strength NCA and RCA concrete: (a) A8RO-1 (b)
A8R100-1 (c) A10R0-1 (d) A10R100-1 (e) A12R0-1 (f) A12R100-2
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Figure 4.14 Interface of medium-strength NCA and RCA concrete: (a) B8R0-1 (b)
B8R100-1 (c) B10RO-1 (d) B10R100-1 (e) B12R0-1 (f) B12R100-1
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Figure 4.15 Interface of medium-strength NCA and RCA concrete: (a) B16R0-1 (b)
B16R100-1 (c) B20R0-1 (d) B20R100-1 (e) B25R0-1 (f) B25R100-1
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Figure 4.16 Interface of high-strength NCA and RCA concrete: (a) C8R0-1 (b)
C8R100-1 (c) C10R0-1 (d) C10R100-1 (e) C12R0-1 (f) C12R100-1
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Figure 4.17 Interface of high-strength NCA and RCA concrete: (a) C16R0-1 (b)
C16R100-1 (c) C20R0-1 (d) C20R100-1 (e) C25R0-1 (f) C25R100-1
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4.2.7 Measured bond stress-slip relationship

The measured bond stress versus unloaded-end slip curves of the pullout
specimens for all the three concrete grades (normal-, medium- and high-strength) after
elimination of outliers, are presented in Figures 4.18 — 4.35. The outliers were eliminated
in order to remove extreme values relative to other observations in the data set. The
extreme values could have been caused either due to an experimental or a measurement
error or a combination of both. For example, in a typical pullout test, 300 to 400 load and
corresponding slip values were recorded and while plotting the load-slip relationship
through this data, the measured values which were extreme relative to other observations
in the data set were eliminated so as to get a reasonable curve, such extreme values did
not exceed 10 in a total of 300 to 400 data points. Each curve is the average of the
measured relationship of three companion specimens. It may be noted in the above
figures that for all the three concrete grades, the measured bond stress-slip relationships
of the RCA and the NCA concrete are similar to each other. The trends in Figures 4.18 —
4.35 support the observation of Xiao and Falkner (2007) that bond development and
deterioration between RCA concrete and deformed steel bars is fundamentally similar to
that observed in NCA concrete. A perusal of the relationships presented in the Figures
4.18 — 4.35 indicates two types of failure modes in bond in the context of post-peak
behaviour. In the case of the 8 mm and the 10 mm diameter bars, irrespective of the
concrete grade and type (NAC and RAC), there is a gradual loss of bond strength with
increasing slip and the descending of the bond-stress relationship is distinctly non-linear
and concave upwards. In the experiments, pullout mode of bond failure was observed in
all the specimens with the 8 mm and the 10 mm diameter bars. In the pullout specimens
with the 12 mm, 16 mm, 20 mm and 25 mm diameter bars, the observed failure mode was
pullout-induced by through splitting. It may be seen in the Figures 4.18 — 4.35 that for the
12 mm, 16 mm, 20 mm and 25 mm diameter bars, the post-peak branch of the curves in a
majority of the cases consists of a sharply descending linear portion, indicative of unstable
crack propagation, culminating into a tail approximately parallel to the X-axis. In the
specimens with the 12 mm, 16 mm, 20 mm and the 25 mm bars, pullout failure was
accompanied by the formation of through splitting cracks. The formation of these splitting
cracks correlates well with the unstable crack propagation indicated by the linear
descending branch of the bond stress-slip relationships of the pullout specimens
embedded with the aforementioned bars.

The following five stages of bond behaviour (ACI, 1966; Bazant and Sener, 1988;
Tepfers, 1979; Gambarova et al., 1989a, 1989b; Gambarova and Rosati, 1996) can be
identified in the measured bond stress-slip relationships for specimens with the pullout

failure: (i) micro-slip (ii) internal cracking (iii) pullout (iv) descending and (v) residual. Stage
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| of the bond stress-slip behaviour consists of that part of the relationship which is sharply
ascending (because of adhesion) and nearly linear up to about 60% to 70% of the ultimate
load and this stage encompasses micro-slip (load is small and no obvious slip occurs at
the free end) in the initial part followed by internal cracking in the later part which results in
slip of the free end of the rebar, i.e., the adhesion mechanism of bond resistance has
been exhausted.

After stage I, the rate of slip begins to increase in stage Il in which the ascending
branch of the curve becomes distinctly nonlinear with a relatively small increase in bond
resistance such that significantly pullout of the bar occurs and the load resisted reaches a
peak value, Pna. Significant rebar pullout characteristics stage Il of the relationship. The
dominant mechanism of bond resistance in stage Il is attributed to mechanical interlock
accompanied by some contribution from frictional resistance due to wedging of displaced
mortar particles between the rebar and surrounding concrete. On increasing the applied
load further, the bond stress-slip relationships were seen to undergo a gradual change in
slope signifying a breakdown of bond strength and development of significant non-
recoverable slip. The descending branch of the bond stress-slip relationships represents
stage IV wherein a continuous decrease in bond resistance with rapid increase in slip was
observed until the residual stage set in wherein the tail of the relationship became
approximately parallel to the X-axis. It may be noted that the pullout tests were terminated
at an unloaded end slip in the range of 9 mm — 10 mm. In contrast to the pullout
specimens with the relatively smaller bars (8 mm, 10 mm), which failed in the pullout
mode, the following four stages of bond behaviour have been identified in the measured
bond stress-slip relationships of the specimens embedded with the relatively larger bars
(12 mm, 16 mm, 20 mm and 25 mm) in which the failure mode has been classified as
pullout failure induced by through splitting: (i) micro-slip (ii) internal cracking (iii)
descending (iv) residual. In this failure mode, bond behaviour in stage (i) and (ii) is similar
to that observed in pullout failure with the significant difference being the sharp change in
slope at peak load followed by the descending stage characterised by an almost linear
response indicative of unstable crack propagation (associated with the formation of
splitting cracks in the specimens). The descending stage culminated in a residual tail
which was almost parallel to the X-axis. The length of the tail varied across the rebar
diameters but noteworthy is the fact that for specimens in which bond failure was due to
pullout induced by through splitting, the residual bond strength was about 10 % to 20 % or
less of the peak strength whereas in the specimens with pullout failure this figure was in
the range of 20 % to 25 % or in some cases even more.

With reference to the Tables 4.1, 4.2 and 4.3, it may be noted that the slips

corresponding to peak loads measured in the range of 0.348 mm — 0.713 mm, 0.335 mm
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— 0.619 mm, 0.315 mm — 0.534 mm for the normal-, the medium- and the high-strength
concretes. It is pertinent to mention here that these values are significantly higher than the
slip values of 0.025 mm and 0.25 mm recommended for example in the IS 2770(Part-
1):1967 (1967b) for the calculation of nominal bond stresses used in structural design. The
aforesaid slip values recommended in the IS code are valid for plain bars in which the
load at first visible slip is small and the maximum pullout load is not significantly different
from the load at first visible slip. Moreover, the slip values at peak loads in the case of
plain bars are themselves small when compared to those in deformed bars, which in this
investigation where measured to be large as 0.713 mm in some cases. Hence, the IS
code limiting slip values of 0.025 mm and 0.25 mm will not be valid for deformed bars
also. At the same time it may be noted that in actual construction, other failure modes
such as shear, flexure etc. may occur before slip values correspond to peak bond
stresses are attained in a structural element reinforced with deformed bars. However, if
bond strengths of plain and deformed bars are sought to be compared, then such a
comparison can be made at the IS code recommended slip values of 0.025 mm and 0.25
mm which are reckoned to be arbitrarily selected values equal to 1/1000™ and 1/100™ of

an inch respectively.
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Figure 4.18 Bond-slip curves for the 8 mm diameter deformed bars embedded in
normal-strength concrete
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Figure 4.19 Bond-slip curves for the 10 mm diameter deformed bars embedded in
normal-strength concrete
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Figure 4.20 Bond-slip curves for the 12 mm diameter deformed bars embedded in
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Figure 4.21 Bond-slip curves for the 16 mm diameter deformed bars embedded in

normal-strength concrete
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Figure 4.22 Bond-slip curves for the 20 mm diameter deformed bars embedded in
normal-strength concrete
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Figure 4.23 Bond-slip curves for the 25 mm diameter deformed bars embedded in
normal-strength concrete
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Figure 4.24 Bond-slip curves for the 8 mm diameter deformed bars embedded in
medium-strength concrete

40 - B10
——B10R0
—— B10R25
32 1 ——B10R50
= ——B10R75
©
o —— B10R100
S 24
[)]
[%2]
Qo
17
T 16
o
m
8
O T T T T T 1
0 2 4 6 8 10

Unloaded end slip (mm)

Figure 4.25 Bond-slip curves for the 10 mm diameter deformed bars embedded in
medium-strength concrete
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Figure 4.26 Bond-slip curves for the 12 mm diameter deformed bars embedded in
medium-strength concrete
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Figure 4.27 Bond-slip curves for the 16 mm diameter deformed bars embedded in
medium-strength concrete
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Figure 4.28 Bond-slip curves for the 20 mm diameter deformed bars embedded in
medium-strength concrete
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Figure 4.29 Bond-slip curves for the 25 mm diameter deformed bars embedded in
medium-strength concrete
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Figure 4.30 Bond-slip curves for the 8 mm diameter deformed bars embedded in
high-strength concrete
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Figure 4.31 Bond-slip curves for the 10 mm diameter deformed bars embedded in
high-strength concrete
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Figure 4.32 Bond-slip curves for the 12 mm diameter deformed bars embedded in
high-strength concrete
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Figure 4.33 Bond-slip curves for the 16 mm diameter deformed bars embedded in
high-strength concrete
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Figure 4.34 Bond-slip curves for the 20 mm diameter deformed bars embedded in
high-strength concrete
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Figure 4.35 Bond-slip curves for the 25 mm diameter deformed bars embedded in
high-strength concrete

152



4.2.8 Modelling of bond-slip relationship

For numerical analysis of reinforced RCA concrete members, modelling of bond
behaviour at the steel-concrete interface is necessary and towards this end, a normalised
bond-slip relationship is proposed in terms of the following dimensionless parameters of
Xiao and Falkner (2007)

F=l, §=—> (4.8)

where s_ ., is the slip corresponding to peak bond stress 7, .

Two separate numerical models, one for pullout failure (Equation 4.13) and the
other for pullout failure induced by through splitting (Equation 4.14) are presented for
representing the bond stress-slip behaviour of the recycled aggregate concretes. In both
the models, the ascending branch has been modelled by estimating on the basis of a
regression analysis of test data the constant a in the following constitutive equation for

normal-strength concrete proposed by Harajli (1994).
r=(s) s<1 (4.9)

_ T _ S )
where 7 =—— and S =—— and the constant a has to be determined from test results.
T S

max max
The above equation has been recast as follows to model the ascending branch for

both the pullout failure as well as the pullout failure induced by through splitting.
r=(s) s<1 (4.10)

where a is a function of the slope of the ascending branch of the measured bond stress-
slip relationship.

The descending branch associated with the pullout failure has been modelled
using the following equation of Guo (1997) where b is related to the area under the

descending branch of bond stress-slip curve.

5 _
oS sa1 411
" bE-17+s - (419

Hence, in summary, the following model is proposed for pullout failure.

(s) s<1,
7= S (4.12)
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The following model is proposed for the ascending branch of pullout failure induced by
through splitting.

7=(s)) s<1 (4.13)

The constants ‘a’ and ‘b’ in the above models obtained by regression analysis of
the test data are presented in Table 4.6. It may be noted in Table 4.6 that the constants a
and b vary only with concrete grade and rebar diameter and they are taken to be
independent of the RCA replacement level. For the purpose of illustration, typical plots of
the average of the measured normalised bond stress-slip relationships of the companion
pullout specimens are presented together with the predictions from the proposed models
in Figures 4.36 — 4.39. These figures show a good correlation between the measured and
the predicted relationships for the NCA as well as the RCA concretes. Xiao and Falkner
(2007) have also reported accurate predictions of the measured bond stress-slip
relationships of their RCA concretes with the help of Equation 4.12 which therefore lends
support to the validity of this equation for predictive assessment of the bond-slip behaviour

of RCA concrete.
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Table 4.6 Regression parameters aand b

Specimen a b Specimen a b Specimen a b
A8RO B8RO C8RO
A8R25 B8R25 C8R25
A8R50 0.30 0.18 B8R50 0.18 0.20 C8R50 0.28 0.14
A8R75 B8R75 C8R75
A8R100 B8R100 C8R100
A10RO B10RO C10RO 0.28
A10R25 B10R25 015 C10R25
A10R50 0.30 0.15 B10R50 0.20 C10R50 0.25
A10R75 B10R75 - C10R75 _
A10R100 B10R100 C10R100
A12R0 B12R0O C12R0O
A12R25 B12R25 C12R25
A12R50 0.20 - B12R50 0.30 - C12R50 0.20 -
A12R75 B12R75 C12R75
A12R100 B12R100 C12R100
A16R0O B16R0O C16R0
A16R25 B16R25 C16R25
A16R50 0.25 - B16R50 0.30 - C16R50 0.30 -
A16R75 B16R75 C16R75
A16R100 B16R100 C16R100
A20R0 B20RO0O C20R0
A20R25 B20R25 C20R25
A20R50 0.35 - B20R50 0.55 - C20R50 0.55 -
A20R75 B20R75 C20R75
A20R100 B20R100 C20R100
A25R0 B25R0 C25R0
A25R25 B25R25 C25R25
A25R50 0.25 - B25R50 0.55 - C25R50 0.55 -
A25R75 B25R75 C25R75
A25R100 B25R100 C25R100
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Figure 4.36 Typical measured versus predicted bond stress-slip relationships for
the 8 mm diameter deformed bars embedded in normal-strength concrete
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Figure 4.37 Typical measured versus predicted bond stress-slip relationships for
the 10 mm diameter deformed bars embedded in normal-strength concrete
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Figure 4.38 Typical measured versus predicted bond stress-slip relationships for
the 16 mm diameter deformed bars embedded in medium-strength concrete
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Figure 4.39 Typical measured versus predicted bond stress-slip relationships for
the 16 mm diameter deformed bars embedded in medium-strength concrete
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4.2.9 Anchorage lengths in RCA concrete based on results of the pullout tests

Rebar anchorage in RCA concrete is of practical interest and in general anchorage
length is influenced by a number of parameters, amongst which the material parameters
of interest are compressive strength of concrete and yield strength of rebars. Although the
anchorage characteristics have not been considered explicitly in this investigation, some
relevant suggestions implied by the observed behaviour of the RCA concretes are made
here. Since the RCA concrete mixtures were designed on the basis of equivalent mix
proportions, a perusal of Tables 4.1, 4.2 and 4.3 shows that compressive strengths of the
RCA concretes were lower than those of the control NCA concrete and further, the
compressive strength of the RCA concretes decreased with increase in the RCA
replacement level. However, when the peak bond stress values were normalised with the
respective compressive strengths and plotted in Figures 4.4, 4.5 and 4.6, then the
normalised bond strengths of the RCA concretes across all RCA replacement levels for
the 8 mm, 10 mm, 12 mm, 16 mm, 20 mm and 25 mm bars were higher than that of the
NCA concrete. Further, the trends in brittleness index in Figure 4.10 indicate that fracture
toughness of the concretes increased with an increase in the RCA replacement level
which supports the trends in the normalised bond strength. The aforesaid observations
suggest that anchorage lengths of steel bars in RCA concrete can be smaller than those
in NCA concrete. However, as a conservative measure, it is suggested that for the 8 mm,
10 mm, 12 mm, 16 mm, 20 mm and 25 mm diameter deformed rebars used in this
investigation, similar anchorage lengths can be adopted in comparable NCA and RCA

concretes.

4.3 PHASE II: INVESTIGATION OF BOND BEHAVIOUR WITH SPLICE BEAM
SPECIMENS

Splice beam specimens were tested to get more realistic assessments of
development and splice strengths. This section presents discussion of the experimental

results obtained from the splice beam tests.
4.3.1 Experimental results
4.3.1.1 Bond strength

Assuming a uniform bond stress distribution over the splice length in concrete, the

bond strength is given by the following relationship

- AL (4.14)

T
max
mdy L,
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where 7, ., the peak bond stress (MPa) between concrete and steel rebar, is also termed

as the bond strength; A, is the area of the reinforcing bar (mm?); f; is the stress in steel at
failure (MPa); d, is the nominal rebar diameter (mm) and Ls is the splice length (mm). The

experimental results in terms of the peak load, P

max !

the measured strains in the spliced

rebars and the failure mode of all the 24 splice beam specimens were presented in Table

4.7. The average value of the peak bond stress 7, and the corresponding slip s also

presented.

Table 4. 7 Experimental results of the splice beam specimens

Specimen ' & & f Mean Failure
D fC Pmax Mmax s S S TmaX T Trvmax Mode
M-9) | (SG) M -9) max
MPa kN kNm x 107 x 107 MPa MPa MPa | Mpar®®
1 2 3 4 5 6 7 8 9 10 11
AS12R0-1 71.78 19.38 2.350 2510 470.0 4.70 SP
36.91 5.01 2.03
AS12R0-2 85.49 23.09 * *x 532.0 5.32 SP+Y
AS12R50-1 75.51 20.39 2.560 2.646 512.0 5.12
24.04 5.09 2.30 SP
AS12R50-2 74.48 20.11 2.524 2.640 504.8 5.05
AS12R100-1 77.28 20.87 2.614 2.079 522.8 5.23
24.71 4.87 2.18 SP
AS12R100-2 66.93 18.07 2.255 2.281 451.0 451
AS20R0-1 192.72 | 47.22 2.185 2.227 437.0 5.46
36.91 5.16 2.09 SP
AS20R0-2 170.81 | 41.85 1.939 1.979 387.8 4.85
AS20R50-1 164.93 | 40.41 1.926 1.730 385.2 4.82
24.04 4.67 211 SP
AS20R50-2 154.73 | 37.91 1.807 1.812 361.4 452
AS20R100-1 180.30 | 44.17 2.120 2.541 424.0 5.30
24.71 5.22 2.34 SP
AS20R100-2 176.32 | 43.20 2.057 2.481 4114 5.14
CS12R0-1 114.45 | 30.90 * i 532.0° 5.32
68.65 5.32 1.85 SP+Y
CS12R0-2 102.94 | 27.79 * i 532.0° 5.32
CS12R50-1 102.83 | 27.76 * i 532.0° 5.32
57.54 5.32 1.93 SP+Y
CS12R50-2 109.92 | 29.68 * i 532.0° 5.32
CS12R100-1 94.23 25.44 * *x 532.0° 5.32
50.30 5.32 2.00 SP+Y
CS12R100-2 86.84 23.45 * *x 532.0° 5.32
CS20R0-1 216.09 | 52.94 2.484 2.021 496.8 6.21
68.65 6.27 2.18 SP
CS20R0-2 220.33 | 53.98 2.533 2.828 506.6 6.33
CS20R50-1 204.87 | 50.19 2.383 2.372 476.6 5.96
57.54 591 2.14 SP
CS20R50-2 201.21 | 49.29 2.339 2.259 467.8 5.85
CS20R100-1 200.36 | 49.09 2.355 2.163 471.0 5.89
50.30 5.63 211 SP
CS20R100-2 182.65 | 44.75 2.142 2.015 428.4 5.36

* Rebar has yielded
** Due to yielding, a unique strain reading at failure cannot be reported
* Measured yield stress of the rebar
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Note to Table 4.7:

Column 1 = Specimen ID: The alphabet in the first place-holder represents concrete grade
(A: normal-strength, C: high-strength), the alphabet in the second place-holder represents splice
beam specimen, the numerals in the third/forth place-holders represent the nominal rebar
diameters (12 mm, 20 mm) and the alpha-numeric characters in the remaining place holders

represent RCA replacement levels (0: 0%, 50: 50%, and 100: 100%). Column 2 = fc': cylinder
compressive strength. Column 3 = P, Peak load. Column 4 = My, Maximum bending moment.

Column 5 = &, : strain in steel based on moment-curvature analysis. Column 6 = & : strain in steel
based on strain gauge reading. Column 7 = fS . stress in steel derived from its constitutive model.

Column 8 = 7. . peak bond stress. Column 9 = 7, : mean peak bond stress. Column 10 =

T : normalised bond stress. Column 11 = Failure mode (SP: Splitting, SP+Y: Splitting+Yielding

r,max

of the spliced rebars).
4.3.2 Strains and stresses in the spliced bars

Plots of the loads and the corresponding strains in the spliced bars measured
using electrical resistance type strain gauges are presented in Figures 4.40 — 4.43. It may
be noted that Figure 4.42 shows yielding of the spliced bars of 12 mm diameter in the
high-strength concrete specimens. Strains in the spliced bars were also estimated from
moment-curvature analysis of the beam sections. The details of a typical moment-
curvature analysis are presented in Appendix A. Corresponding to the experimentally
obtained peak load and the associated moment, the strains were read off from the
moment-strain plot obtained in the moment-curvature analysis. The measured as well as
the strains estimated from the moment-curvature analysis are presented in Table 4.7. For
the cases where the spliced bars yielded prior to failure a unique value of the steel strain
at failure could not be identified from the measured strains. In such cases, the steel strain
was taken corresponding to the yield moment in the moment-curvature analysis of the
relevant beam section. It may be noted in Table 4.7 that the steel strains obtained from
the instrumentation and those obtained from the moment-curvature analysis are
comparable to each other. For calculation of stresses in the spliced bars at failure the
strains obtained from the moment-curvature analysis were multiplied by the elastic
modulus of steel except for those cases where the splice beam tests indicated yielding of
the steel bars. For all such cases, the stress in the spliced reinforcement was taken equal
to the yield stress of this reinforcement measured during the course of the axial tensile
tests. Once the stresses in the spliced bars at failure were known, the bond strengths in
the splice beam specimens were calculated using Equation 4.14 and the results are

presented in column 9 of the Table 4.7.
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Figure 4.40 Typical load versus strain for the normal-strength splice beam
specimens with the 12 mm bars
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Figure 4.41 Typical load versus strain for the normal-strength splice beam
specimens with the 20 mm bars
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Figure 4.42 Typical load versus strain for the high-strength splice beam specimens
with the 12 mm bars
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Figure 4.43 Typical load versus strain for the high-strength splice beam
specimens with the 20 mm bars
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4.3.3 Analysis of splice beam results

In order to develop a predictive equation for bond strength in the splice beam
specimens, regression analysis of the results from the 24 splice beams was carried out

considering the following parameters which are known to affect bond behaviour: fc' , i,
b

ﬁ—b, i Since the proposed model is to be applicable to recycled aggregate concrete,
S
d

r
the RCA replacement level, r, was also taken as a parameter in the regression analysis.
One of the objectives of the regression analysis was to examine whether \/E accurately

represents the effect of concrete strength on bond in RCA concrete or not. The following 4

regression equations in which the effect of concrete strength on bond has been modelled

Cc

in terms of (fC )1/4, (fC )1/2, (f')3/4 and (fC )1.0 were obtained after analysis of the test data.

T = () {0.64 +0.8 (dij +11.31(ﬁ—bJ ~1.07 [h—J +0.0012 r} (4.15)
b

d Sr

Toa =) {0.25+o.31(i]+4.13(d—b +0.39{£]+0.00126r} (4.16)
db Ld Sr

T = f* {o.1+o.12 di +1.49(°'—b —0.14(:—’j+0.0008r} (4.17)
b d r

ro =) 0.04+005[ £ |+05) % |—0.05( M |4 0.000461 (4.18)
L

max
d Sr

where 7., = peak bond stress (MPa), f_= cylinder compressive strength (MPa), ¢ =

minimum cover (mm), d, = bar diameter (mm), Ly = bonded length (mm), h, = rib height
(mm), s, = rib spacing (mm), r = replacement level (%).

A comparison of the bond strength predictions of Equations 4.15 — 4.18 with the
experimental results of the 24 splice beam specimens is presented in Figure 4.44. This

figure also includes the four best-fit lines corresponding to the four descriptive equations

above. Figure 4.44 shows that the best-fit lines corresponding to (fC )1/2, (fC )3/4 and (fC )1'0

have a negative slope while the best-fit line based on (fc')‘/4 has approximately a

horizontal slope. This observation indicates that the Y. power provides an unbiased

representation of the effect of concrete strength on bond strength. It may be noted that on
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the basis of pullout tests the % power provided an unbiased representation of the effect of
concrete strength on bond strength. The results of the splice beam tests therefore
discount the effect of concrete strength on bond strength when compared to the pullout
tests. Hence, for long embedded lengths which are typical in full size members and
practical construction, the following bond strength model applicable to both RCA concrete
and NCA concrete (r = 0) is proposed.

ro =) 06408 S |411.31) % |—1.07[ M |1 0.0012¢ (4.19)
d L

b d Sr

. . : C . :
It is pertinent to point out although d_ was kept constant in the splice beam tests;
b

it still was considered as a parameter in the regression analysis in order to ensure

uniformity of the bond strength model with other similar models in the literature.
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Figure 4. 44 Variation of test-prediction ratio versus compressive strength
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4.3.4 Comparison of measured and predicted bond strengths

In the absence of data on RCA concrete splice beams in the literature, validation
of the bond strength model proposed above with data from independent sources could not
be carried out. However, the predictive efficacy of the proposed model has been
evaluated by comparing its predictions of the measured bond strengths with those
obtained from selected bond strength models in the literature (Orangun et al., 1975, 1977;
Darwin et al., 1996; Zuo and Darwin, 1998, 2000; MacGregor, 1997; ACI 408R-03; CSA A
23.3-04; AS 3600-2009; ACI 318-11). The results of this comparison are presented in
Table 4.8 where it may be noted that the models selected from the literature are all valid
for long embedded lengths. The results of this comparison show that relatively the most
accurate predictions were obtained from the proposed model and next in the order of
accuracy were the predictions from the ACI 408R-03 (2003) although the ACI model has
been developed for NCA concrete. It is hoped that as more experimental data on RCA
concrete splice beams become available, the proposed model can be refined and made
more robust. A graphical representation of the comparison in Table 4.8 is presented in
Figures 4.45 and 4.46.
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Table 4. 8 Comparison of measured and predicted bond stress values

Peak bond stress, 7., (MPa)

_ - £ ® A s o g
g Ny ® § 8 S 5 p e § S Measured bond strength
. - o = o o ' ) h
Specimen 2 c= | 28 | N ) 5 ] Q ) 5 Predicted bond strength
ID - o8 | 33 | 28 < Q3 o < 3 &
S o = C 5 O I O < K S
O S o« = < ) 0 g
— [a) < e
¢ N © < a
A B C D E F G H | J A/B AlC A/D A/E AlF AlG AH All AlJ
AS12R0 5.01 3.51 2.29 2.37 2.4 3.78 3.65 3.68 3.78 4.9 1.43 2.19 211 2.09 1.33 1.37 1.36 1.33 1.02
AS12R50 5.09 2.83 2.05 213 2.15 3.05 2.95 2.97 3.05 4.54 1.8 2.48 2.39 2.37 1.67 1.73 171 1.67 112
AS12R100 4.87 2.87 2.07 2.14 217 3.09 2.99 3.01 3.09 4.7 17 2.35 2.28 2.24 1.58 1.63 1.62 1.58 1.04
AS20R0 5.16 3.76 2.6 271 2.75 3.78 3.65 3.68 3.78 5.19 1.37 1.98 19 1.88 1.37 141 14 1.37 0.99
AS20R50 4.67 3.03 2.34 2.44 2.47 3.05 2.95 2.97 3.05 4.79 1.54 2 191 1.89 1.53 1.58 157 1.53 0.97

AS20R100 5.22 3.08 2.35 2.45 2.49 3.09 2.99 3.01 3.09 4.96 1.69 2.22 213 21 1.69 1.75 173 1.69 1.05

CS12R0 5.32 4.78 2.67 2.76 2.8 5.16 4.98 5.02 5.16 5.73 111 1.99 1.93 1.9 1.03 1.07 1.06 1.03 0.93

CS12R50 5.32 4.38 2.56 2.64 2.68 4.72 4.56 4.59 4.72 5.65 121 2.08 2.02 1.99 1.13 117 1.16 1.13 0.94

CS12R100 5.32 4.09 2.47 2.56 2.59 4.41 4.27 4.29 4.41 5.62 13 2.15 2.08 2.05 121 1.25 1.24 121 0.95

CS20R0 6.27 5.13 3.04 3.17 3.21 5.16 4.98 5.02 5.16 6.06 1.22 2.06 1.98 1.95 1.22 1.26 1.25 1.22 1.03

CS20R50 5.91 4.69 291 3.03 3.07 4.72 4.56 4.59 4.72 5.96 1.26 2.03 1.95 1.93 1.25 13 1.29 1.25 0.99

CS20R100 5.63 4.39 2.81 2.93 2.97 4.41 4.27 4.29 4.41 5.92 1.28 2 1.92 1.9 1.28 1.32 131 1.28 0.95
Mean 141 2.13 2.05 2.02 1.36 1.4 1.39 1.36 1

SD 0.22 0.16 0.16 0.15 0.21 0.22 0.22 0.21 0.06
COV (%) 15.6 7.51 7.8 7.43 15.44 15.71 15.83 15.44 6
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Figure 4.45 Comparison of measured and predicted bond stress values for the
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Figure 4.46 Comparison of measured and predicted bond stress values for the high-
strength concrete splice beam specimens: (a) CS12 (b) CS20
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4.3.5 General behaviour and failure mode

All the splice beam specimens exhibited similar crack patterns during testing.
During early stages of loading, flexural cracks were formed in the constant moment zone
just outside the splice region and as the load increased, theses cracks propagated along
the length of the splice zone and were also formed in the shear spans. At approximately
60 % of the ultimate load, splitting cracks formed simultaneously in the vertical faces of
the beams at both ends of the splice and propagated towards the mid-span. In addition to
the aforementioned side splitting cracks, splitting cracks were also noted to have initiated
on the beam soffit, originating from the existing transverse flexural cracks. At failure which
was sudden and violent, there was a rapid propagation of the splitting cracks over almost
the entire splice length accompanied by loss of concrete cover. Typical failure crack
patterns in selected NCA concrete and RCA concrete beams are presented in Figures
4.47 — 4.50. No significant difference was noted in the failure crack patterns of the NCA

and the RCA concrete specimens.
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(b)

Figure 4.47 Typical failure crack patterns for the normal-strength splice beam specimen AS12R0-2: (a) elevation (b) soffit
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Figure 4.48 Typical failure crack patterns for the normal-strength splice beam specimen AS20R100-1: (a) elevation (b) soffit
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(b)

Figure 4.49 Typical failure crack patterns for the high-strength splice beam specimen CS12R50-2: (a) elevation (b) soffit
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Figure 4.50 Typical failure crack patterns for the high-strength splice beam specimen CS20R100-2: (a) elevation (b) soffit

173



4.3.6 Measured load-deflection behaviour

The measured load mid-span deflection relationships of the splice beam
specimens presented in Figures 4.51 — 4.54 show similarities for the NCA and the RCA
concretes. For a given bar diameter, the ascending branch of the relationship of the RCA
concrete specimens, irrespective of the RCA replacement level, is similar to that of the
NCA concrete. In almost all the cases, the ascending branch is linear up to about 25 % of
the peak load beyond which there is a change in slope with the ascending branches
gradually curving up to peak loads. Beyond peak loads, the failure of all specimens was
catastrophic with a sudden and complete loss of load carrying capacity.

174



100 - AS12 —AS12R0
——AS12R50
80 A
. —AS12R100
p
S
g 60 A
o
=]
@
o
- 40 -
20 A
O T T T T T 1
0 2 4 6 8 10

Mid-span deflection (mm)

Figure 4.51 Typical load versus mid-span deflection for the normal-strength splice
beam specimens with the 12 mm bars
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Figure 4.52 Typical load versus mid-span deflection for the normal-strength splice
beam specimens with the 20 mm bars
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Figure 4.53 Typical load versus mid-span deflection for the high-strength splice
beam specimens with the 12 mm bars
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Figure 4.54 Typical load versus mid-span deflection for the high-strength splice
beam specimens with the 20 mm bars
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5.1

Chapter 5

CONCLUSIONS

INTRODUCTION

The objectives and the scope of this investigation have been outlined in sections

1.4 and 1.5 of Chapter 1. Towards achieving the proposed objectives, a comprehensive

experimental programme has been planned and executed within the constraints imposed

by available resources. The data generated by the experimentation has been sifted,

critically analysed and relevant conclusions drawn. The conclusions from this investigation

are presented next.

5.2

CONCLUSIONS

The following conclusions are drawn from this investigation:

The 56-day compressive strengths of the three concrete grades taken to be
representative of normal-, medium- and high-strength concrete, decreased by
approximately 33%, 30% and 27% respectively when the natural coarse
aggregates were completely replaced with coarse recycled concrete aggregates in

the saturated surface-dry moisture condition.

The 56-day splitting tensile strength of the three concrete grades taken to be
representative of normal-, medium- and high-strength concrete, increased by
approximately 18%, 13% and 19% respectively when the natural coarse
aggregates were completely replaced with coarse recycled concrete aggregates
(in the saturated surface-dry moisture condition). This is attributed to the relatively
better aggregate-cement paste bond in recycled aggregate concrete due to the

higher surface roughness of the recycled concrete aggregate patrticles.

A bond strength predictive model for short embedded lengths valid for NCA as well

. . . ¢ d, h

as RCA concrete and which takes into account the parameters f_, d_ L—b —L
S

b d r

and r has been proposed. In this model, the effect of concrete properties on bond

strength has been represented using the square root of compressive strength,

\/E. This model is valid for cylinder compressive strengths up to 70 MPa. The



proposed model can be used for predicting bond strengths of conventional
concrete also by setting the RCA replacement level, r, to zero.

Across all the three concrete grades, for the relatively smaller sized bars (8 mm,
10 mm and 12 mm) and more so for the 8 mm and the 10 mm bars, the
normalised bond strength increased with an increase in the RCA replacement
level, with the highest bond strength being obtained for the 100% RCA
replacement level. This trend was not as pronounced for the relatively larger sized
bars (16 mm, 20 mm and 25 mm). Hence, for the 8 mm, the 10 mm and to some
extent for the 12 mm bars, there was no penalty in terms of the normalised bond
strength when the natural coarse aggregate particles were replaced with the
coarse RCA particles of this investigation. This behaviour is attributed to water
entrainment by the saturated RCA patrticles. The aforesaid trends in bond strength
of the RCA concretes have been explained in terms of fracture toughness of
concrete estimated using the brittleness index, an analogous parameter from rock
mechanics. It has been shown in terms of this parameter that fracture toughness
of all the grades of RCA concretes increased with an increase in the RCA
replacement level which correlates well with the observed trends in bond strength.
Therefore, brittleness index, calculated as the ratio of the concrete compressive
and the splitting tensile strength may be a valid indicator of concrete bond

strength.

For each of the three concrete grades, bond failure modes were similar in the NCA
and the RCA concrete specimens across all the rebar sizes under investigation.
Pullout failure was observed in the specimens embedded with the 8 mm and the
10 mm diameter bars (these specimens having high confinement) whereas pullout
failures induced by through splitting was noted in the specimens embedded with
the 12 mm, 16 mm, 20 mm and the 25 mm bars, these specimens being
moderately confined. The aforesaid observations indicate that limiting values of
concrete cover for a pullout failure are the same for the NCA and the RCA
concretes of this investigation. For all specimens, no significant difference in the
interfaces of the NCA and the RCA concrete specimens could be observed though
the degree of concrete crushing in front of ribs in the case of the 12 mm and the 16
mm diameter bars was noted to be inversely proportional to the concrete grades of

this investigation.

Compared to the bond strength models for short embedded lengths in the fib
Model Code 2010 and those proposed by Kim et al. (2012) and Esfahani and
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Rangan (1998a), the predictive efficacy of the bond strength model proposed in
this investigation was the highest. Next in the order of accuracy was the model in
the fib Model Code 2010, though this model has been derived for natural
aggregate concrete only. This bears testimony to the robustness of the fib bond
strength model. It is hoped that as more information on bond behaviour of RCA
concrete becomes available in the literature, the robustness of the proposed model
can be increased by calibrating it against a larger data base.

In all the three concrete grades, the measured bond stress-slip relationships of the
deformed steel bars embedded in the RCA concretes were similar to those for the
deformed bars embedded in NCA concrete. This indicates that the mechanisms of
bond resistance are similar in RCA and in NCA concrete. The following five stages
of bond behaviour were identified in the NCA and RCA specimens failing in
pullout: (i) micro-slip (ii) internal cracking (iii) pullout (iv) descending and (v)
residual. For the case of pullout failure induced by through splitting, the following
four stages of bond behaviour were identified in the measured bond stress-slip
relationships of the NCA concrete as well as the RCA concrete: (i) micro-slip (ii)

internal cracking (iii) descending and (iv) residual.

The proposed empirical model for the bond stress-slip relationship associated with
pullout failure and with pullout failure induced by through splitting gave predictions
which were in good agreement with the measured data. The regression
parameters in the proposed models, which have been adapted from a model
available in the literature are a function of the slope of the ascending branch of the
measured bond stress-slip relationship and the area under the descending branch

of this relationship.

Failures modes of the NCA and the RCA concrete specimens in the splice beam
tests, carried out to investigate bond in long embedded lengths, were similar. By
regression analysis of the splice beam test results, a bond strength predictive

model for long embedded lengths valid for the NCA as well as the RCA concrete

. . . ¢ d h
and which takes into account the parameters f_, d_ L—b —and r has been
S
b d r

proposed. In this model, the effect of concrete properties on bond strength has

been represented using (fcl)]/4 and is valid for cylinder compressive strengths of up

to 70 MPa. The use of (fcl)win the bond strength model for long embedded

lengths therefore discounts the effect of compressive strength on bond strength
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5.3

when seen in context of the use of (fcl)]/zin the bond strength model for short

embedded lengths. The bond strength model in the ACI 408R-03 (2003), originally
developed for NCA concrete, gave reasonably accurate predictions for the bond
strengths measured in the splice beam tests.

SUGGESTIONS FOR FUTURE WORK

This investigation is limited to only one-grade of deformed steel bars. Other grades

of reinforcement bars should also be investigated.

The bond strength database for RCA concrete can be extended by increasing the
range of the following parameters: grade of concrete; clear cover; rebar diameter;
bonded length/splice length; rib height; rib spacing and replacement level of RCA

concrete.

For development of recommendations directly applicable to design, more splice

beam tests with RCA concrete should be carried out.

Bond behaviour of RCA concrete under cyclic loading should also be investigated.
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Appendix A

MOMENT-CURVATURE ANALYSIS OF THE BEAM SECTIONS

A typical moment curvature analysis calculation is presented for the design section
located in the splice region. The section details relevant to the computations are shown in
Figure Al. The experimental results of the reinforcing bar are tabulated in Table Al.

Beam ID: AS12R0-1

The material properties for the section are:
Concrete cylinder compressive strength, fc' = 36.91 MPa

Elastics modulus for reinforcement bars, Es = 2 x 10° MPa
Yield stress for reinforcing bars, f, = 532 MPa

Ultimate tensile strength of steel, fy, = 616 MPa

Clear cover to the reinforcement bars, ¢ = 15 mm
Diameter of the reinforcement bars, d, = 12 mm

The idealised stress-strain curve for concrete has been adopted as per Figure A2.
The idealised stress-strain curve for steel, shown in Figure A3 has been adopted for the

reinforcing bars.
(1) CRACKING
Transform the composite section to all concrete section

E. = modulus of elasticity of concrete

E, =4700/f, =4700/36.91=28554.19 MPa (ACI 318-11)
n = modular ratio

E 2x10°

S

E, 470043691

Ap = Area of reinforcing steel



A,

:ﬂzdg :zx(ﬁleZ

j =226.19 mm?

Locate the neutral axis of the section

{(b h)g} +(n —1)A{h —(c +0'2H

Cr = (bh)+(n_:|_)Ab
i {(110>< 225 )255} +(7-1)226.19 [225—(15+122H
Cr = (110x225) + [(7 -1)x 226.19]

C; =117.26 mm
Therefore Cg =h-Cy=225-117.26 = 107.74 mm

Find the moment of inertia of the transformed section, Itg

lf[b A (g_qu}qm +(n —1)Ab(CB —(c +%D2

12

Iear <<< and hence is neglected

3 2 2
= {MJF (110x225) (% —117.26) }r (7-1)226.19 [107.74—[15+%D

ITR

12

l;g=1.152x10° mm®

Modulus of rupture of concrete, f, =0.62x A x \/E =0.62x1x+36.91=3.77 MPa

(ACI 318-11)
(For normal weight concrete, A =1)
8
Cracking moment, M_, = for e _3.77x1.152x107 _ 4.03x10° Nmm
Cs 107.74
6
M, 4.03x10 =1.225x10° mm™

Curvature, ¢, = =
4 E.lx 4700+/36.91x1.152x10°
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Stress in concrete, &, =@ kd =1.225x10° x117.26 = 0.00014

From strain compatibility

8cm — ES

kd d-kd

Strain in reinforcement bars,

d

e, —e, |4 —1]|-0.00014] 29
kd

117.26

- } =0.104x10°3

M = 4.03 KNm, @ = 1.225 x 10° m™, ¢,=0.104 x 10°
(2) MAXIMUM CONCRETE STRAIN, ¢, =0.0005 (0<e¢,, <&, =0.002)

£en _ 0.0005
g, 0.002

=0.25

Stress block coefficients Ky, K, and K; suggested by Kaar et al. (1978)

For O0<eg,, <¢g,

cm —

K, =1.0

Therefore the stress block coefficients are K; = 0.229, K, =0.3409, K;=1.0

From strain compatibility

& &

cm _ s

kd d-kd

Strain in reinforcement bars, &, =0.0005 {zk;.d‘l — }

Tensile strain in concrete corresponding to modulus of rupture,
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f 3.77

cr

g =L=—>""" =132x10"
E. 4700436.91

From similar triangles,

Eem _ &
kd x
-4
« 1.32x10 Kd
0.0005
x =0.264 kd

By a process of trial and error, the neutral axis depth which satisfies the equilibrium
conditions is estimated. The ultimate moment of resistance of the section and the

corresponding curvatures are then worked out.
Trail 1
Try kd = 60 mm

X =0.264 kd =0.264 x 60 =15.84 mm

g, =0.0005 204 _ =0.0005 204 _ =1.2x107°
kd 60

Stress in reinforcement bars, f, = ¢, E, =1.2x107° x2x10° = 240 MPa
Force in concrete in compression,
C. =K, K, f, bkd=0.229x1x36.91x110x 60 =55.77 x10° N

Force in concrete in tension,

T, = % f,bx=05x3.77x110x15.84=3.28 x10° N

Force in steel, T, = A, f, =226.19x 240=54.29 x10° N

Total force in compression, C. # Total force in tension, T = T, + Ts
55.77 x 10° # 57.57 x 10°

Revise the depth of neutral axis
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Trail 2
Try kd = 60.83 mm

X =0.264 kd =0.264 x 60.83=116.06 mm

g, =0.0005 204 _ =0.0005 204 _ =1.177x10°
kd 60.83

Stress in reinforcement bars, f, = ¢, E, =1.177x107° x2x10° = 235.4 MPa
Force in concrete in compression,

C. =K, K, f. bkd =0.229x1x36.91x 110 x 60.83 = 56.56 x 10° N

Force in concrete in tension,

T, :%for bx=05x3.77%x110x16.06 =3.33x10° N

Force in steel, T, = A, f. =226.19x235.4=53.24x10° N

Total force in compression, C. = Total force in tension, T = T.+Tg
56.56 x 10° = 56.57 x 10°
Selected depth of neutral axis is appropriate

Ultimate moment of resistance of the section can be evaluated using the following

equation

M =C,(d —K, kd)—Tc(d —kd-%xj

M = [56.56 x 10°(204 - 0.3409 x 60.83)] - {3.33 x 103(204— 60.83 2x10:06 136'06ﬂ

M = 9.92 x 10° Nmm

&.n _0.0005

Zem _ =8.22x10° mm™
kd 60.83

Curvature, ¢ =

Mo.ooos = 9.92 KNM, @0 0005 = 8.22 x 10° m™, ¢,=1.177 x 10
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(3) YIELD POINT

Contribution of concrete in tension is small and can be neglected.

f
g =6, === 5325 =2.66x107
E, 2x10

From similar triangles

&, &

cm S

kd d—kd

kd
Eem=| 3 .51
(d—kd)

By a process of trial and error, the neutral axis depth which satisfies the equilibrium

conditions is estimated.
Trail 1

Try kd =57 mm

Eqn = _ ST )4 266x10° =1.031x10°°
204-57

&,

- 1.031x10°
0.002

cm

=0.516

o

Stress block coefficients Ky, K, and K; suggested by Kaar et al. (1978)

For O0<eg,, <¢g,

cm —

Klza—laz
3
i1
K, = 3 %-2
1-—«a
3
K; =1.0

Therefore the stress block coefficients are K; = 0.4271, K, = 0.3506, K; = 1.0
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Force in concrete in compression,

C, =K K, f, bkd=0.4271x1x36.91x110x 57 =98.84 x 10° N

Force in steel, T, = A, f, =226.19x532=120.33 x 10° N

Total force in compression, C. # Total force in tension, T = T¢+Ts
98.84 x 10° # 120.33 x 10°

Revise the depth of neutral axis

Trail 2

Try kd = 62.65 mm

[ 6265 ) 5 66x10°=1.179x10"
204—62.65
3
o Em _LIT9x10° oo
e 0.002

(o]

Therefore the stress block coefficients are K; = 0.473, K, =0.354, K; = 1.0

Force in concrete in compression,

C. =K, K, f. bkd=0.473x1x36.91x 110 x 62.65 = 120.31x 10° N
Force in steel, T, = A, f, =226.19x532=120.33x10° N

Total force in compression, C. = Total force in tension, T = T.+Tg
120.31 x 10° # 120.33 x 10°

Selected depth of neutral axis is appropriate

Ultimate moment of resistance of the section can be evaluated using the following

equation
M =C,(d -K, kd)
M =120.31x 10°(204 - 0.354 x 62.65)

M = 21.88 x 10° Nmm
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&g 1.179x10°°

cm __

- =18.82x10° mm™
kd 62.65

Curvature, ¢ =

Myiela = 21.88 KNM, @yieig = 18.82 x 10° m™, ¢, =2.66 x 10°
(4) MAXIMUM CONCRETE STRAIN, ¢, =0.002
From equilibrium condition
Total force in compression, C. = Total force in tension, Ts
K,K,f bkd=A f

¢ _ K K;fo bkd
A,

From similar triangles

kd d
&

A . . : .
where p = ﬁ is defined as the reinforcement ratio.

(Equation Al)

Equation Al satisfies strain compatibility and equilibrium conditions. If the above relation

for f,in which the variable ¢, for given ¢, is plotted over the idealised stress-strain plot

(Figure A3) for the reinforcing bars, then the intersection will yield the unknown &, and

thus f, . Then the neutral axis depth kd, can be evaluated from the equation:

A f. =K, K, . bkd

Ultimate moment of resistance M, can be calculated from the equation:

M=A f,(d-K, kd)
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m

Curvature @, as usual, can be found from the equation: ¢ = %

A, 22619
bd 110x204

For the present case, p = =10.08x10°°

For maximum concrete strain, ¢, = 0.002

Therefore the stress block coefficients are K; = 0.667, K, = 0.375, K3 = 1.0

Hence Equation Al reduces to

f_0.667><1x36.91( 0.002 j

° 10.08x10° (0.002+ ¢,
< = ﬂ (Equation A2)
0.002+ &,

In Figure A4, Equation A2 is superimposed graphically on the idealised strain curve for the

reinforcement bar. Figure A4 indicates that & lies in the strain hardening portion and the
value of & for the given maximum concrete strain (gcm = 0.002) as determined from the

intersection of the plots, is equal to 7.183 x 10 and the corresponding stress f,is equal

to 532 MPa.

Af 22619x532

— = =44.43 mm
K,K;f. b 0.667x1x36.91x110

Hence, kd =

M=A f (d-K, kd)=226.19 x 532[204 - (0.375 x 44.43)| = 22.54 x10° Nmm

fen _ 0002 _ 45 61,106 mm*

kd 44.43

(p:

Mo.ooz = 22.54 KNm, @g.002 = 45.01 x 10° m™, ¢, =7.183 x 107

(5) MAXIMUM CONCRETE STRAIN, ¢, =0.003
Stress block coefficients K1, K, and Kz suggested by Kaar et al. (1978)
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For ¢

1,5 C C
K2=1——{Eclgo+c4 [Cl+2 2 J+C3 [Cl+3 2 ﬂ

‘gcm

Eem
C2 =&m — &

1
C3 :EZCS
C,=C,-ZC?
C5 =&m 5% _C3
Z =150

Therefore the stress block coefficients are K; = 0.753, K, = 0.415, K3 = 1.0

Hence Equation Al reduces to

¢ _0.753x1x36.91( 0.003
* " 10.08x10° (0.003+ ¢,

8.27

= Equation A3
*  0.003+ &, (Eq )

In Figure A4, Equation A3 is superimposed graphically on the idealised strain curve for the

reinforcement bar. Figure A4 indicates that & lies in the strain hardening portion and the

value of &, for the given maximum concrete strain (s, = 0.003) as determined from the

cm
intersection of the plots, is equal to 12.55 x 102 and the corresponding stress f, is equal

to 532 MPa.

Af 22619x532

— = =39.36 mMm
K, K;f. b 0.753x1x36.91x110

Hence, kd=
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M=A, f. (d-K, kd)=226.19x 532[204 - (0.415 x 39.36)| = 22.58 x10° Nmm

p=Lom 0993 _2655410° mm*

~ kd 39.36

Mo.oos = 22.58 KN, @003 = 76.22 x 10° m™?, ¢, = 12.55 x 10
S

The moments, curvatures and the strains at the specified points are summarised in Table
A2. Graphical representation of moment-curvature and moment-strain are illustrated in
Figures A5 and A6 respectively. From Figure AB, for the known experimental moment, the
corresponding steel strain is calculated. The stress in steel is then calculated by
multiplying the steel strain with the modulus of elasticity of the steel.

Table A1 Experimental results of the reinforcing bars

Bar Diameter
Parameter Unit

12 mm 20 mm
Es MPa 2x10° 2x10°
Esn MPa 2014.38 1692.97
fy MPa 532 588
fsu MPa 616 691
& mm/mm 0.00295 0.00273
Esh mm/mm 0.026 0.02474
Esu mm/mm 0.0677 0.08558

Table A2 Moments, curvatures and strains for the reinforced concrete section

Specified point (In terms Moment, Curvature, Strain in steel,
SI. No. of mammum concret(? M (p-l gs
strain &, or otherwise) (KNm) (m™) (mm/mm)
1 First crack 4.03 1.225 x 10” 0.104 x 10°®
2 &, =0.0005 9.92 8.22 x 10° 1.177 x 10°
3 Yield 21.88 18.82 x 10” 2.66 x x10°
4 &, =0.002 22.54 45.01 x 107 7.183 x 10°
5 &.m =0.003 22.58 76.22 x 10°° 12.55x 10°
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Figure A2 Idealised stress-strain curve for concrete (Hognestad, 1951)
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Figure A3 Idealised stress-strain curve for steel (Park and Paulay, 1975)
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Figure A4 Stress-strain plots for the reinforcing bar
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