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Abstract

The objective of this study was to determine the effect of replacing coarse natural
aggregates for recycled concrete aggregates (RCA) on the bond strength between deformed mild
reinforcing steel and surrounding concrete. Two different RCA replacement levels were
considered, 50% and 100%, and were compared to a conventional concrete mixture.

To evaluate bond strength, 18 direct pull-out specimens were tested with both No. 13 and
No. 19 reinforcing bars and nine full-scale beam specimens were tested with non-confined
contact lap splices located at mid-span. Analysis of the test data indicates that replacing more
than 50% of coarse natural aggregates results in diminished bond strength over concrete
containing only virgin natural aggregates. This result suggests that the existing equation for
development and splice length as reported in ACI 318 may require additional modification
factors to account for the diminished bond strength when associated with replacement of coarse

aggregates with RCA.
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1. Introduction

The construction of buildings, bridges, and roadways continues to increase in the twenty-first
century, especially in areas with ever-growing populations. Existing structures and highways
require repair or replacement as they reach the end of their useful service life or simply no longer
satisfy their intended purpose due to the growing population. As modern construction continues,
two pressing issues will become more apparent to societies: an increasing demand for
construction materials, especially concrete aggregates, and an increasing production of
construction and demolition waste. Already, the Federal Highway Administration (FHWA,
2004) estimates that two billion tons of new aggregate are produced each year in the United
States. This demand is anticipated to increase to two and a half billion tons each year by 2020.
With such a high demand for new aggregates, the concern arises of the depletion of the current
sources of natural aggregates and the availability of new sources. Similarly, the construction
waste produced in the United States is expected to increase. From building demolition alone, the
annual production of construction waste is estimated to be 123 million tons (FHWA, 2004).
Currently, this waste is most commonly disposed of in landfills.

To address both the concern of increasing demand for new aggregates and increasing
production of waste material, many states have begun to recognize that a more sustainable
solution exists in recycling demolished concrete for use as aggregate in new concrete as recycled
concrete aggregates (RCA).

Many states in the USA have begun to implement recycled concrete aggregates in some ways
in new construction. A small number of states in the USA (11 states) have begun using RCA in
Portland cement concrete for pavement construction. The state of Missouri does not currently

integrate RCA in any function (FHWA, 2004). Currently, there are no accepted standards or



guidelines in the United States for utilizing RCA in structural concrete, although in Europe there
are several standards that regulate the use of RCA in concrete.

Concerns with concrete produced with RCA, often referred to as recycled aggregate concrete
(RAC), involve the mortar which remains adhered to the surface of the RCA. In the production
of RCA, the removal of all this residual mortar would prove costly and detrimental to the
integrity of the virgin aggregates within the concrete. Therefore, residual mortar is inevitable.
Research has shown that this residual mortar causes high water absorption, low density, low
specific gravity, and high porosity in RCAs compared to natural aggregates (Kou et al. 2012).
These effects in the recycled aggregate can decrease hardened concrete properties of RAC.
According to Fathifazl et al. (2007), the amount of residual mortar on the RCA can significantly
affect the mechanical and durability properties of RAC. To reduce the negative impacts of this
residual mortar, new mix design methods such as the equivalent mortar volume method (EMV)
can be used. However, it is worth mentioning that due to the presence of old attached mortar, the
EMV method in many cases does not allow a 100% replacement ratio concrete to achieve the
same properties of a reference ordinary concrete,. Additionally, further aggregate treatments and
mixing methods, such as the Water Compensation Method or the Autogenous Self-Cleaning
Method, are viable ways to improve RAC properties.

Due to the variety of sources of RCA and the various functions, environment, and wear of the
concrete structures and pavements from which the RCA can be obtained, characterizing this
aggregate can be very difficult. Controlled studies must be performed to account for each of
these variables on a regional basis, such as for each state’s department of transportation, so that

the aggregates within the area can be adequately characterized.



Much of the existing literature on recycled concrete aggregates (RCA) focuses on the
mechanical and durability characteristics of concretes made with RCA (Etxeberria et al., 2007;
Goncalves & de Brito, 2010; Kou & Poon, 2013). Relatively few studies have been conducted to
evaluate the structural performance of RCA concrete (Corinaldesi & Moriconi, 2003; Pellegrino
et al., 2013; Faleschini, & Pellegrino, 2013), and of those even fewer have concentrated on the
bond characteristics of RCA concrete.

In a study by Ajdukiewicz and Kliszczewicz (2002), pull-out specimens designed per
RILEM recommendations were used to evaluate bond performance of 0% and 100% RCA
replacement. The mix designs used in this study were developed by conventional direct
replacement of natural aggregates with RCA. They found that there is no significant difference
between bond strength of deformed bars embedded in concrete with coarse RCA replacement
and concrete containing only natural coarse aggregates. In this study, the greatest difference in
bond strength was observed when smooth bars were used. There was a 20% decrease in bond
strength when both coarse and fine aggregates were replaced with RCA, and an 8% decrease
when natural sand and coarse RCA was used (Ajdukiewicz and Kliszczewicz, 2002). Typically,
though, RCA fines are not recommended for use in new concretes.

Studies have shown that replacing natural sand with fine RCA will drastically increase the
water demand and reduce the mix workability (ACI 555, 2001). Further studies have shown that
the mechanical properties are more negatively impacted with the addition of RCA fines
(Gongalves & de Brito, 2010). The decrease in compressive strength, tensile strength, and
modulus of elasticity are much more pronounced when both fine and coarse RCA are present

than when only coarse RCA is present (ACI 555, 2001).



Xiao and Falkner (2005) investigated the bond performance of concretes with 0%, 50%, and
100% replacement of coarse natural aggregates only with RCA using 36 direct pull-out
specimens. The conclusions from this study were similar to those by Ajdukiewicz and
Kliszczewicz (2002), namely that no difference was observed between the bond strength of
deformed bars at 0% RCA replacement and 50% or 100% RCA replacement. When smooth bars
were used, a maximum decrease in bond strength of 12% was observed in the RCA concrete.

Generally, the mix design method used with RCA concrete has a significant impact on bond
strength to mild steel reinforcing bars. Currently, there is no standard procedure for designing
concrete mixtures containing RCA. The conventional method used in much of the current
literature is a direct replacement of coarse aggregate with RCA. However, research has shown
that the mortar attached to RCA negatively influences the mechanical and durability properties
of RCA concrete (Shayan, 2003). To compensate for this residual mortar on RCA particles,
Fathifazl (2008) has proposed a mix design procedure coined the “Equivalent Mortar Volume”
(EMV) method. The key aspect of the EMV method is that the residual mortar of RCA is
included in the total mortar volume of the mix, and the amount of new mortar and total amount
of coarse aggregate are adjusted to account for this difference (Fathifazl, 2008). However, the
EMYV method negatively affects concrete workability (Etxeberria et al., 2007; Faleschini, &
Pellegrino, 2013).

Existing research has shown that bond strength of RCA designed by the conventional method
is lower than bond strength of RCA designed by the EMV method. In 2008, Fathifazl utilized
beam-end test specimens to evaluate bond performance under a more realistic stress state
response with both conventional and EMV mix designs. Using beam-end specimens with a

Canadian standard No. 30 deformed reinforcing bars, Fathifazl found that the bond strength



(normalized by the square root of compressive strength) of concrete specimens designed using
conventional methods of coarse aggregate replacement were 24% lower than their companion
natural aggregate specimens. The study showed that bond strength of specimens designed using
the EMV method were only 6% lower than their companion natural aggregate specimens.
(Fathifazl, 2008)

In order to investigate the effect of bar size, Fathifazl compared the bond strengths of beam-
end specimens containing either a Canadian standard No. 16 or No. 30 deformed bar. RCA made
from two different sources and with different original virgin aggregate material were used. He
found that, regardless of the original virgin aggregate material in the RCA and mix design
method, the specimens containing No. 16 bars had higher bond strengths than those containing
No. 30 bars. These findings are in agreement with ACI 408 (2003) that the length to develop a
reinforcing bar increases as bar diameter increases. This relationship is reflected in the
development length equation presented in ACI 318 (2014). Furthermore, he found that when
designed by the conventional method of direct replacement of natural aggregates for RCA,
specimens containing No. 16 bars had 35% higher bond strengths than the specimens containing
No. 30 bars. However, when designed by the EMV method, specimens containing No. 16 bars
had bond strengths of at least 41% higher than those containing No. 30 bars (Fathifazl 2008).

In 2011, Butler et al. evaluated bond performance using 100% direct replacement of coarse
aggregates with RCA using 24 beam-end test specimens. This study showed that natural
aggregate beam-end specimens had bond strengths 9% to 21% higher than RCA beam-end
specimens. Furthermore, they investigated a correlation between the RCA aggregate crushing
value (ACV) and bond strength of concretes made with RCA. Using natural aggregates and two

different sources of RCA, they found that as ACV increases, the bond strength decreases. For



both RCA sources, an ACV of the RCA was 26% to 43% higher than natural aggregates. This
relationship was linked to the relationship to coarse aggregate crushing on fracture energy of
concrete. Additionally, they observed a strong relationship between ACV and splitting tensile
strength, namely that as ACV increases, splitting tensile strength decreases (Butler et al., 2011).

Breccolotti and Materazzi (2013) used mixes with 0%, 50%,100% of recycled coarse
aggregates to study the bond between the steel and concrete by pull out tests. Their test results
showed that the normalized bond strength is only slightly affected by the replacement of normal
aggregate with recycled aggregates.

Kim and Yun (2013 and 2014) investigated effect of aggregate size (20 and 25 mm), RCA
replacement ratios (0%, 30%, 60%, and 100%), reinforcing bar directions (vertical and
horizontal), and reinforcing bar locations on the bond behavior of deformed bars in RAC. Results
of their study revealed that the RAC with lower aggregate size had a greater bond strength. In
view of the top-bar effect, a significant difference was detected between the top and bottom bars
at all ages. Furthermore, the predicted values of the bond stress from the ACI and CSA codes
were significantly lower than those obtained from the experiment results. Regardless of the RCA
replacement ratio, the RAC specimens showed a similar bond strength under the same age.

Prince and Singh (2013) tested 60 pullout tests with four different rebar diameters (12 mm,
16 mm, 20 mm and 25 mm) and four RCA replacement levels of 0%, 25%, 50%, 75% and
100%) to investigate the bond behavior of steel rebars in RCA concrete. They reported higher
bond strength for the RCA concrete compared to the conventional concrete.

Similar study performed by Prince and Singh (2013) on 45 pullout specimens with 8, 10 and
12 mm diameter deformed steel bars concentrically embedded in recycled aggregate concrete

designed using equivalent mix proportions with coarse RCA replacement levels of 25, 50, 75 and



100 %. All RCA replacement levels specimens showed higher bond strength compared with the
natural coarse aggregate concrete specimens.

Prince and Singh (2014) studied bond performance of 30 pullout specimens (steel bars with 8
and 10 mm diameter and both normal and high-strength RCA with replacement levels of 25 %,
50 %, 75 % and 100 %). They observed that the normalized bond strength increased with an
increase in the RCA replacement level.

Wardeh et al. (2017) reported results of 96 pullout specimens prepared with natural and RCA
using 10 and 12 mm diameter deformed steel bars. Their specimens were fabricated with
different incorporation ratios of fine and coarse recycled aggregates and only coarse recycled
aggregates. Test results showed that for the same class of compressive strength the bond
strength, bond-slip behavior and the associated failure mechanisms were very similar for the

RCA and natural aggregate concrete specimens.
2. Research Significance

Based on a review of the existing literature, there are few studies that investigated the bond
strength of reinforcing steel in RAC using full scale beam tests. The majority of studies have
been performed exclusively through direct pull-out tests. Without this background, there is no
quantitative basis for safely implementing RAC in structural design. Consequently, the authors,
in conjunction with the Missouri Department of Transportation (MoDOT), developed a testing
plan to evaluate structural performance of RAC specimens with local materials (\Volz et al.,
2014). The following research focuses on bond behavior of RAC specimens. The mix designs,
based on standard mixes currently used by MoDOT, was on the lower end of cement content in

order to develop a relatively harsh mix to investigate constructability issues common to RAC.



The experimental program, test results, and analyses for this study are presented in the following

discussion.
3. Experimental Plan

The following section discusses details of mixture proportions, specimen design, test set

up, and test procedure.
3.1. Materials and Mixture Proportions

For this study, three mix designs were produced and evaluated for bond performance.
The mixture proportions and fresh properties of both the control concrete (CC) and RAC mixes
are given in Tables 1 and 2, respectively. A Missouri Department of Transportation (MoDOT)
Class B mix design served as the basis for the CC and RAC mixes. The specified amount of fine
aggregate (natural sand from Missouri River Sand (Jefferson City, MO)) as a volume of total
aggregates was 40%. Two RAC mixes were produced as modified MoDOT Class B mix designs.
The direct replacement method of RCA for coarse aggregate (crushed limestone with a
maximum nominal aggregate size of 25 mm from the Potosi quarry (Potosi, MO)) was used to
design the RAC mixes. Two RCA replacement levels were considered: 50% (RAC-50) and
100% (RAC-100) volumetric replacement.

In order to control the number of variables in this experimental study, the recycled
aggregates for the RAC mixes were produced by the researchers in a controlled laboratory
environment. Unreinforced concrete beams were cast in five separate pours using the CC mix
design. These beams were cured for a period of four months. At that point, the beams were taken
to Capital Quarries (Rolla, MO) for production into recycled aggregate. Primary and secondary

crushers reduced the concrete to the required size, which was then sieved to produce a MoDOT
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D Gradation similar to the Potosi limestone used as the virgin aggregate. Aggregate test results
for both the Potosi limestone virgin aggregate and RCA are shown in Table 3. The RCA has
lower specific gravity and unit weight and much higher absorption. The LA abrasion test results
were very similar.

All three concrete mix designs had a target compressive strength of 35 MPa and were
batched and supplied by a local ready-mix concrete supplier. The RCA material was transported
from Capital Quarries to the ready-mix plant and stored adjacent to the virgin limestone
aggregate (recycled aggregates were pre-soaked prior to mixing). The purpose of using a local
ready-mix plant to supply the concrete was to help transition the concept from the laboratory to
the field.

Reinforcement for the test specimens consisted of ASTM A615 (2016), Grade 60 (414
MPa) steel. The results of mechanical property testing of the reinforcing steel are shown in Table
4. All of the reinforcing steel met the requirements for ASTM A615 and used the same deformation

pattern. The 19 mm reinforcing bars had a relative rib area of 0.081.
3.2. Fabrication and Curing of Test Specimens

The bond test specimens and associated material property test specimens were fabricated
and tested within the High Bay Research Laboratory at Missouri University of Science and
Technology. All test specimens were moist cured for seven days using wet burlap and plastic
sheeting. After the seven-day moist cure period, the specimens were removed from the formwork
and allowed to cure within the controlled environment of the High Bay Research Laboratory,
where the temperature and humidity were maintained between 18 to 24°C and 30 to 50% RH,

respectively. All specimens were tested at an age of 28 days.
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3.3. Pull-out Specimens

RILEM 7-11-128 RC6 (1994): Bond test for reinforcing steel describes the pull-out
specimen as a steel reinforcing bar embedded in a concrete cube with a volume of 10ds by 10ds by
10ds, where ds is the bar diameter. A direct tensile load is applied to the end of the steel bar until
the bonded region fails. During testing, both the slip of the embedded bar and applied load are
measured. The test specification calls for a bonded length of 5ds and an un-bonded length of 5ds
at the end closest to the applied load. Some changes were made to the RILEM recommended test
specimen design based on results from previous research (Arezoumandi et al., 2013).

The direct pull out specimen used in this experimental program was a reinforcing steel bar
embedded in a cylindrical volume of concrete with a diameter of 30 cm (12 in.). This deviation
from the RILEM standard was made to reduce the potential for a splitting failure by maintaining
a constant, large concrete cover for the reinforcing bar. The bonded length was 5ds and the un-
bonded length was 5ds as per the RILEM testing standard. This un-bonded length is necessary in
the design of the direct pull-out specimens to prevent a conical failure surface from forming within
the concrete volume at the location of bearing (ACI 408, 2003).

In this testing program, both ASTM A615 (2016), Grade 60 No. 13 (#4) and No. 19 (#6)
deformed steel bars were used in direct pull out specimens. The total length of each bar measured
101.6 cm (40 in.). A length of 0.95 cm (3/8 in.) remained exposed at the end of the bonded portion
to facilitate the measure of slip during testing using a linear voltage differential transformer
(LVDT). The bonded and un-bonded lengths were 6.4 cm (2.5 in.) for the No.13 (#4) direct pull-
out specimens and 9.5 cm (3.75 in.) for the No. 19 (#6) direct pull out specimens. A schematic of

the No. 13 (#4) and No. 19 (#6) specimens are shown in Figure 1.
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A 890-kN-capacity (200 kip) loading frame manufactured by Tinius Olson was used to test
the direct pull out specimens. After the specimens were de-molded, they were inverted and
positioned through the top platform of the load frame as shown in Figure 1. A steel bearing plate
was used, and a neoprene pad was placed directly between the concrete surface and steel plate to
ensure uniform bearing on the concrete. The steel bar was fed through grips on the middle platform
of the testing frame. A smaller steel plate was placed on the top of the concrete cylinder and an
LVDT was clamped to a magnetic stand at the top of the specimen. The head of the LVDT was
placed on the 0.95 cm (3/8 in.) exposed end of the steel bar to measure the slip during testing. The
LVDT set-up is shown in Figure 1.

The direct pull-out specimens were constructed to provide a relative measure of
performance among the three mix designs. For this experimental program, a total of 18 pull-out
specimens were tested. To investigate the effect of bar size on the relative bond performance,
three specimens were constructed with No. 13 (#4) bars and three with No. 19 (#6) bars for each
mix design.

Throughout the testing of these specimens, the slip of the bar and the applied load were
recorded. When all testing was completed, the maximum applied load was determined for each
pull-out specimen, and an average maximum value was found. The maximum bond stress was

found by dividing the peak load carried by the bonded surface area of the bar.
3.4. Splice Beams

The beams (three for each mix design) used in this study were 3.05 m (10 ft.) long with a
cross section of 30 cm x 46 cm (12 in. x 18 in.). The longitudinal reinforcement consisted of
three ASTM A615 (2016), Grade 60 No. 19 (#6) deformed steel bars, which were contact lap-

spliced at the midspan of the beams. The splice length used for these beams was a reduced value
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of the development length equation recommended in ACI 318 (2014), shown as Equation 1. To
ensure a bond failure occurs, the splice length was chosen as 70% of the development length (the

splice length was chosen as 360 mm) calculated in accordance with Eq. 1.

NI A

40 5. (c, +k, (1)
e

where:

la = the development length;

fy = the specified yield strength of reinforcement;

A = the lightweight concrete modification factor;

f’c = the specified compressive strength of concrete;

¥; = the reinforcement location modification factor;

Y. = the reinforcement coating modification factor;

s = the reinforcement size modification factor;

Co = the smaller of the distance from center of a bar to nearest concrete surface and one-
half the center-to-center spacing of bars being developed;

Kt = the transverse reinforcement index;;

dp = the nominal diameter of the reinforcing bar.

A standard hook was specified at the ends of each longitudinal reinforcing bar to achieve
sufficient development. As per ACI 318 (2014), this hook included a 90-degree bend with the
minimum recommended bend diameter of 11.4 cm (4.5 in.) and an extension of 12d; at the free

end of the bar.
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Transverse reinforcement against shear failure consisted of No. 10 (#3), ASTM A615
(2016), Grade 60, U-shaped stirrups. To ensure that a shear failure would not occur before bond
failure, a stirrup spacing less than the ACI 318 (2014) maximum stirrup spacing was used. The
stirrups were not placed within the lap spliced region in order to avoid the interaction of
confinement of the concrete within the splice zone. Figure 1 shows details of the cross-sectional
and plan views of the beam splice specimens.

Four-point loading was used in order to create a constant maximum moment (and stress)
in the middle third of the beam, helping to induce bond failure at the splice location at midspan.
Figure 1 shows a schematic of the third-point loading condition used to test the beam splice
specimens. The load frame consisted of two 490-kN, servo-hydraulic actuators and a series of
spreader beams and rollers to apply the third-point loading. The test was performed in a
displacement-controlled method at a rate of 0.5 mm/min.

Test instrumentation measured load, midspan deflection, and strain in the reinforcement
at each end of the lap, as shown in Figure 1. After each loading step of approximately 22 kN, any
cracking was traced in black markers to determine crack propagation. The beams were loaded
until failure occurred, which was characterized by a very sudden rupture in the concrete along

the bottom of the beam within the spliced region.
4. Test Results and Discussion

The following section discusses the results of pull-out, splice specimen tests and concrete
mechanical properties for both the CC and RAC mixes.
4.1. Pull-out Specimens

Table 5 shows the results from the testing. All pull-out specimens failed in the same

manner in which the reinforcing steel pulled out of the concrete cylinder without splitting the
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concrete. In order to directly compare the test results, the values need to be normalized with
respect to the compressive strength of each concrete type. In general, the majority of concrete
design codes relate bond strength to the inverse square root of compressive strength (e.g., ACI
318 (2014), American Association of State Highway and Transportation Officials (AASHTO)
Load and Resistance Factor Design (2017), Australian Standard 3600 (2009), Canadian
Standards Association (2004), and Japan Society of Civil Engineers (2007)). However, ACI
Committee 408 recommends an inverse fourth root relationship of bond strength to concrete
compressive strength. Table 5 includes both a square root and fourth root normalization of the
test data.

Based on the pull-out test results, the RAC specimens displayed higher bond strengths
compared to the CC specimens for either normalization scheme. Applying the square root of
compressive strength normalization indicated that the RAC-50 specimens achieved a 22 to 23%
increase in bond strength over the CC specimens, while the fourth root normalization indicated a
19 to 20% increase. The RAC-100 specimens did not fare quite as well but still achieved a 3 to
8% increase in bond strength over the CC specimens based on the square root normalization and
a 9 to 15% increase applying the fourth root normalization. A plot of the load-slip response as
well as bond stress bar chart for each concrete type is shown in Figure 2. In general, all
specimens displayed a very similar response with a significant linear portion up to approximately
70% of the failure load, followed by a slightly non-linear portion up to the peak load, and then an
exponential decay in load with an accompanying significant increase in slip. Figure 2(b,c) clearly
shows that the RAC 50 and CC had the highest and lowest normalized bond stress for both
square and forth root, respectively.

4.2. Splice Specimen Tests

16



4.2.1. Failure mode and Crack pattern

At failure, all of the beam splice specimens experienced a bond rupture/splitting failure.
This failure was characterized by an abrupt audible and visible sign of splitting cracks parallel to
the bars within the region of the splice. The load-deflection behavior is shown in Figure 3 for all
three concrete types (average curves of each concrete type), which includes a steeper linear
loading curve at the beginning of the test until the beam reaches flexural cracking, which is then
followed by a shallower linear loading curve up to failure, which is characterized by a significant
drop in load. Consistent with the linear load-deflection response, the reinforcing did not reach
yield prior to failure based on the strain gages installed on each side of the splice. The cracking
pattern for the specimens of each concrete type was also very consistent, as shown in Figure 4.
Each specimen experienced vertical flexural cracking, particularly at the ends of the splice
region, as well as horizontal cracking along the splice indicating a splitting type of failure.

Table 6 contains a summary of the longitudinal reinforcement stress at failure based on
the strain gage readings. As noted previously, these values are taken from the strain gages
installed at each end of each splice (see Figure 1). In general, the strain gage readings were very
consistent for each specimen even accounting for localized cracking and the slight reduction in
cross section necessary to install the instrumentation. These strains were then converted to stress
using the stress-strain data measured for the reinforcing steel installed in the specimens. Unlike
the pull-out specimens, the RAC specimens suffered a decrease in bond strength for the splice
specimen tests. The RAC-50 splice specimens displayed a 9% and 29% lower average
reinforcement stress at failure compared to the CC specimens for the square root and fourth root

normalizations, respectively. The RAC-100 splice specimens displayed a 12% and 26% lower
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average reinforcement stress at failure compared to the CC specimens for the square root and

fourth root normalizations.
4.2.2. Material Properties Test Results and Comparison with Bond Strength

ACI Committee 408 (2003) has shown that several material properties of the concrete
have a significant affect on the bond strength between mild reinforcing steel and the surrounding
concrete, including splitting tensile strength, flexural strength, and fracture energy. These
parameters have been shown to map well with the predicted failure response, particularly when
the failure mode involves a splitting failure of the concrete within the zone of the lap splice. As a
result, the following section investigates these parameters relative to the beam splice specimen
test results.

Figure 5 shows a graphical comparison of the mechanical properties (Table 3) (splitting
tensile strength, modulus of rupture and fracture energy) of the three mixes. These mechanical
properties were determined from specimens fabricated from the same batches of concrete used in
the construction of the pull-out and full-scale splice specimens. In order to compare the test
results across mix designs, the splitting tensile strengths and moduli of rupture were normalized
by dividing the test value by the square root of the concrete compressive strength. For fracture
energy, the values were normalized by dividing the test value by the compressive strength raised
to the power of 0.46. This method of normalization is based on Equations 2 and 3 from ACI 318

(2014) and Equation 4 from Bazant and Becg-Giraudon (2002):

foo = 6.7/f! (2)
f, = 7.5\/f! ©)
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where ao,=1 for rounded aggregate and 1.44 for crushed or angular aggregate.

As shown in Figure 5, all properties were negatively impacted with increasing
replacement of coarse natural aggregates with RCA. The most drastic decreases were seen in
splitting tensile strength and fracture energy. The splitting tensile strength decreased 14% and
25% for RAC-50 and RAC-100, respectively, and the fracture energy decreased 9% and 24% for
RAC-50 and RAC- 100, respectively. In bond failures where splitting cracks control, the peak
load is governed by the tensile response of the concrete, which depends on its splitting tensile
capacity and fracture energy. Thus, as shown in the deteriorated splitting tensile strength and
fracture energy of high volume RCA concrete, it is expected that the bond carrying capacity will
be negatively impacted. The modulus of rupture, fr, decreased approximately 4% for RAC-50
and 8% for RAC-100.

These results show good agreement between mechanical properties (splitting tensile
strength and fracture energy) and the splice specimen test results. It would appear that the
cementitious matrix formed by the RAC results in lower mechanical properties than a

conventional Portland cement matrix, leading to a corresponding decrease in bond strength.
4.2.3. Comparison of Test Results with Bond Test Database

Figure 6 contain a plot of the bond test database compiled by ACI Committee 408. The
plot also contains the results of the nine, full-scale beam splice specimen tests performed in this
study. Although there is considerable scatter in the bond test data, in general, as compressive
strength increases, the bond strength increases. However, the results for the RAC specimens do

not follow that trend. The RAC-50 specimens do have a lower bond strength than the CC
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specimens with a corresponding lower concrete compressive strength. However, the RAC-100
specimens have a lower bond strength compared to the CC specimens yet a higher concrete
compressive strength. It would appear that compressive strength is not the best predictor of bond
strength for any of the database test results, particularly in the range of 20 to 40 MPa.
Nonetheless, the plot does indicate the lower bond tests for both RAC mixes compared to the CC

mix and that all the data is at least consistent with the database of previous bond test results.

5. Conclusions

To study the bond strength of reinforcing steel in RAC, 18 pull-out specimens as well as
nine full-scale beam splice specimens were tested. Based on the results of this study, the
following findings and conclusions are presented:

Pull-out Specimens:

The bond strength for the RAC-50 mix exceeded the CC mix by approximately 20%.

The bond strength for the RAC-100 mix exceeded the CC mix by approximately 10%.

All of the specimens had similar load-slip response.

All of the specimens failed by an adhesion failure or local crushing between the
reinforcing steel ribs and the base concrete.

Beam Splice Specimens:

The bond stress-slip behavior for both the CC and RAC beam specimens was very
similar, essentially linear until failure.

The cracking pattern for both the CC and RAC beam specimens was very similar,
consisting of vertical flexural cracks at each end of the splice and horizontal splitting cracks

along the splice region.
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The bond strength for the CC mix exceeded the RAC-50 mix by approximately 10%.

The bond strength for the CC mix exceeded the RAC-100 mix by approximately 30%.

General:

The RAC mixes had enhanced bond strength with the reinforcing steel compared to the
CC mixes when the failure did not result due to splitting, as evidenced by the pull-out specimens.
However, when the failure was initiated by splitting of the concrete, the RAC mixes had lower
bond strength compared to the CC mixes, as evidenced by the full-scale splice specimens.

There is very good agreement between the concrete mechanical properties (splitting
tensile strength and fracture energy) and the full-scale splice specimen test results, primarily due

to the splitting type of failure mode.
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Table 1- Mixture proportions of concrete

Water | Cement Fine Coarse |Recycled HRWR
. aggregate | aggregate | Coarse AE
Material ggreg ggreg aggregate
kg/m® | kg/m? kg/m3 kg/m® | kg/m® | liter/m® | liter/m®
CC 126 315 745 1160 - 0.58 2.3
RAC-50 | 126 315 745 580 500 0.58 2.3
RAC-100| 126 315 850 - 980 0.58 2.3
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Table 2- Fresh and hardened concrete properties

Property CcC RCA-50 RCA-100
Slump (mm) 180 155 140
Air content (%) 7 6 6.5
Unit weight (kg/m?) 2380 2230 2150
Compressive strength™ (MPa) 27.6 24.5 333
Modulus of elasticity™ (GPa) 29.6 25.8 27.6
Flexural strength™ (MPa) 2.8 25 2.8
Splitting tensile strength™ (MPa) 2.7 2.2 2.2
Fracture energy™3(N/m) 265.7 229.2 220.5

L Values represent the average of three cylinders (ASTM C39-12, ASTM 469-14 and C496-11)

Z Values represent the average of three beams (ASTM C78-10)

% Values represent the average of four notched beams (The beams measured 15x15x60 cm
with a span length of 45 cm and notch with a depth of 3.8 cm and a thickness of 0.6 cm
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Table 3- Aggregate Properties

Property CcC RCA
Bulk Specific Gravity, Oven-Dry 2.72 2.35
Dry-Rodded Unit Weight, (kg/m?®) 1600 1440
Absorption (%) 0.98 4.56

LA Abrasion (% Loss) 43 41
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Table 4- Mechanical properties of reinforcing steel

Bar No. Yield Ultimate Modu!ug of Elongation
Stress Stress Elasticity
(MPa) (%)
13 510 698 196,570 13.3
19 494 675 192,180 154
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Table 5- Pull-out test results

Section

(MPa)

Rebar size

(MPa)

Tave

(MPa)

T

JE

cC

27.6

=
w

18.1

18.3

20.0

18.8

3.6

8.2

19

21.2

20.2

19.9

20.4

3.9

8.9

RAC-50

245

13

22.4

23.0

20.4

21.9

4.4

9.8

19

24.3

22.2

24.5

23.6

4.8

10.6

RAC-100

33.3

13

24.5

21.5

21.8

22.6

3.9

9.4

19

23.6

23.1

23.2

23.3

4.0

9.7
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Table 6 - Longitudinal steel reinforcement stress (MPa)

. fcl f s (ave) f s (ave)
Section b fs fs @ave) \/E W
1 434
S 2 27.6 | 489 450 85.7 196.3
3 427
o 1 393
gg 2 245 | 379 384 77.6 172.6
« 3 379
g 1 325
g 2 333 | 345 350 60.7 145.7
o 3 379
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a) Direct pull-out specimen details and test setup
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b) Splice specimen details

Figure 1- Details of test specimens
(All dimensions are in mm)
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Figure 2- Pull-out specimens test results
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Figure 3- Load-deflections of the beam splice specimens

36



i

| il
Bottom View
CC RAC-50 RAC-100

Figure 4- Crack pattern of the beams at bond failure
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Figure 5- Change of mechanical properties of concrete (%)

fer: splitting tensile strength

G: fracture energy

fr: modulus of rupture

Ec: modulus of elasticity
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Figure 6- Longitudinal steel reinforcement stress versus compressive strength of concrete
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