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ABSTRACT

This paper describes an experimental investigation on the time-dependent sustained
service-load behavior of normal strength concrete beams with recycled concrete aggregates
(RCA) used as replacement for coarse natural aggregates (NA). Eighteen beams were tested
incorporating different aggregate replacement amounts, reinforcing details, concrete age at
superimposed loading, and beams with and without cracking upon immediate load application. It
is shown that increased amounts of RCA result in significant increases in both the immediate and
long-term deflections of concrete beams, but this effect is smaller for beams with increased
cracking. Greater creep and shrinkage deformations also cause a greater downward shifting of
the neutral axis (i.e., increase of the neutral axis depth) in RCA concrete beams as compared to
NA concrete beams. ACI 318 and Eurocode generally gave good design estimates for the
immediate deflections of the test specimens. In comparison, the long-term deflections were
significantly underestimated for the uncracked beams. For the cracked beams, the long-term
deflections were somewhat underestimated by ACI 318 and overestimated by Eurocode by
approximately similar percent errors. The ability of the design methods to predict the measured

deflections did not differ significantly between the NA concrete and RCA concrete beams.
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INTRODUCTION

This paper investigates the effect of RCA on the immediate and time-dependent sustained
service-load behavior of 18 slender normal strength concrete beams tested under four point
bending. The test specimens include beams with different amounts of coarse aggregate
replacement (100, 50, and 0% replacement), with and without compression reinforcement, with
and without cracking upon initial superimposed loading, and beams loaded at age of 7 days
versus 28 days. The measured midspan deflections of the test specimens are presented and
compared with design predictions from ACI 318" and Eurocode.? The neutral axis depths of the
cracked beams are also reported. Full information about the research program and the test results,
including the project report,® can be found at www.nd.edu/~concrete/RCA-concrete/.

RESEARCH SIGNIFICANCE

Previous research has shown that RCA has a greater effect on the stiffness than on the
strength of concrete. There is also a large increase in the creep and shrinkage of concrete as a
result of RCA. Thus, increased service-load deflections rather than reduced strength may be a
greater limitation for RCA in structural applications (e.g., beams, columns). This paper focuses
on this topic. By quantifying the effect of RCA on the deflections of reinforced concrete beams,
it would be possible to consider the increased deflections in structural design (for example, by
reducing the amount of RCA if the allowable deflections are exceeded).

BACKGROUND

There has been little previous research on the time-dependent sustained load deflections

of RCA concrete beams,*” and the results from these studies are generally limited to a few tests

using RCA and one applied load level in each research program. Researchers have found that the
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use of RCA greatly increases the beam deflections. For example, for a service-load duration of
about 15 weeks, Lapko and Grygo® showed 20% greater deflections in RCA concrete beams with
full (100%) aggregate replacement as compared to natural aggregate (NA) concrete beams.
These tests were conducted on small-scale beams with a cross section of 3x5 in. (76x127 mm).
Ajdukiewicz and Kliszczewicz*® found similar results for RCA beams with full aggregate
replacement loaded for up to one year. Choi and Yun® found the ratios of long-term to immediate
deflections for RCA concrete beams to be smaller than the ratios for NA concrete beams.

In comparison, there has been a considerably larger body of previous work on the
ultimate behavior of RCA concrete beams, during which the immediate deflections (i.e., initial
stiffness) were also measured. The largest differences were noticed in the immediate deflections.
For example, Li® reported that the immediate deflections under service level loads were about
10-24% larger for RCA concrete beams with full replacement as compared to NA concrete
beams. Sato et al.” reported that the well-known ACI 318" equation for the effective moment of
inertia could be used to reasonably predict the immediate deflections for RCA concrete beams
with full replacement at low load levels, but that this equation was unconservative at higher loads.

Previous work®*8

on material properties has shown that RCA concrete has decreased
compressive strength, decreased modulus of elasticity, and increased creep and shrinkage strains
as compared to NA concrete. These effects have been found to be greatest for the modulus of
elasticity and smallest for the strength, and have been generally attributed to the residual mortar
attached to the coarse natural aggregate in RCA, which results in increased porosity, increased
absorption, and reduced mechanical resistance, as well as weaker interfacial transition zone.

EXPERIMENTAL PROGRAM

All 18 beams were [=4.0 m (13 ft) long, b=150 mm (6.0 in.) wide, and h=230 mm (9.0
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in.) deep, with two different reinforcement layouts. One layout [UT Series, Fig. 1(a)] had only
tension longitudinal steel bars, while the other layout [UC and CC Series, Fig. 1(b)] had
compression longitudinal bars and transverse hoops in addition to the tension longitudinal bars.
In the specimen nomenclature, the first letter “U” indicates beams that were not intentionally
cracked under the applied superimposed load whereas the first letter “C” indicates beams that
were subjected to a greater superimposed load to induce immediate cracking. For the second
letter of the nomenclature, the letter “T” indicates beams with only tension longitudinal steel bars
and “C” indicates beams with compression longitudinal bars and transverse hoops in addition to
the tension longitudinal bars. The main bottom (tension) longitudinal reinforcement in both
layouts consisted of two No. 16 (U.S. No. 5) Grade 420 (U.S. Grade 60) bars. The top
(compression) longitudinal and transverse steel in the UC and CC Series beams consisted of two
No. 10 (U.S. No. 3) Grade 420 bars and No. 10 Grade 420 rectangular hoops at 95 mm (3.75 in.)
spacing, respectively. Six beams were cast in each of the CC, UT, and UC Series.
Concrete Aggregates

INDOT*® No. 23 “concrete sand” was used as fine aggregate and crushed limestone (NA-
CL) from a local ready-mix concrete plant was used as natural coarse aggregate. The RCA was
from a local construction/demolition recycling plant. While this facility receives debris from
many sources, the RCA used in this project (RCA-S) was made from the demolished foundation
of a late 1920s manufacturing plant in South Bend, Indiana. The coarse natural aggregate and
RCA satisfied INDOT® No. 8 gradation requirements with a nominal maximum aggregate size
of 19.0 mm (3/4 in.).® All aggregates, including the RCA, were available in this gradation with
no additional processing because of the common use of INDOT No. 8 aggregate in Indiana.

Table 1 shows the properties of the aggregates. The specific gravity and absorption were
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determined using ASTM? C127 and C128 for coarse and fine aggregates, respectively. The
residual mortar content, RM,..,, which is a measure of the percent (by weight) of residual mortar

in the RCA, was determined as described in Abbas et al.?

The deleterious material content, D,.,,
provides the percent (by weight) of the deleterious substances in the RCA. Because RCA-S came
from a demolition, there was some brick, asphalt, and wood in the material. These substances
were identified (but not removed) by visual inspection of the RCA retained on a 9.50 mm (3/8
in.) sieve during washing as well as after oven drying (which resulted in color variations of the
bituminous materials). The L.A. abrasion loss was determined per ASTM® C131.
Concrete Mix Design and Preparation

One target NA concrete mix design and two RCA concrete mix designs utilizing the
direct volume replacement (DVR) method were used. The DVR method simply replaces a
volume of coarse NA with an equivalent volume of RCA according to Eq. 1:

R =1-VRR/viize (1)

where, R=volumetric replacement ratio for coarse aggregate; V¥ ®=volume of NA in DVR mix;
and VA€ =volume of NA in natural aggregate concrete mix. Thus, for a given volume of
concrete, the volumetric proportions of the total coarse aggregate (RCA plus NA), fine aggregate,
cement, and water remain constant between the different DVR and NA concrete mix designs.

Table 2 shows the dry-weight proportions of the three mix designs corresponding to
R=0%, 50%, and 100%. The R=0% mixes were used as the target NA concrete (i.e., benchmark
conventional concrete), the R=100% mixes investigated full aggregate replacement, and R=50%
was selected as an intermediate level replacement. The target NA concrete had a water-to-cement
(w/c) ratio of 0.44 for an approximate target 28-day strength of 40 MPa (6000 psi), slump of

125425 mm (5+1 in.), and air content of 5.0+1.5%. The cement was ASTM® C150 Type |
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portland cement, and an air-entraining agent (AEA) and high-range water reducer (HRWR)
satisfying ASTM?® C260 and C494 (Types A and F), respectively, were also used.

All coarse RCA and NA was washed and then oven-dried for consistent weighing. The
sand was not washed but it also was oven-dried and weighed. At least 19 hours before casting,
all aggregates (including sand) were saturated with water. Then, the excess water was decanted
and the aggregates were weighed again. Using the absorption values in Table 1, the amount of
water in excess of the saturated surface dry (SSD) condition was subtracted from the total mix
design water in Table 2 to determine the added water to achieve the desired w/c ratio. Note that
the aggregate drying and pre-soaking process above is not intended for commercial applications
but rather it was used in this research to consistently control the amount of free water in each mix.
Concrete Casting and Curing

The beams were cast in their as-tested (i.e., upright) configuration. One 4.0 m (13 ft) long
beam, a number of companion concrete strength and stiffness test cylinders, and modulus of
rupture (MOR) test specimens were cast from each concrete batch mixed in a 0.34 m® (12 ft%)
rotating drum mixer [batch sizes ranged from 0.19 to 0.23 m® (6.8 to 8.0 ft)]. Three beams were
made on each casting day, corresponding to R=0%, 50%, and 100%. ASTM C192 requirements
for mixing concrete in the laboratory were generally followed. The only exception was that all of
the mix water was first added to the mixer along with the liquid admixtures. With the mixer
turning, the coarse and fine aggregates were added simultaneously and then the cement was
added slowly to ensure proper mixing. Once all the materials were in the mixer, the concrete was
mixed for three minutes, allowed to rest for three minutes, mixed again for two more minutes,’
and immediately placed in the formwork. The test beams and companion MOR specimens were

moist cured under plastic sheeting for two days, and then removed from their forms to be stored
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inside the laboratory air until testing. The companion material test cylinders were also de-molded
and allowed to cure under the same laboratory air conditions after two days from casting.
Test Setup, Procedure, and Schedule

As shown in Fig. 2, each [=4.0 m long (13 ft) beam was subjected to four-point bending
using concrete weight blocks to simulate superimposed service loads for a period of at least 119
days. The clear beam span between simple supports was [,,=3.7 m (12 ft), resulting in a clear
span length to depth (I,,/h) aspect ratio of 16 (which is the same as the aspect ratio limit for
simply supported beams in ACI 318 Table 9.5a). The superimposed load was applied at +190
mm (7.5 in.) on either side of the beam midspan by placing each weight block on two steel shims.
To apply the load, the weight block was first placed on four screw jacks, which were then
lowered slowly and uniformly until the block would touch down on the beam with little impact.

Two different superimposed load block sizes were used such that the smaller block would
not cause concrete cracking in the beam upon initial placement of the load (UT and UC Series
beams) while the larger block would cause flexural cracking upon immediate loading (CC
Series), but the steel in tension and the concrete in compression would remain in the linear-
elastic range. The selected weights of the small and large blocks, as measured using a calibrated
load cell, were P=371 and 971 kg (817 and 2140 Ibs), respectively, which corresponded to
approximately 75% of the predicted (using reinforced concrete mechanics) cracking load and
65% of the predicted linear limit load (governed by concrete reaching 0.45f, in compression),
respectively. The surfaces of the load blocks were sealed with two coats of masonry water-
proofer and two coats of paint to maintain a consistent weight by minimizing moisture loss.

Due to laboratory space limitations, the beams were tested in three rounds. In each round,

three beams (with R=0%, 50%, and 100% and cast on a given day) were loaded at age, t, of 28
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days and three beams (again with R=0%, 50%, and 100%, but cast within 1 to 9 days later) were
loaded at t,=7 days. These loading ages are generally considered as standard for concrete testing.
The first two sets of six beams were loaded for 119 days (about 4 months), and the last set of six
beams was loaded for 170 and 226 days (about 5.5 and 7.5 months) at ages of t,=28 days and 7
days, respectively. Among the last six beams, the small weight blocks removed from Specimens
UC-0-28, UC-50-28, and UC-100-28 at the end of the 170-day loading period were placed in
addition to the other weight blocks on Specimens CC-0-7, CC-100-7, and UC-50-7, which were
tested for another 56 days, resulting in a total superimposed load duration of 226 days .

As shown in Table 3, the test variables included the superimposed load, P, aggregate
replacement ratio, R, age at superimposed loading, t,, and reinforcing details. Considering that
the specimens were stored indoors, only minor changes in temperature occurred except for a few
days when the laboratory doors were open to the outside weather [Fig. 3(a)]. The humidity
measurements showed greater variations [Fig. 3(b)]. However, because all of the specimens in
each test series were exposed to the same temperature and humidity conditions, direct
comparisons between the mixes with R=0, 50, and 100% in each series could be made.

Beam Measurements and Data Acquisition

The midspan deflection was measured and recorded using a string potentiometer and a
data-logger. The string potentiometer was attached to the underside of each beam at the middle
of the beam width so as to minimize any effects from accidental torsional deformations of the
specimen. The measurements were taken every two seconds during and for at least the first hour
after superimposed loading, then every fifteen minutes for the remainder of the testing duration.

Side surface deformation measurements were also taken at the midspan of each beam so

that a strain distribution could be determined to show changes in the neutral axis depth under
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load over time. To accomplish this, small brass inserts® (Humboldt Manufacturing H-3230.3),
similar to those used in concrete creep and shrinkage measurements according to ASTM C512,
were placed in two vertical lines along the depth of the beam and spaced +76 mm (£3.0 in.) from
the midspan (Fig. 4). Each line consisted of eight inserts, with the top and bottom inserts placed
25 mm (1 in.) from the top and bottom of the beam, respectively, and 25 mm on center between
the inserts. The strain measurements were taken by measuring the horizontal deformations
between corresponding locations (i.e., insert pairs across a gage length of 152 mm) along the two
lines of inserts using a mechanical dial gage® (Humboldt Manufacturing H-3230). An Invar
master bar® (Humboldt Manufacturing H-3230.5) was used to calibrate the dial gage before and
after each set of measurements. The manufacturer specifies an Invar bar to calibrate the dial gage
because the material essentially undergoes no expansion or contraction with temperature changes.
The strain measurements were initialized (i.e., zeroed) prior to the superimposed loading of each
beam, followed by measurements immediately after loading, then once a day for the first three
days, once a week for the first month, and once a month for the remainder of the loading duration.

The measurement variability (i.e., error) in the strains was determined through a series of
repeated readings along the same pair of inserts. It was found that while the measurement errors
were small relative to the ultimate strains towards the end of the loading duration, the smaller
strains at the beginning of each test could have been affected by these errors. To reduce the
amount of this variability, the reading across each pair of inserts was repeated three times and the
strain was taken as the average value from these three measurements.
Concrete and Reinforcing Steel Properties

Average concrete and steel material properties were measured from a minimum of three

samples for each concrete mix and steel type (see Tables 4 and 5). The concrete material tests
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were conducted similar to the tests in Knaack and Kurama.'* The compression strength, £ and
modulus of elasticity, E. were determined from 75x150 mm (3x6 in.) cylinders according to
ASTM? C39. The modulus of elasticity was determined as the secant modulus between two
points on the measured stress-strain curve [via an Epsilon® 3542RA extensometer® with 50 mm
(2 in.) gauge length], with the first point at a strain of 0.00005 and the second point at a stress of
0.40f. . The tension strength, f; was measured from modulus of rupture tests per ASTM?® C293.

Fig. 5 plots the trends from the concrete material tests as average results from all of the
beam specimens at each R ratio (average from total of six beams for each R), with the average
results for each beam (average from three material samples) also shown. Because of the small
number of R values, the lines connecting the data points at each R do not necessarily suggest a
relationship, but rather help visually distinguish the different sets of data. Increased R resulted in
large decreases in E. and f;, while the effect on f, was small. As expected, f; at a concrete age
of 28 days tended to be greater than that at 7 days; however, there was no clear increase in f; or
E. with increasing age. In some cases, there was even a drop in the concrete mechanical
properties with age, especially for E.. The reasons for these conflicting trends are not known;
however, in addition to the inherent variability in the concrete properties, air-curing of the
cylinders following de-molding two days after casting could have limited hydration. Even
though all beams with the same R were made using the same concrete mix design, there was
significant variability in the strength and stiffness of concrete cast at different times. Different
rates of water evaporation and cement hydration due to different temperature and humidity
conditions at the time of casting could have affected the concrete strength and stiffness.?

All of the reinforcement used in the beam specimens was ASTM A615 Grade 60 steel

and all bars of the same size came from the same manufacturing heat. ASTM? A370 standards

10
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were used to determine the stress-strain behaviors of the No. 16 and No. 10 bars in tension [Figs.
6(a) and 6(b)]. The steel strains were measured using an MTS Model 634.25E-24 extensometer
with 50 mm (2 in.) gauge length. To prevent damage to the sensor, the extensometer was
removed after a 0.5% drop in stress beyond the ultimate (peak) strength, f,, of the steel. The
incremental strains following extensometer removal were calculated from the differential
position of the test machine crossheads assuming that non-specimen deformations were
negligible after the attainment of f,, . All bars had a distinct yield point, which was used to

determine the yield strength, f, and yield strain, €,. The modulus of elasticity, E; was

determined as the secant modulus between steel stresses of 34.5 and 68.9 MPa (5.0 and 10.0 ksi).
The fracture strain, e was taken as the strain at 20% drop from f,, (i.e., at a stress of f;=0.80f,).
RESULTS

Midspan Deflection

Fig. 7 plots the midspan deflection versus time behavior of each beam from application
of superimposed load, through load removal, and subsequent deflection recovery. Deflection data
for Beams UT-100-7 and CC-50-28 are not shown due to string potentiometer malfunction.
Increased R resulted in significant increases in both the immediate and long-term deflections, but
this effect was smaller for beams with increased cracking (which would be expected because of
the smaller effect of concrete on a cracked beam than on an uncracked beam). For example, at
119 days, Fig. 7(e) shows that the uncracked beams with compression steel experienced a
deflection increase of about 49% from R=0% to 100%. In comparison, again at 119 days, the
cracked beams in Fig. 7(d) showed a smaller increase of about 21% from R=0% to 100%.

Similar to NA concrete beams, deflections of the RCA concrete beams were affected by

loading age, compression steel, and cracking. Beams loaded at t,=7 days tended to have larger
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long-term deflections than their 28-day counterparts [e.g., Fig. 7(e) versus Fig. 7(f)]. Uncracked
beams with compression steel had reduced long-term deflections than uncracked beams without
compression steel [e.g., Fig. 7(b) versus Fig. 7(f)]. Lastly, as expected, cracked beams had
significantly greater deflections than uncracked beams [e.g., Fig. 7(c) versus Fig. 7(e)].
Cracking

In the CC Series beams, distributed hairline flexural cracks developed (immediately upon
superimposed load application) within the middle of each beam from approximately quarter
point to quarter point along the span, with minimal cracking beyond this region.? Figs. 8(a) and
8(b) show examples of flexural cracking on Beams CC-0-7 and CC-100-7, respectively. Note
that the cracks remained hairline size and were highlighted by markers for ease of viewing. The
flexural cracking in Beam CC-100-7 (with R=100%) extended further over the height than in
Beam CC-0-7 (with R=0%). Increased cracking in the RCA concrete beams was expected due to
the decrease in the modulus of rupture with increased R (Table 4 and Fig. 5).

Fig. 8(c) shows a sample UC Series specimen (Beam UC-50-7), which also experienced
cracking. Since the UC Series beams were loaded with the small weight blocks, no flexural
cracking was observed upon initial load application. However, all of the beams in this series
showed some flexural cracking over time during testing, likely as a result of the internal stresses
that developed between the shrinking/creeping concrete and the reinforcing steel. As would be
expected due to the smaller superimposed load, the extent of cracking over the height and length
of the UC Series beams was significantly less than that in the CC Series beams. Unlike the UC
Series, no cracking was visually observed in the UT Series beams.

All UC and CC Series beams with compression steel developed shrinkage cracks prior to

the superimposed load application [e.g., see Fig. 8(d) for the shrinkage cracking in Beam UC-
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100-28]. These cracks were generally only observed on the top surface of the beams and at most
extended to the level of the compression bars [13 to 25 mm (0.5 to 1 in.) deep from the surface].
Neutral Axis Depth

Fig. 9 shows the total concrete strain diagrams over the height of the CC Series beams as
determined from the horizontal deformation measurements between the two mechanical dial
gage insert lines spaced £76 mm (£3.0 in.) from the midspan. The thin to thick lines represent
the strain diagrams beginning from the initial application of the superimposed load at time, t=t,
and ending after 119 days of loading. Note that while some of the beams were left loaded beyond
119 days, the deformations at time, t=t,+119 days are used herein for consistent comparisons.
Also note that the diagrams in Fig. 9 are for the total strain, €,,.4; (i.e., sum of mechanical, creep,
and shrinkage strains), and not just the mechanical strain (thermal strains were small because of
relatively little temperature variation in the lab as shown in Fig. 3). Also, because the dial gage
measurements were initialized immediately prior to the superimposed loading, the results
represent the increment of total strain from the initial application of the superimposed load at
t=t,. As a result, the concrete shrinkage strains from the initiation of drying or the creep strains
from the beam self weight that accumulated until t=t, are not included in the measurements.

The results in Fig. 9 show a significant lowering (downward shift) of the neutral axis
(defined as the point of zero total strain) from the time dependent effects of creep and shrinkage.
Since the point of zero total strain does not represent zero mechanical strain, the concrete stress
was not zero at the neutral axis. An increase in R tended to result in further lowering of the
neutral axis because of the increased creep and shrinkage of RCA concrete. The lowering of the
neutral axis was smaller for beams loaded at t,=28 days than beams loaded at 7 days. This trend

can be explained by the decreasing rate of increase in creep and shrinkage of concrete with age.
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Comparison with Code Predictions

Table 6 compares the measured beam midspan deflections upon superimposed loading at
time, t=t, (i.e., immediate deflection) and at t=t,+119 days (i.e., just prior to removal of the
superimposed load for most of the beams) with the predicted deflections according to ACI 318"
and Eurocode.” For the ACI 318 predictions, an effective moment of inertia, I, approach (ACI
318 Equation 9-7) was used to determine the deflections due to the beam self-weight and the
weight of the superimposed load block. Because the measured beam deflections were initialized
(zeroed) immediately before the superimposed loading at time, t=t,, the ACI 318 predictions
were also initialized at t=t, by subtracting the estimated creep and shrinkage deflections
accumulated between the end of casting at t=0 and the placement of the load block at t=t,.

To predict the immediate plus time-dependent deflection, Ay 4119, ACI 318 Equation 9-
11 was used as a time-dependent multiplier (4; 4119, 4119, A¢,) based on each load duration. The
measured material properties (e.g., E., E;) were used and the uncracked section properties were

based on the gross concrete section. For the CC Series beams, A; 119 Was determined as:

Atyv110 = (1 + A119)A5, + e 11108W, — AeBw, (2)
14 _ My
s; = MS oy Dowsy and Ay, = 220 A s, 3)
_ (P/2)a 2 a2 5wl,1 _ swiy?
Aw+s); = 24E.I, (Sl" ) HETIT 384E,I, and Ay, = 384Elg (4)

where, Ag , Ay, =immediate deflection from superimposed load and beam self-weight,
respectively; Aqy ), =immediate deflection from self-weight plus superimposed load; Ay, =

immediate self-weight deflection prior to cracking; Mg=midspan moment due to superimposed
load; My,=midspan moment due to self-weight; P=total weight of superimposed load block;

a=distance from support to superimposed load application point; [,,=distance between beam end

14
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supports; w=distributed self-weight of beam; I, =effective moment of inertia using ACI 318
Equation 9-7 with total moment from self-weight plus superimposed load; and I,=gross moment
of inertia of concrete section. Note that Ag, and Ay, in Eq. 3 were both calculated using I, under
the total moment from self-weight plus superimposed load; predictions based on the initial
application of self-weight followed by the superimposed load (i.e., assuming Ay, =Ay,, and Ag,
=Aw+s);,-Aw, in Eq. 2) resulted in little differences (approximately 5% greater deflections).

Similarly, for the UC and UT Series beams (i.e., beams designed as uncracked):

Atyr110 = (1 + A110)As; + Ay r1108w; — Ae,Bw, ©)
__(P/2)a 2 2 _ 5wln4
As, = b, (31,° — 4a?) and Ay, = SR (6)

where, Ag,=immediate superimposed load deflection. Table 6 also gives the predictions from
Eurocode,? which uses an effective moment of inertia for the immediate deflections of cracked
beams, combined with an effective modulus of elasticity for the creep deflections. Shrinkage
curvatures are also prescribed, which yield shrinkage deflections by integration. Similar to ACI
318,' the Eurocode predictions were initialized at the time of superimposed loading (t=t,) by
subtracting the estimated creep deflections due to beam self-weight and shrinkage from ¢t=0 to
t=t,. Material properties were taken as the measured values and the uncracked section properties
were based on the gross concrete section. Following the Eurocode procedures in Webster and
Brooker,?® the deflection, At +110 for both cracked and uncracked beams was determined as:

2 swip* 1,2

__(P/2)a 2 2 swipy* I
Begr119 = 5o 7 Bln” —4a%) o T+ g Kshto+119 ~ 355z -~ g Konto (1)
M M
Eir =My + Ms)/(ﬁ + ESS) (8)
E E E
E,w=—— and E,s =—— and E, = — 9
ew 1+¢tg+119 &S T 14110 € 14y, ©)

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

where, =1, calculated based on Eurocode Equations 7.18 and 7.19 for the CC Series beams, and

I=1, for the UC and UT Series beams; ¢ , ¢¢,+119, P110=Creep coefficient according to

Eurocode® Annex B for self-weight duration of t, days, self-weight duration of t,+119 days, and

superimposed load duration of 119 days, respectively; rsp ¢ 4119, Ksne, =Shrinkage curvature

according to Eurocode Equation 7.21 determined at time, t=t,+119 and t=t,, respectively.

The results in Table 6 are depicted in Fig. 10, where the shaded ranges represent the
extreme ratios of predicted to measured deflection. Both ACI 318 and Eurocode generally gave
good design estimates for the immediate deflections under superimposed load. The predictions
were slightly better for the intentionally-cracked CC Series beams than the UT and UC Series
beams. In comparison, long-term sustained-load deflections of both the NA and RCA concrete
beams were significantly underestimated for the UC and UT Series. This large discrepancy may
have occurred due to the cracking of the UC and UT Series beams under the creep and shrinkage
deformations of the concrete over time, which was not captured by the design predictions. While
cracking was not visually observed in the UT Series beams, some amount of micro-cracking
likely occurred as a result of the creep and shrinkage deformations, resulting in larger deflections.
For the CC Series beams, long-term deflections were somewhat underestimated by ACI 318 and
overestimated by Eurocode by approximately similar percent errors. A more detailed approach
(e.g., fiber or finite element modeling) that can incorporate stress redistribution under long-term
creep and shrinkage effects in reinforced concrete may be needed to better predict the time-
dependent deflections of the beams. An interesting finding is that the ability of the design
methods to predict the measured deflections did not differ significantly between the NA concrete
and RCA concrete beams. This is likely because of the use of measured concrete properties in

the predictions (for example, smaller E,. for RCA concrete).
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SUMMARY AND CONCLUSIONS

This paper experimentally investigated the effect of RCA on the time-dependent
sustained service-load behavior of normal strength reinforced concrete beams. The important
findings from the study are given below. In interpreting these findings, it should be noted that the
results may be limited to the materials and specimens tested.

1. Increased R results in increased immediate and long-term sustained-load deflections of
reinforced concrete beams. While the goal is to maximize the use of RCA (i.e., R=100%), the
increased deflections should be quantified to ensure that allowable deflection limits are satisfied.

2. Similar to NA concrete, sustained-load deflections of RCA concrete beams are affected
by loading age, presence of compression reinforcement, and amount of cracking. Beams loaded
at 7 days tended to have larger long-term deflections than beams loaded at 28 days. Beams with
compression steel had reduced long-term deflections than beams without compression steel.

3. The effect of RCA on deflections is smaller for beams with increased cracking. For
example, at approximately four months of loading, beams that were not intentionally cracked
under the initial application of superimposed load experienced a deflection increase of
approximately 49% from the R=0% case (i.e., NA concrete) to the R=100% case. In comparison,
beams that were intentionally cracked under the initial application of superimposed load showed
an increase of approximately 21% from R=0% to R=100%.

4. Increased amounts of RCA lead to increased cracking in reinforced concrete beams as
a result of the decreased modulus of rupture of RCA concrete.

5. Creep and shrinkage strains result in a significant downward shift of the neutral axis
(location of zero total strain) in reinforced concrete beams. This effect is greater in RCA concrete

beams than in NA concrete beams because of the increased creep and shrinkage deformations of
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RCA concrete. The increase in the neutral axis depth is greater for beams loaded at 7 days as
compared to beams loaded at 28 days. This trend can be explained by considering the decreasing
rate of change of creep and shrinkage as the concrete ages.

6. ACI 318" and Eurocode? procedures resulted in reasonable predictions for the
immediate deflections of the NA and RCA concrete beam test specimens.

7. In comparison, the long-term deflections were significantly underestimated when
applying ACI 318 and Eurocode procedures on the NA and RCA concrete specimens that were
not intentionally cracked under the initial application of superimposed load. This large
discrepancy may have occurred due to the cracking of these beams under the creep and shrinkage
deformations of concrete over time, which were not captured by the design predictions.

8. For the specimens that were cracked under the initial application of superimposed load,
the long-term deflections were somewhat underestimated by ACI 318 and overestimated by
Eurocode by approximately similar percent errors.

9. The ability of ACI 318 and Eurocode to predict the measured deflections was similar
for the NA concrete and RCA concrete beams. This may be because measured concrete
properties were used in the predictions (e.g., smaller modulus of elasticity for RCA concrete).
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TABLES
Table 1 — Natural aggregate and recycled concrete aggregate properties
Specific Gravity Water |Res. Mortar|Deleterious L.A.
Aggregate Type/ Absorption,| Content, [Mat. Cont., . Abrasion
1D Source Location Bulk SSD |App. |Apa Or Aycq| RM,(, D,.q Gradation Loss
Dry - . h .
(Y%Weight) | (%Weight) |(%Weight) (Y%Weight)
FA  |Concrete Sand 25912.63]|2.69 1.39 - - INDOT #23 -
NA-CL |Crushed Limestone| 2.71 | 2.73 | 2.76 0.74 - - INDOT #8 21.0
RCA-S |South Bend, IN 218 1232|252 6.06 30.4 5.68 INDOT #8 37.8
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Table 2 — Dry-weight proportions of concrete mix designs

Replacement, R |Water'| Cement NA RCA FA? | HRWR® AEA*
(%) (kg/m?)| (kg/m?) | (kg/m®) | (kg/m®) | (kg/m®) | (mL/m% | (mL/m®
0 (NAC) 150 341 1137 - 676 1874 314
50 (RCA-50) 150 341 568 458 676 1874 314
100 (RCA-100) | 150 341 - 917 676 1874 314

Notes: 1 Ib/yd®=0.5933 kg/m* 1 fl.0z./yd*=38.67 mL/m>.
L Amount of mix water required beyond saturated surface dry condition of coarse and fine aggregates.
°Fine Aggregate. *High Range Water Reducer. “Air Entraining Agent.
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Table 3 — Beam test specimen details

Beam P R | t, | ps | Pi | Pt Date Date |Total Load
ID (KN) [(%0)|(days)| (%) | (%) | (%0) | Loaded |Unloaded | Duration

UT-0-28 | 363 | 0 | 28 |1.32| -- | -- |1/a7/12| 5/15/12 119
UT-0-7 | 364 | 0 7 |132] -- | -- |1/25/12 | 5/23/12 119
UC-0-28 | 363 | 0 | 28 |1.32/0.47|0.987|10/8/12| 3/27/13 170
UC-0-7 | 364 | 0 7 11.32]0.47[0.987| 6/6/12 | 10/3/12 119
CC-0-28 | 954 | 0 | 28 |1.32|0.47|0.987| 6/5/12 | 10/2/12 119
CC0-7 | 951 ] 0 7 11.32]0.47]0.987|10/17/12] 5/31/13 226
UT-50-28 | 3.63 | 50 | 28 [1.32] -- | -- |1/17/12| 5/15/12 119
UT-50-7 | 363 |50 | 7 |132] -- | -- | 6/6/12 | 10/3/12 119
UC-50-28 | 3.64 | 50 | 28 |1.32]|0.47|0.987] 10/8/12 | 3/27/13 170
UC-50-7" | 3.63 | 50 | 7 [1.32]0.47]0.987[10/17/12| 5/31/13 226
CC-50-28 | 9.51 |50 | 28 |1.32]|0.47|0.987| 6/5/12 | 10/2/12 119
CC-50-7 | 951 |50 | 7 [1.32|0.47|0.987|1/25/12| 5/23/12 119
UT-100-28| 3.63 |100| 28 |1.32| -- | -- | 6/5/12 | 10/2/12 119
UT-100-7 | 3.64 [100| 7 [1.32] -- | -- | 6/6/12 | 10/3/12 119
UC-100-28| 3.64 |100| 28 |1.32|0.47/0.987|10/8/12| 3/27/13 170
UC-100-7 | 3.64 [100| 7 |1.32]|0.47|0.987]|1/25/12 | 5/23/12 119
CC-100-28| 9.54 |100| 28 ]1.32]0.47]0.987|1/17/12| 5/15/12 119
CC-100-7"| 9.54 [100] 7 [1.32]/0.47|0.987]|10/17/12] 5/31/13 226

ps=As/bd and p;=A;/bd, where A,,A;=tension and compression steel areas,
respectively, b =beam width, and d =effective depth to tension reinforcement;
pe=ny Ay /bl, where n,=number of stirrups, A..=total vertical leg area of one
stirrup, and [=full beam length.
“Last 56 days of loading for Beams CC-0-7, CC-100-7, and UC-50-7 included an
additional small weight block that was placed on top of the original block.
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Table 4 — Concrete material properties

Mini | Unit t=7 Days t=28 Days t=90 Days

Beam Slump| Wt ] ] . ’ ]
ID P "3 E, fe [t E, fe [t E. fe
(mm) | (kg/m’) | (GPa) | (MPa) |(MPa)| (GPa) | (MPa) |(MPa)| (GPa) | (MPa)

UT-0-28 | 57.2 | 2230 -- -- -- 294 | 326 | 419 | -- --
UT-0-7 | 318 2419 | 363 | 46.6 | 503 | 344 [ 503 | - | 331 | 474
UC-0-28 | 445 | 2403 | 40.7 | 46.0 -- 38.7 | 493 | 536 | 39.7 | 49.2
UC-0-7 | 445 | 2295 | 335 | 372 | 420 | 350 | 420 | - | 339 | 387
CC-0-28 | 635 | 2265 | 353 | 36.7 -- 314 | 402 | 450 | 33.2 | 36.7
CC-0-7 [ 508 | 2392 | 380 | 425 | 397 [ 39.1 | 465 | - | 354 | 475

UT-50-28 | 50.8 | 2284 -- -- -- 294 | 436 | 441 | -- --
UT-50-7 | 57.2 | 2263 | 286 | 386 | 421 | 310 | 402 | - | 28.2 | 39.0
UC-50-28 | 38.1 | 2334 | 316 | 443 -- 338 | 49.6 | 439 | 30.3 | 46.0
UC-50-7 | 50.8 | 2313 | 330 | 410 | 332 | 276 | 436 | - | 288 | 440
CC-50-28 | 76.2 | 2243 | 27.8 | 36.2 -- 278 | 377 | 411 | 27.1 | 39.9
CC-50-7 | 635 | 2243 | 269 | 380 | 342 | 288 | 40.0 | - | 266 | 40.7
UT-100-28| 76.2 | 2174 | 233 | 38.6 -- 233 | 414 | 385 | 234 | 38.6
UT-100-7 | 57.2 | 2209 | 228 | 362 | 355 | 223 | 357 | - | 20.8 | 355
UC-100-28| 38.1 | 2243 | 252 | 42.2 -- 258 | 48.2 | 3.71 | 23.7 | 453
UC-100-7 | 57.2 | 2178 | 234 | 388 [ 347 | 228 | 406 | -- | 217 | 416

CC-100-28| 50.8 | 2162 -- -- -- 233 | 438 | 343 | -- --
CC-100-7 | 635 | 2170 | 22.7 | 375 [ 279 | 216 | 385 | -- | 204 | 378

Note: 1 Ib/ft*=16.0 kg/m>; 1 ksi=6.89 MPa.
Mini slump measured as described in Knaack and Kurama.** Unit weight measured by weighing
modulus of rupture (MOR) beams at age of loading. E.= modulus of elasticity; f,=compressive

strength; f;=tension strength (MOR).
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Table 5 — Reinforcing steel properties in tension

Bar Size |E, (GPa)|f, (MPa)| €, |[f,(MPa)| €, €r
No. 10 198 443 | 0.00290 732 0.0971) 0.128
No. 16 197 572 | 0.00360 706  ]0.0882| 0.131

Notes: 1 ksi=6.89 MPa. E;=modulus of elasticity; f,=yield strength;

€y=yield strain; f, =ultimate (peak) strength; €, =strain at ultimate

strength; e,=fracture strain at stress, fr=0.80f,,.
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Table 6 — Measured and predicted beam deflections

Immediate Superimposed Load [Sustained Long-Term Deflection

BIeEaDm Deflection at t=ty, Ay, (mm) | att=ty+119, A, 1150 (MM)
Measured|ACI 318| Eurocode® | Measured [ACI 318*| Eurocode?

UT-0-28 0.86 0.79 0.79 5.00 1.91 2.69

UT-0-7 0.74 0.71 0.71 4.62 1.70 2.31

UC-0-28 0.66 0.61 0.61 3.51 1.30 1.60

uUcC-0-7 0.94 0.71 0.71 5.11 1.60 2.90

CC-0-28 3.15 3.71 3.20 10.19 7.29 11.81

CC-0-7 3.40 3.71 3.10 10.69 7.49 13.49

UT-50-28 | 0.91 0.79 0.79 5.38 191 2.31
UT-50-7 0.94 0.79 0.79 6.96 2.11 3.30
UC-50-28 [ 0.86 0.71 0.71 4.70 1.50 191
UC-50-7 0.84 0.71 0.71 5.99 1.60 2.79
CC-50-28 [ 4.93 4.29 3.71 n/a 8.41 13.59
CC-50-7 4.14 4.80 4.19 12.90 9.60 17.70
UT-100-28| 1.24 0.99 0.99 7.39 2.39 3.00
UT-100-7 | 1.12 1.09 1.09 n/a 2.59 4.29
UC-100-28] 0.97 0.89 0.89 5.94 1.91 2.49
uC-100-7 | 1.27 0.99 0.99 7.62 2.31 3.99

CC-100-28] 5.11 5.11 4.50 12.27 10.01 14.10
CC-100-7 [ 4.60 541 4.90 14.68 10.90 19.81
Note: Ag,=Ag, for UC and UT Series beams. n/a=not available.
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Figure 7 — Beam midspan deflections: (a) t,=7 days, UT Series, p;=0%; (b) t,=28 days,

UT Series, p¢=0%; (c) t,=7 days, CC Series, p;=0.47%; (d) t,=28 days, CC Series,

ps=0.47%; (e) t,=7 days, UC Series, p¢=0.47%); (f) t,=28 days, UC Series, p;=0.47%
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(c)
Figure 8 — Beam cracking [note that the cracks were hairline;
but, they have been highlighted for easier viewing in Figs.
8(a-c)]: (a) flexural cracking on CC-0-7; (b) flexural cracking
on CC-100-7; (c) flexural cracking on UC-50-7; (d) shrinkage
cracking on top surface of UC-100-28
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Figure 9 — Total strain diagrams over height of CC Series beams [R=0% (top), 50%
(middle), and 100% (bottom)]: (a) t,=7 days; (b) t,=28 days
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Figure 10 — Measured versus predicted beam midspan deflections [UT Series (top), UC
Series (middle), and CC Series (bottom)]: (a) immediate deflection at t=t,; (b) sustained
long-term deflection at t=t,+119 days
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