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Abstract

The use of Recycled aggregate (RA) enhances concrete sustainability. If used
on an industrial-scale, structural verification, and testing will be required to
confirm that RA concrete can meet relevant industrial standards and the
requirements of manufacturers, especially in the precast-concrete industry. In
this paper, an experimental campaign with the participation of a precast-
concrete manufacturer is reported. The objective is to test a self-compacting
concrete (SCC) mix, designed for structural applications, that contains maxi-
mum amounts of 100% coarse RA, in order to establish its compliance with the
habitual requirements of precast-concrete manufacturers. Thus, scaled beams
(12 x 24 x 180 and 24 x 24 x 130 cm) were subjected to bending, shear-bend-
ing, shear, and long-term-deflection tests. In addition, the performance of that
SCC mix in the bending and shear-bending tests was compared with the per-
formance of an SCC mix of similar compressive strength containing 0% coarse
RA. In the failure tests, the experimental results were between 1.5 and 3 times
higher than the required values. The elastic behavior of both SCC mixes was
also very similar in those tests, regardless of the amount of coarse RA, due to
the robust design of the water and superplasticizer content of the SCC, which
balanced the decreased flowability and the lower compressive strength of SCC
that resulted from the additions of coarse RA. The SCC mix with 100% RA
showed a lower load-bearing capacity after failure and narrow compliance
margins with the deflection limits of the long-term-deflection test. Even
though the SCC mix with 100% RA met all the standard technical specifica-
tions of the precast-concrete manufacturer, reference should always be made
to the serviceability limit states that are applicable at the time of the structural
design phase.

Acronyms: NA, Natural aggregate; RA, Recycled aggregate; SCC, Self-compacting concrete.
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1 | INTRODUCTION

The manufacture of conventional raw materials for con-
crete production entails environmental impacts that are
now quite well known. On the one hand, the extraction
of natural aggregate (NA) from quarries and gravel pits’
changes the geographic contours of the terrain, vege-
tative cover, and even water courses, causing secondary
environmental impacts.”> On the other hand, cement
manufacturing produces significant CO, emissions. It is
estimated that there are 0.8 tons of atmospheric emis-
sions of CO, for every ton of cement that is produced,
accentuating global warming and climate change.’ In
view of this situation, the production of concrete with
sustainable raw materials, generally industrial by-prod-
ucts, has been addressed in numerous research projects.
Their aims are to recover materials that might otherwise
go unused, in addition to mitigating the above-mentioned
environmental impacts and curtailing illegal dumping at
landfill sites.*” Those sustainable raw materials have
included “green” binders, such as fly ash,® ground granu-
lated blast furnace slag,7 and silica fume,® in substitution
of ordinary Portland cement, and alternative aggregates,
such as electric arc furnace slag,” and rubber,'® as well as
recycled aggregate (RA)'' in substitution of NA. The
focus of this study is on the use of RA.

RA is probably the most widely studied sustainable
aggregate in the literature.'>"> Although all RA is sourced
from the crushing of unused concrete components,'*'> a
distinction is usually drawn between the behavior of the
coarse and the fine fractions:

« The coarse fraction is composed of particles >4 mm
that consist of NA and adhered mortar.'®'” Compared
to coarse NA, the presence of adhered mortar in coarse
RA lowers its density, raises its water absorption levels,
and lessens its adherence within the new cementitious
concrete matrix when used as an aggregate.'®'? All
these aspects decrease concrete workability, strength,
and elastic stiffness.’° However, if the water-to-cement
ratio is reduced, both the in-fresh and the mechanical
behavior are impaired whenever coarse RA is added;
effects that the use of RA from the crushing of high-
strength concrete can accentuate.?"*?

+ The fine fraction of RA consists of particles <4 mm.
The most relevant aspect is in its smaller particles
<0.5 mm,* as the characteristics of its larger particles

and the particles of the coarse RA fraction are similar.
The 0/0.5 mm fraction of fine RA is characterized by a
high content of mortar and unhydrated cement parti-
cles.”* These particles, apart from lowering its density,
mean that fine RA can absorb 7-8 times more water
than fine NA,* lowering the quality of the cementi-
tious matrix of the new concrete, and greatly increas-
ing its porosity.”® Additions of fine RA can therefore
notably decrease both the mechanical properties and
the durability of the concrete product.?’” Modifying the
composition of concrete to find a solution to these
problems is at best complicated. Hence, the impor-
tance of a precise quantification of the right quantity
of fine RA, above which concrete performance will
deteriorate.”®

Structural verification is a fundamental step to ensure
that an alternative concrete composition can be used in
structural components for building and civil-engineering
projects.” Hence the abundant literature on the struc-
tural verification of concretes containing sustainable raw
materials,”>*' including RA**:

« In a first stage, studies were conducted on adhesion
between concrete and steel reinforcements, a funda-
mental aspect for the optimum performance of rein-
forced concrete.’>** The use of RA was found to
reduce adhesion,® although better RA quality to some
extent countered that negative effect.>® Moreover, the
addition of fibers was found to improve RA-concrete
bonding in one study.?” In another study,*® the bond-
design equations specified in certain standards were
calibrated through reliability-based analyses.

« Secondly, the behavior of full-scale beams was studied.
It was found that the difference in the failure load
between beams containing coarse-RA concrete and
their NA-concrete counterparts was higher under
bending stresses than under shear loads.>® Moreover,
coarse-RA concrete also led to increased deflections
under service conditions.*” The addition of fine RA
further worsened the performance of the beams when
it was incorporated in concrete.*’ In principle, the
strength capacity values that are estimated in current
standards are on the safe side,>**? although the models
were extensively tested in various studies, to ensure
the reliability of the calculation methods. Thus, partial
factors to offset the effects of using RA on beam-design
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safety have been proposed.*>** The same aspects have
also been analyzed in full-scale columns.****

» Finally, improvements to the structural behavior of
beams and columns made with RA concrete were also
addressed in another studies.*® The confinement of RA
concrete in columns and the reinforcement of RA-
concrete beams with jackets and textile composites
were found to improve performance.*”** These tech-
niques show that the ductile behavior of concrete
improves with the addition of RA*® and that the repair
of damaged RA concrete structures is both feasible and
safe.*’

In view of the above research framework, the next
step in the investigation of RA concrete will be to
evaluate whether this type of concrete can be used in
structural applications on an industrial scale. The precast-
concrete industry is currently expanding, as precast-
concrete elements are used with greater frequency in both
buildings and civil works.** Moreover, faulty concrete
components can be crushed to produce RA aggregate at
almost any precast-concrete plant.”® Therefore, an assess-
ment of whether RA concrete meets the specifications that
are commonly required in the precast-concrete industry
will represent a step forward for the application of RA
concrete on an industrial scale. However, it must be con-
sidered that self-compacting concrete (SCC) is used in the
precast-concrete industry, as this type of concrete increases
output, due to its high flowability, with no need for con-
crete vibration, which saves both time and energy costs,?
as well as guaranteeing adequate concreting of heavily
reinforced elements.>? According to the current literature,
the use of RA for SCC production is also quite feasible,
provided a careful design phase is followed to achieve the
high levels of workability that characterize SCC, whilst at
the same time ensuring that the amount of RA is not
excessive and will not result in any loss of concrete
strength.>

In this paper, an experimental test campaign was con-
ducted of SCC beams containing 100% coarse RA, as part
of the structural verification of this concrete in precast-
concrete building applications. A previously existing pro-
cedure developed at a local precast-concrete company
was followed that the company habitually employs for
the validation of the concrete mixes used to manufacture
its building products. Thus, scaled beams were produced
and manufactured at the precast-concrete plant and were
subsequently tested at the structural materials laboratory
that the company uses. In a first stage, two SCC mixes
were designed and produced with 0% and 100% coarse
RA, respectively, which were subjected to bending and
shear-bending tests. In a second stage, scaled beams
made with the mix containing 100% coarse RA were

subjected to shear and long-term-deflection tests. In all
cases, the scaled beams made with 100% coarse RA met
the requirements of the precast-concrete company that
participated in this research project, suggesting that the
beams could be used in precast-concrete building applica-
tions, although a serviceability-based design is always
recommended.

2 | DESIGN AND
CHARACTERIZATION OF SCC
MIXES

In this section, the design and both the fresh and the
mechanical properties of the SCC mixes used to produce
the beams for structural testing are described.

2.1 | Raw materials

The raw materials used to prepare the SCC mixes were
supplied from the precast-concrete company that had
agreed to participate in this research. The company
employs these materials to produce the concrete mixes
for its precast-concrete components.

Two SCC mixes were prepared which incorporated
CEM I 52.5 R (EN 197-1>%), with a density of approximately
3.12 Mg/m?; drinking water from the mains supply, con-
taining no compounds that could be detrimental to con-
crete mixes; two superplasticizers, necessary to achieve
high levels of self-compactability without increasing the
water-to-cement ratio to a level that could cause a large
decrease in strengthzl; and limestone filler <0.063 mm,
with a density of 2.77 Mg/m?, and a purity of 96.5%, which
improved the filling capacity and strength performance
of SCC.

The precast-concrete company usually extracts its
own NA from a company gravel pit that is supplied in
the form of a siliceous aggregate of rounded shape in
two fractions, 0/2 and 2/12.5 mm. The RA was produced
from precast-concrete beams and columns manufac-
tured at the precast company plant with compressive
strengths higher than 45 MPa that had been rejected
due to faulty sizes or geometrical defects. Thus, the par-
ent concrete of the RA could be considered of a high
quality.”®> Company machinery was used to produce the
RA, by means of hydraulic clamping, followed by jaw
and impact crushing. Finally, sieving produced a coarse
RA 4/12.5 mm. No use was made of fine RA in this
study. Figure 1 shows the particle sizes of the above-
mentioned aggregates, while Table 1 shows the higher
water absorption and lower density of coarse RA com-
pared to NA.
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2.2 | Mixdesign

Two SCC mixes were formulated with 0% (mix C) and
100% (mix CR) coarse RA, respectively, whose composi-
tion is shown in Table 2. Mix CR was designed, because
the goal of the experimental campaign was to verify
whether a mix with large amounts of coarse RA met the
requirements for the production of precast-concrete
building components at a precast-concrete plant continu-
ally engaged in the production of these sorts of products.
However, a comparison of the bending and shear-
bending test behaviors of that mix and a mix with 100%
coarse NA was considered worthwhile, in order to ana-
lyze the effects of coarse RA additions. Mix C was there-
fore also developed.

First, mix C (0% coarse RA) was designed. This mix
was proportioned to meet the fresh and hardened perfor-
mance specifications that are required at the company
plant: a slump class SF1 (slump flow of 600 + 50 mm) or
higher according to EN 206°*; a viscosity-slump-flow
class of at least VS2 (t599 between 2 and 5 s) according to

=== NAO/2mm == == NA2/125mm eeeee RA 4/12.5 mm
100 -
e BN =N
< 80 s :
£ \ "
g 70 Y
g 60 - A \
S A \
g 50 ] = \\
= 40 == 3
2 30 X “
&€ 20 X =
10 : — -
0 See, ,\ - So
10 1 0.1 0.01
Particle size (mm)
FIGURE 1 Particle size of the aggregates (EN 933-1°%).
TABLE 1 Density and water absorption levels of the aggregates

(EN 1097-6°%).

Saturated-surface-dry 24-h water
Property density (Mg/m?) absorption (%)
NA 0/2 mm 2.64 0.26
NA 2/12.5 mm 2.63 1.16
RA 4/12.5 mm 241 4.15

TABLE 2 Mix design (kg/m?>).
CEM I

Mix 525 R Water Admixture 1 Admixture 2
c 320 112 0.55 1.32
CR 320 112 0.90 2.20

ﬁb | 3479
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EN 206> and a minimum compressive strength of
45 MPa according to EN 12390-3.>* The initial propor-
tions of the components of this mix were defined accord-
ing to the usual industrial dosage of SCC, although they
were subsequently empirically modified to meet those
requirements.

Afterwards, mix CR was designed. To do so, 100%
coarse NA was replaced with RA using the volume cor-
rection method. In addition, as the coarse NA 2/12.5 mm
was replaced with coarse RA 4/12.5 mm, due to the desire
to limit this research to the coarse fraction of RA, the con-
tent of NA 0/2 mm was also increased when adding RA,
to adjust the particle size of the mix. Finally, the water
content was not increased to compensate for the higher
water absorption levels of coarse RA, thus offsetting the
expected decrease in strength following the additions of
coarse RA.*' However, no increase in water content
decreased SCC flowability, which was partially solved by
increasing the plasticizing-admixture content. In this way,
mix CR also met the in-fresh and in-hard behavioral speci-
fications of the precast-concrete company, which were
identical to those established for mix C.

2.3 | SCC production

The SCC mixes were produced on an industrial scale.
Both mixes were manufactured at the precast-concrete
plant in volumes of 2 m® in a vertical-axis concrete mixer.
Other plant facilities (storage hoppers, raw-material
weighing systems, etc.) were also used. A two-stage mix-
ing process was followed, in order to achieve adequate
flowability:

« The first stage of mixing consisted of wetting the con-
crete mixer. Subsequently, the coarse and fine aggre-
gate and the first half of the water were progressively
added and mixing continued for another 3 min, to
assist aggregate water absorption, so that the flowabil-
ity of the SCC remained constant.”®

« The second stage consisted of adding the remaining
raw materials: cement, limestone filler, admixtures,
and the second half of the water. After that, the SCC
was mixed for 5 min to ensure optimal aggregate water
absorption, and adequate cement hydration.”

Limestone NA NA RA

filler 0/2 mm 2/12.5 mm 4/12.5 mm
280 650 1150 0

280 720 0 1040
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24 | Fresh and mechanical properties of
SCC mixes

After mixing, a concrete sample was taken to perform the
slump-flow test (EN 12350-8>%), and the specimens for
the mechanical characterization of the mixes were pre-
pared. For each SCC mix, fifteen 15 x 30-cm cylindrical
specimens were prepared to measure the compressive
strength (EN 12390-3°*) at 1, 7, 28, and 180 days and the
splitting tensile strength (EN 12390-6°") at 28 days. Each
property was determined on three specimens at each age.
All specimens were air cured in the indoor laboratory
environment, to simulate the curing of the beams.
Table 3 lists both the fresh and the mechanical properties
of the mixes:

+ Both mixes complied with the SCC flowability require-
ments at the precast-concrete plant, as indicated in the
mix-design section. The addition of coarse RA led to a
decrease in SCC flowability that was, on the one hand,
due to its high water absorption levels** and, on the
other, to its irregular shape that hindered the dragging
of the aggregate particles within the cement paste.*
However, these aspects were partially compensated by
increasing the amount of plasticizing admixtures.

+ Regarding mechanical behavior, the difference in com-
pressive strength between both mixes was minimal,
with mix CR even showing a higher strength than mix
C at 180 days (62.4 vs. 59.9 MPa). A behavior made
possible due to the non-modification of the water con-
tent when adding coarse RA, which balanced the
expected decrease in strength,21 as well as due to the
good mechanical strength of the parent concrete.’
Both mixes were designed to have practically identical
compressive strengths, so the structural-feasibility
analysis was focused on the aggregate type and not on
the compressive strength of SCC.

« The mix-design strategy was not as effective in relation
to splitting tensile strength, although the difference
between the two mixes remained small (less than 5%).

TABLE 3 Fresh and mechanical properties of the SCC mixes.
Property Mix C Mix CR
Slump flow (mm) 765+10 680 + 15
Slump-flow viscosity, tsoo (S) 2.5+ 0.2 4+0.1

1-day compressive strength (MPa) 31.1+13 328+04

7-day compressive strength (MPa) 591+11 569 +1.3

28-day compressive strength (MPa) 59.4+14 583+09
599+12 624+0.7

5.5+0.2

180-day compressive strength (MPa)

28-day splitting tensile strength (MPa) 52+0.1

This could be due to the greater dependence of split-
ting tensile strength on the bond between the aggre-
gate and the cementitious matrix, which decreased
when coarse RA was used.'® It is also worth noting the
greater dispersion of failure modes and experimental
values commonly shown by splitting tensile strength
compared to compressive strength.>®

3 | BEAM TESTING: TEST DESIGN
AND THEORETICAL VALUES

At the same time as the specimens for the mechanical
characterization of the mixes were produced, the beams
for the structural tests were also prepared, which were
tested after 1 year of air curing inside the laboratory. All
aspects related to the manufacture of the beams, such as
their dimensions and reinforcement, as well as the exper-
imental plan, calculations, and structural verifications
conducted, were defined according to the specifications
of the precast-concrete plant. The collaborating company
uses this same procedure to ensure that any novel con-
crete mix, such as the one analyzed in this study contain-
ing recycled aggregate, is suitable for the manufacture of
its precast-concrete components.

3.1 | Rebar characteristics

The scaled reinforced-concrete beams contained 10 and
12 mm diameter rebars for longitudinal tensile reinforce-
ment, 10 mm for the longitudinal compressive reinforce-
ment, and 6 mm for the transverse shear reinforcement.
The rebars were the same as those used by the precast-
concrete company to reinforce its concrete components: a
standardized B 500 SD steel as per the specifications of
both UNE 36068°° and Eurocode 2.°° Following the indi-
cations of Eurocode 2,%° a yield strength of 500 GPa was
assumed at a theoretical strain of 4.5%o for this steel type
in the theoretical structural calculations performed. In
addition, the plastic field was assumed to cover a strain
of up to 10%o.

3.2 | Beam details: Dimensions
and reinforcement

Both the beam dimensions and the steel reinforcements
were the same as the precast-concrete components pro-
duced at the company plant, following its established
guidelines. Figure 2 depicts a schematic diagram of the
beam dimensions and reinforcements.
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FIGURE 2 Beam details:
dimensions and reinforcement S S
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« Two types of beams were produced for the experimental
campaign: 12 x 24 x 180-cm beams for bending, shear and
long-term-deflection tests; and 24 x 24 x 130-cm beams for
the shear-bending tests. The test spans were 150 cm (1.5 m)
for the bending, shear and long-term-deflection tests, and
100 cm (1.0 m) for the shear-bending test.

+ The longitudinal compressive reinforcements consisted of
2010 in all cases. However, the longitudinal tensile rein-
forcements consisted of 2010 for the 12 x 24 x 180-cm
beams and 2012 for the 24 x 24 x 130-cm beams. For
both types of beams, the transverse shear reinforcement
consisted of @6 stirrups placed every 14 cm. A 15-mm
concrete cover was considered for all the reinforcements.

3.3 | Beam production

The beams were manufactured at the precast-concrete plant,
following the procedure shown in Figure 3. A volume of
2 m® of each SCC was produced in a vertical-axis industrial
concrete mixer. Subsequently, the SCC was poured into 1-m?
concrete skips with automated discharge chutes, through
which the beam formworks, previously positioned on the
concreting bench, were filled. At the same time as the beams
were prepared, the slump-flow test was performed, and the
specimens for the mechanical tests were prepared, as
detailed in the previous section. Three beams were produced
for each test performed on each concrete mix.

34 | Testset-up

Both bending and shear-bending tests were performed on
mixes C and CR, while the shear and the long-term-

deflection tests were only performed on mix CR. The
objective was to ascertain whether mix CR (100% coarse
RA) complied with the necessary specifications that are
required for use in precast-concrete components. The
same mix was also compared with an SCC mix contain-
ing conventional coarse NA in the bending and shear-
bending tests.

3.4.1 | Hydraulic actuator

All structural tests, except for the long-term-deflection test,
were performed with an MTS model 201.70HF hydraulic
actuator with a compressive-loading capacity of 1460 kN
and a tensile-loading capacity of 932.5 kN. The built-in
load cell was capable of measuring a load of up to 1000 kN
at an accuracy of +0.01 kN. In addition, it was equipped
with an extensometer for measuring the displacement of
the load piston with an accuracy of +0.01 mm. Both
magnitudes—applied force and piston displacement—
were recorded under a loading rate of 0.05 kN/s, which
were the results of the structural tests.

34.2 | Bending test

A schematic diagram of the set-up of the scaled beams
(dimensions of 12 x 24 x 180 cm, span of 1.5 m, simply
supported beams) during the bending test, in which the
load was applied at the midpoint of the test span, is
shown in Figure 4a. A photo of the test set-up for the
bending test is depicted in Figure 4b.

The load was applied continuously during the test at
a rate of 0.05 kN/s, although some stops were made to
analyze the cracking of the beams and to mark the cracks
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FIGURE 3 Beam production: (a) concrete mixer; (b) concrete mixing; (c) concrete skips; (d-f) beam formworks on the concreting

bench; (g) positioning of concrete skip; (h) concrete pouring.

accordingly. As described in the previous section, the use
of the actuator enabled the continuous recording of the
applied load and piston displacement (beam deflection).
Thus, the experimental load-deflection curve was
obtained and the experimental values could therefore be
compared with the theoretical ones as per Eurocode 2.>*
Based on the test results and the theoretical failure stres-
ses, two key structural verifications of the concrete mixes
are routine procedure at the precast-concrete company:
the bending safety reserve and the bending warning
coefficient.

« The bending safety reserve is the percentage differ-
ence between the experimental bending-failure
moment and the theoretical bending-failure moment
as per Eurocode 2.°° It is determined in Equation (1),
in which BR is the bending safety reserve (%);
LM;,, the experimental bending-failure load (kN-m);
and LMy, the theoretical bending-failure load
(kN'm) calculated in accordance with the set-up of
the bending test. The minimum bending safety
reserve required by the collaborating company
is 20%.
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FIGURE 4 Bending test:
(a) diagram of test set-up;
(b) photo of test set-up.

(a)

b | 3483
CEB-FIP

24cmH_.

_ LMy —LM;
LM,

BR 100. (1)

« The bending warning coefficient (BWCf, dimension-
less) refers to the quotient between the experimental
bending-failure load (LMf., kN-m) and the theoretical
bending-cracking load (LM, kN-m) according to the
set-up of the test, as shown in Equation (2). The
precast-concrete company sets a warning coefficient of
2.5 for all of its concrete mixes.

LM,

BWCf =1
C

2)

Furthermore, two other aspects not routinely evalu-
ated at the precast-concrete plant were studied: first,
the ratio between the theoretical bending-cracking load
and the experimental load when the first crack was
detected; second, the bending warning coefficient calcu-
lated according to Equation (2), but considering the
experimental bending-cracking load. In this way, the fea-
sibility analysis of using SCC with 100% coarse RA under
bending stresses could be analyzed with greater accuracy.

343 | Shear-bending test

Based on conventional methods,®®®! the structural
behavior of a beam upon which a point load (or the
resulting equivalent load) is applied at the midpoint of its
span depends on the quotient between its span and its
depth:

« If the quotient is less than two, it is considered to be a
“short shear beam.” Under those circumstances, the
shear stress will therefore be much greater than the

bending moment, so that the beam will be working
exclusively under shear stress and any bending stresses
may be disregarded.

« If the quotient is greater than five, it can be consid-
ered that the beam almost behaves to an ideally De
Saint Venant beam.*°®> Under typical load condi-
tions, the bending stress will be much more relevant
than the shear stress, and the beam will experience a
banding failure if it incorporates a conventional rein-
forcement. The load should therefore be applied at a
point close to a beam support when a shear test is
performed.

« If the quotient is between two and five, it is considered
that the beam is simultaneously subjected to bending
and shear stresses of the same magnitude and that
both stress types to some extent interact. That sort of
beams should therefore be subjected to shear-bending
tests.

In the shear-bending test, the load was symmetrically
applied at the midpoint of the simplysupported beam
span (Figure 5) at a speed of 0.05 kN/s and with stops to
mark the cracking of the beams. Both the applied load
and the piston displacement were continuously recorded,
so that the bending safety reserve (Equation 1) and the
bending warning coefficient (Equation 2) could be evalu-
ated, using the same values habitually employed for the
bending tests at the precast-concrete company. However,
according to the above-mentioned points, the beams
showed a different structural behavior in the shear-
bending test (1-m span, 0.24-m height, and 4.17 span-to-
height ratio) than in the bending test (1.5-m span, 0.24-m
height, and 6.25 span-to-height ratio). Thus, the shear-
bending test simulated precast-concrete components sub-
jected to very high loads, but at the same time with a very
small span, so that they were simultaneously under high
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FIGURE 5 Shear-bending
test: (a) diagram of test set-up;
(b) photo of test set-up; (c) detail
of the load-application point.

levels of bending and shear stresses. The precast-concrete
company therefore also required a minimum shear safety
reserve of 20% in this test, calculated according to
Equation (3) (shear safety reserve SR, %; experimental
shear-failure load LV, kN or N; theoretical shear-failure
load LV}, kN or N, estimated as per Eurocode 2% and the
set-up of the shear-bending test).

LV —LVy o
LVg

SR 100. 3)

344 | Shear test

The shear test was conducted on simply supported
beams of 12 x 24 x 150 cm, with a span of 1.5 m, as
detailed in Figure 6. The load was applied at a point
whose distance from the support axis was half of the
beam's height, so that the beam was subjected to the
highest possible shear. As with the bending and shear-
bending tests, the load was applied at a speed of 0.05
kN/s, continuously recording the applied force and the
displacement of the piston, although stoppages took
place to mark the cracking of the beams. In this test, the
only set requirement of the precast-concrete company
was a shear safety reserve (Equation 3) of more than
20%, in line with the shear-bending test. Nevertheless,
the shear safety reserve regarding the cracking point
was also evaluated.

15cm

FIGURE 6 Shear test: (a) diagram of test set-up; (b) photo of
beam test set-up; (c) detail of the load-application point.

3.4.5 | Long-term-deflection test

The long-term-deflection test consisted of applying a
point load at the center point of the test beams for
364 days. It was not considered feasible to use the actua-
tor employed in the other tests, as only one actuator was
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FIGURE 7 Set-up of the long-term-deflection test.

available and it was necessary to simultaneously test three
beams, hence the test set-up is shown in Figure 7. The
12 x 24 x 180-cm beams (test span of 150 cm) were sim-
ply supported and an HEB-160 steel profile (EN 10034°%)
was supported perpendicular to the beam at its midpoint.
Two 1000-liter water tanks were hung from each end of
the steel profile. In this way, the weight of the water was
transferred to the steel profile and from there to the
midpoint of the beam. As the steel profile was simply sup-
ported on the beam (with no continuity) and the arrange-
ment of the tanks was symmetrical, only a point load and
no bending moment were transmitted to the concrete
beam. The slabbed floor of the laboratory where the exper-
imental campaign was performed, with a basement and
a mesh of small 0.80 x 0.80 m holes for the anchorage of

different types of frames and actuators, proved useful for
suspending the water tanks from the steel profile. Figure 8
illustrates the experimental set-up for one of the beams.
The test set-up was maintained in place for 364 days, thus
subjecting the beams to long-term loading. The deflections
of the beams over this period of time were continuously
measured using an LVDT located at the midpoint of each
beam and were compared with the theoretical deflections.
The precast-concrete company participating in the
research requested that the instant and long-term (after
364 days) deflections be no higher than 80% and 55% of
the theoretical values, respectively.

The choices of both water-tank capacity (1000 liters)
and the type of steel profile in use (HEB 160) were
jointly decided in consultation with the precast-concrete
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FIGURE 8
deflection test: (a) real

Long-term-

arrangement of a beam;
(b) water tanks.

Element Material Unit weight Load (N) TABLE 4 Total point load applied
in the long-term-deflection test.
Metal profile HEB-160 Steel 580 N/m 1740
Two water tanks (empty) Plastic and steel 545 N/tank 1090
Water (inside the tanks) Water 10,000 N/tank 20,000
Total load - - 22,830
L . . TABLE 5 Theoretical cracking and failure loads.
company, thus achieving the required load to be applied.
The load applied to the test beams is detailed in Table 4, 12 x 24 24 <24 .
a
to which the own weight of each beam, estimated at Property x 180-cm beam™  x 130-cm beam
705 N/m, was added. Bending-cracking 13,067 25,067
load LM, (N)
Bending-failure load 32,000 47,580
3.5 | Theoretical cracking and failure LM (N)
loads Shear-failure load 47,175 54,600

The structural verification in each (bending, shear-
bending and shear) failure test involved a comparison
between the theoretical cracking and failure loads and
the experimental (real) value of the actuator load at the
cracking and failure points. Therefore, the theoretical
values of the cracking and failure loads were calculated
for each type of beam, as shown in Table 5. These calcu-
lations were performed following each test set-up
(Figures 4a,5a, and 6a) using software programmed with
the standard specifications of Eurocode 2.°° Thus, both
concrete and steel were considered to work in the elastic
field and the corresponding unitary safety coefficients
were applied. This calculation procedure was chosen
because the precast-concrete company, that is located in
Spain, applies the Eurocode 2 standard® to the design of
its reinforced precast-concrete components. The theoreti-
cal values of the cracking and failure loads were the same
for both SCC mixes, as both were of practically identical
compressive strengths (Table 3).

The theoretical long-term-deflection curve was also
calculated for the long-term-deflection test following the
standard procedure as set out in Eurocode 2,*° the total
applied load (Table 4), and the test set-up (Figure 7).
Since this calculation was made under serviceability

LVy (N)

“Values calculated according to the set-up of the bending test (Figure 4a)
and shear test (Figure 6a).
Values calculated as per the set-up of the shear-bending test (Figure 5a).

conditions, unitary safety coefficients were not consid-
ered. This curve is detailed in the results section of
that test.

4 | BEAM TESTING:
EXPERIMENTAL RESULTS AND
DISCUSSION

Having defined the key theoretical points for the struc-
tural tests on the beams in the previous section, the
results of those tests are presented in this section. The
experimental failure points were defined as those from
which the beams began to show plastic performance,
thus ensuring that the experimental and theoretical fail-
ure points to be compared always corresponded to an
elastic-regime behavior. The results of each test are
shown below as the average values obtained for the three
beams tested for each mix. Moreover, as both SCC mixes
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FIGURE 9 Bending test. = Mix C: load-deflection curve = === Mix CR: load-deflection curve
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¢ Mix C: experimental cracking point Mix CR: experimental cracking point
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under study showed almost the same compressive strength
(Table 3), the effect of coarse RA on the structural behav-
ior of the concrete beams in the tests where the behaviors
of both SCC mixes were compared (bending and shear-
bending test) could be analyzed when RA addition had no
effect on concrete strength. This approach differed from
the evaluations found in other studies in the literature®*>*
where the structural behavior was evaluated in concrete
mixes containing RA of lower strength than those made
with 100% NA.

41 | Bending test
The bending test was conducted on beams manufactured
with both mixes, C and CR, and the average load-
deflection curves are shown in Figure 9. The most char-
acteristic points on these curves are also highlighted,
whose load and deflection values are detailed in Table 6
together with the magnitudes that were verified with the
required specifications of the precast-concrete company.
The use of coarse RA usually decreases the elastic
stiffness of SCC.** From the standpoint of structural rein-
forced concrete, the result is that at the same applied
load, the beams containing 100% coarse RA showed
higher deflection rates than the beams containing 100%
NA.%® However, in this case, the mix design was such
that both mixes had almost the same compressive

5 6 7 8 9 10 11 12 13 14 15
Deflection (mm)

strength (Table 3). Together with exactly the same set-up
of the reinforcements within the beams of both mixes,
such similar mix designs meant that the elastic-deflection
zones of the tested beams were almost coincident, regard-
less of which coarse aggregate (RA or NA) was used for
their manufacture. Even the CR-mix beams (100% coarse
RA) were slightly stiffer. These observations showed that
the pre-failure structural behavior of conventional SCC
can be successfully simulated using 100% coarse RA pro-
vided that a proper mix design is performed. However,
two notable effects of coarse RA were detected in this
elastic zone:

« On the one hand, cracking was reached for a lower
load in the CR-mix beams (16.2 kN) than in the C-
mix beams (18.1 kN), despite the fact that the
180-day compressive strength was 2.5 MPa higher in
mix CR. One of the main characteristics of RA is its
poorer adhesion to the cementitious matrix than
NA,** which led to premature cracking of the struc-
tural beams at earlier stages.>” It resulted in a lower
safety margin for mix CR with respect to the theoreti-
cal bending-cracking load (Table 6) than for mix
C (experimental-to-theoretical cracking load ratio of
1.38 vs. 1.24). However, in both cases, it was suffi-
cient to guarantee the structural safety of SCC in the
opinion of the structural engineers of the precast-
concrete company.
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Experimental cracking point
Theoretical failure point

Experimental failure point

FIOL ET AL.
TABLE 6 Main results of the bending test.
Mix C Mix CR
Load (N), Table 5 13,067 13,067
Deflection (mm) 1.79 1.74
Load (N) 18,060 + 310 16,190 + 330
Deflection (mm) 2.44 + 0.05 1.98 + 0.04
Load (N), Table 5 32,000 32,000
Deflection (mm) 4.57 4.16
Load (N) 47,510 + 560 45,680 + 600
Deflection (mm) 7.44 +0.11 6.69 + 0.07
Experimental-to-theoretical cracking load ratio 1.38 1.24
Bending warning coefficient (theoretical cracking), Equation (2) 3.64 3.50
Bending warning coefficient (experimental cracking)® 2.63 2.82
32.6 29.9

Bending safety reserve (%), Equation (1)

#Coefficient calculated as per Equation (2), but considering the experimental bending-cracking load.

« On the other hand, the failure of mix C occurred at a
slightly higher load (47.5 kN) than the failure of mix
CR (45.7 kN). The difference between these loads was
almost the same as between the cracking loads indi-
cated above, which proves that the reduction of the
beam section, due to premature cracking, led to higher
stresses within the compressed zone of the CR-mix
beams under the same load,”® thus slightly reducing
the failure load. A phenomenon that could also be
partly due to the lower strength of RA than NA."®

Despite the above, the almost identical compressive
strengths of both mixes (Table 3) meant that the main
difference between them was their post-failure behaviors.
So, while the load-deflection curve of mix CR flattened
onto a horizontal plane after failure, showing a high-
yielding level of concrete, the curve of mix C still showed
a notable load-bearing capacity. Although this zone
strongly depends on the yielding and hardening of the
tensile reinforcement, mix C exhibited a higher strength
reserve after the failure point. Thus, the ultimate load of
the C-mix beams was therefore 17% higher than the ulti-
mate load of the CR-mix beams, being this point charac-
terized in both cases by concrete crushing. Therefore, in
line with other studies,***7%> it can be stated that the
structural beams made of SCC with coarse RA were
therefore unable to support as high an additional post-
failure load as the components produced with SCC con-
taining 100% NA.

Both mixes comfortably met all the structural verifica-
tions that the precast-concrete company required
(Table 6), that is, a bending warning coefficient higher
than 2.5 and a bending safety reserve of over 20%.

FIGURE 10 Cracking during the bending test of a
representative CR-mix beam: (a) theoretical failure point;

(b) experimental failure point.

However, as a result of the aspects discussed in this sec-
tion, these values were slightly better in mix C. Thus, for
example, mix C had a safety reserve of 32.6% compared
to 29.9% for mix CR. The cracking of mix CR followed the
usual patterns,”®® with the appearance of vertical bend-
ing cracks (Figure 10a) which grew as the load increased
at the same time as other intermediate cracks continued
to propagate up until failure (Figure 10b). In view of all
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bending test.
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these aspects, the precast-concrete company was able to
affirm that the use of mix CR in precast-concrete building
components was both feasible and suitable from the
point of view of bending stresses.

4.2 | Shear-bending test

The shear-bending test of the three beams of each mix,
C and CR, involved the continuous recording of applied
load and beam deflection, as well as stoppages to analyze
the crack propagation patterns. Figure 11 shows the aver-
age deflection curve for both mixes, also showing the
most representative points, the values of which are
detailed in Table 7.

In the shear-bending test, both mixes showed an
elastic behavior up to the failure point, after which the
slope of the load-deflection curve decreased sharply,
with the beams showing clear yielding. In general terms,
the shape of the curve was similar to the obtained in the
bending test, although important performance differ-
ences were found:

« First, unlike in the bending test, the elastic behavior of
the beams in the shear-bending test could be divided
into two zones with different slopes. The inflection
point of the slope was approximately between the theo-
retical cracking point and the theoretical bending- and

4

5 6 7 8 9
Deflection (mm)

10 11 12 13 14 15 16

shear-failure points. Up to this change of slope, the
load-deflection curves of both mixes were coincident,
which shows that in the zone of the load-deflection
curve previous to the theoretical failure points, which
are the ones considered in the design, an SCC mix con-
taining 100% coarse RA can show the same structural
response as a mix made with conventional NA if both
mixes have similar compressive strengths.

In the second elastic-behavior zone, after the theoreti-
cal failure points and up to the experimental failure
point, the beams of both mixtures presented similar
stiffness, but mix C showed a lower deflection for the
same load. Unlike the result reported in the previous
section regarding the bending test, it was more in line
with the literature, according to which the use of
coarse RA increases the deformability of SCC when
used in structural applications, due to the greater flex-
ibility of RA in comparison with NA.*”®*%> Beam
deformability in the shear-bending test was higher
than in the bending test, due to the shorter span of
the beams and their higher longitudinal compression
reinforcement,®® so the deflections at which the
cracking and failure points were reached were gener-
ally higher.

Regarding the experimental failure point, mix C failed
at an average load of 191.1 kN, while the failure of mix
CR occurred at 160.7 kN, which was 15.9% lower.
While both mixes failed under similar loading in the
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Mix C
Load (N), Table 5 25,067
Deflection (mm) 2.53
Load (N), Table 5 47,580
Deflection (mm) 3.48
Load (N), Table 5 54,600
Deflection (mm) 3.72
Load (N)

Theoretical cracking point

Theoretical bending-failure point

Theoretical shear-failure point

Experimental failure point

Deflection (mm) 7.21 + 0.09
Bending warning coefficient, Equation (2) 7.62
Bending safety reserve (%), Equation (1) 75.1
Shear safety reserve (%), Equation (3) 71.4

bending test, the failure loads in the shear-bending test
were very different even though the compressive
strengths of both mixes were very similar (Table 3).
The interaction between the bending and shear stres-
ses may have favored this behavior,”” resulting in a
worse structural response of the SCC mix containing
100% coarse RA.

+ The third and last zone corresponded to the yielding of
the concrete in the compressed zone, which occurred
immediately after the experimental failure point. As
with the bending test, the slope of the load-deflection
curve decreased very sharply in both mixes, although
they still showed load-bearing capacity. Mix CR dem-
onstrated a similar load-bearing capacity to the one
shown in the bending test, following a similar trend to
others noted elsewhere.®”°® Nevertheless, the C-mix
beams, as in the bending tests, showed a higher capac-
ity to support loads after failure, possibly due to the
higher stiffness of coarse NA compared to RA.*°

All the structural verifications satisfied the specifica-
tions required at the precast-concrete company and the
beams were fully compliant, as the values for the bending
warning coefficient and the safety reserves were 2-3
times higher than the required values (Table 7). There-
fore, the use of mix CR to produce structural precast-
concrete elements was, in the opinion of the engineers at
the precast-concrete company, feasible from a shear-
bending-interaction approach. Furthermore, it should be
noted that this wide safety margin was obtained, despite
the fact that mix CR (100% coarse RA) performed worse
in this shear-bending test than when 100% NA was used,
unlike in the bending test where the failure load was
practically the same. Finally, it should be emphasized
that the cracking of the beams underlined the interaction
between bending and shear stresses, as shown in
Figure 12. Thus, the first cracks detected were bending

191,070 + 1400

TABLE 7 Main results of the shear-
bending test.

Mix CR
25,067
2.36
47,580
3.54
54,600

3.89
160,730 + 1550
7.00 + 0.10
6.41

70.4

66.0

torack
. 27 crack

3¢ crack 2™ crack

FIGURE 12
bending test of a CR-mix beam.

Cracking at an intermediate point of the shear-

cracks (first and second cracks in Figure 12), but later
oblique cracks appeared, due to shear stresses (third
crack in Figure 12).

4.3 | Shear test
The encouraging bending and shear-bending test results
led to the decision, in conjunction with the precast-
concrete company, to perform the shear test on three CR-
mix (100% coarse RA) beams. As with the other failure
tests, the applied load and piston displacement were con-
tinuously recorded, obtaining the load-deflection curve
shown in Figure 14. In addition, the most representative
points are depicted, whose values are shown in Table 8.
The load-deflection curve of the shear test and the
shear-bending test were both very similar (Figure 13), as
both were clearly influenced by the shear stress.®® There-
fore, the same zones were observed in this curve as those
described for the other test:

« The initial elastic performance had two zones with dif-
ferent slopes: a first zone with a smaller slope and
another in which the beam showed greater stiffness.
The initial zone had a lower extension than in the
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FIGURE 13 Shear test. = === Mix CR: load-deflection curve B Mix CR: theoretical failure point
160.000 ¢ Mix CR: experimental cracking point @  Mix CR: experimental failure point
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FIGURE 14 Crackingofa
CR-mix beam during the shear
test: (a) experimental cracking
point; (b) experimental failure
point; (c) intermediate point
after the experimental failure
point; (d) experimental ultimate
yield point at the end of the test;
(e) view of cracking on the lower
face of the beam at the ultimate

yield point.
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shear-bending test, possibly due to the absence of a sig- TABLE 8 Main results of the shear test.
. pe . 67
nificant bendmg mome‘nt. . MixCR
« The second linear elastic zone started at a deflection of _ '
approximately 4 mm. The theoretical failure point was Theqre:ttlcal failure Load (N), Table 5 47,175
. . 1n .
located at this zone, at a deflection of 4.52 mm. After po Deflection (mm)  4.52
this point, the load continued to increase in proportion Experimental cracking Load (N) 82,460 + 780
with the deflection, reaching cracking for a load of point Deflection (mm)  5.80 + 0.06

82.5 kN (deflection of 5.80 mm), which was clearly
caused by shear stress, as detailed in Figure 14a. It can
be noted that the theoretical failure load was around
half of the one that caused the first cracking of the
beam, which provides initial evidence of the good
structural shear behavior of mix CR, as the shear safety
reserve was at this point already 42.8% (Table 8). After
the experimental cracking point, the load continued to
increase in proportion with the deflection up until the
experimental failure point.

» The experimental failure load was 115.0 kN (deflection
of 7.09 mm), approximately 2.5 times higher than the
theoretical failure load, which yielded a shear safety
reserve of 59.0%. The safety reserve far exceeded the
minimum value required by the precast-concrete
company, which showed the validity of mix CR for
the precast-concrete industry in terms of withstanding
shear stress. The cracking at this point is shown in
Figure 14b. The failure results were similar to others
reported in the literature.*>*>%

« After the experimental failure point, the load-
deflection curve was not horizontal, but the beams still
showed load-bearing capacity. Thus, cracking contin-
ued to increase (Figure 14c) up until failure (load of
149.7 kN, deflection of 11.47 mm). The cracking at this
point was very significant, with a crack opening in the
order of 4-5 mm (Figure 14d and Figure 14e), which is
related to the higher ductility of SCC compared to con-
ventional vibrated concrete, due to its higher cement-
paste proportion.”

44 | Long-term-deflection test

The failure tests were complemented with a serviceability
test, the long-term-deflection test. In this way, all struc-
tural tests to ensure the applicability of mix CR in the
precast-concrete components were covered. As with the
shear test, the long-term deflection test was only per-
formed on three CR-mix beams, comparing the theoreti-
cally expected and the experimental results.

The average beam deflections at their span midpoints,
measured using LVDTs throughout the test, are shown in
Figure 15a. The test was performed in a controlled labo-
ratory environment, so that the influence of temperature

Experimental failure
point

Load (N)

Deflection (mm)

114,970 + 1010
7.09 + 0.09

Shear safety reserve (%) as per Equation (3) 59.0

Shear safety reserve (%) regarding cracking 42.8
point*

Safety reserve calculated with Equation (3), but considering the
experimental cracking load instead of the experimental failure load.

on the results was negligible,> and the following relevant
points were noted:

« At the point of initial loading, there was a sudden
increase in deflection, instant deflection, with a value
of 0.216 mm. From that point onwards, the deflection
increased slowly over time due to creep phenomena in
the concrete and reinforcing bars.*

o After the instant deflection, the deflection increased
slowly over time, at a rate of 0.0008 mm/day, up until
approximately day 42, at which time the deflection
began to increase at a rate of around 0.0026 mm/day
until day 77. This zone of the long-term-deflection
curve had a similar shape to the elastic-behavior zone
of the shear-bending and shear tests, which can be
explained by the sustained loading of the beams over
time.®’

« As from day 77, the evolution of deflection over time
stabilized, increasing at a rate of 0.00014 mm/day until
day 259, at which point deflection remained constant
and equal to 0.351 mm until the end of the test.

The experimental values were compared with the
expected theoretical ones. So, the instant and long-
term deflections were calculated according to the for-
mulas of materials resistance (instant deflection) and
the Eurocode 2% specifications (long-term deflection).
No unitary safety coefficient was considered as it was
a calculation under serviceability conditions. Thus,
Figure 15a shows the theoretical evolution over time
of the deflection at the midpoint of the beams, which
presented a markedly logarithmic evolution. On the
other hand, Figure 15b shows the theoretical instant
and long-term deflections (at the end of the test, after
364 days of loading) at all points of the beam. The
instant and long-term theoretical deflections at the
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midpoint of the beam span were 0.301 and 0.722 mm,
respectively. Considering that both the instant and the
long-term experimental deflections were 0.216 and
0.351 mm, the experimental values represented 71.8%
and 48.6% of the theoretical instant and long-term
deflection values, respectively. Both deflections met
the set requirements of the precast-concrete company,
which stated that the experimental value should be
at most 80% of the theoretical value for instant deflec-
tion and 55% of the theoretical value for long-term
deflection. However, it should be noted that, among
all the verifications linked to the four tests, the def-
lection values were the ones that complied with the
lowest safety margin, especially in the long term.
These results reinforce the idea that serviceability con-
ditions should always be considered in the design of
RA-reinforced concrete components, as reported in the
existing literature,’>*>’° and that this aspect also has
to be considered in the use of SCC in the precast-
concrete industry.

5 | CONCLUSIONS

In this study, an experimental campaign conducted with
the participation of a precast-concrete company has been
reported. The objective has been to verify the structural
viability of precast-concrete components made from SCC
containing 100% coarse RA. For this purpose, an SCC
mix with 100% coarse RA was designed, with which
scaled beams were produced following the specifications
that are generally required at the company. The beams
were subjected to bending, shear-bending, shear, and
long-term-deflection tests. The study was complemented
with the comparison of the behavior of this mix in the
bending and shear-bending tests with the behavior of an
SCC mix containing 100% NA of the same compressive
strength. The following conclusions can be drawn from
the study:

« Both the beams produced with coarse NA and those
prepared with coarse RA showed the same stiffness
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within the elastic-behavior zone, before the failure
point, during the bending and shear-bending tests.
Despite the higher flexibility of RA compared to NA,
an adequate adjustment of the SCC dosage in terms of
water content and superplasticizing admixture meant
that the fresh and mechanical behavior of SCC with
RA could be balanced, so that the structural behavior
of the SCC with 100% coarse NA (0% coarse RA) could
be replicated with RA. However, despite the same
compressive strength of the mixes, the load-bearing
capacity after failure was lower after coarse RA had
been added.

« The SCC beams with 100% coarse RA widely complied
with all the set requirements at the precast-concrete
plant for the failure tests, that is, bending, shear-bend-
ing, and shear tests. In fact, the safety checks performed
were 1.5-3 times higher than the set requirements.
Thus, from a failure-design approach and according to
the indications of the collaborating company, the use of
SCC with 100% coarse RA would be suitable for produc-
ing precast-concrete building elements.

« In relation to in-service conditions, the SCC with 100%
coarse RA fulfilled the requirements of the long-term-
deflection test within a narrow margin. More specifi-
cally, the instant and long-term (after 1 year of load-
ing) experimental deflections were required to be at
most 80% and 55% of the theoretical values, respec-
tively. The instant deflection was found to be 71.8% of
the theoretical value, while the long-term deflection
was 48.6%. These results showed that the design in ser-
vice was more restrictive than under failure conditions,
so the serviceability conditions should always be con-
sidered in the design of precast-concrete components
of this sort containing maximum proportions of RA.

In general, it may be noted that SCC with 100%
coarse RA can be safely used for the manufacture of
precast-concrete building elements, although the design
should always be based on the serviceability perfor-
mance, as serviceability is the most restrictive aspect
when this alternative aggregate is used in SCC. Neverthe-
less, these points have been evaluated on scaled beams,
so it might be interesting in a subsequent step of the
research to study the behavior of real precast-concrete
building elements such as delta and slab beams.
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