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A B S T R A C T

This work deals with the flexural performance of recycled concrete subjected to increasing loads up to failure.
For this purpose, eight reinforced concrete beams were made with recycled coarse aggregates using two different
water to cement ratios (0.50 and 0.65) and four replacement percentages (0%, 20%, 50% and 100%). Firstly, the
basic concrete properties were determined (mechanical strengths and modulus of elasticity) and then, beam
specimens were loaded up to failure using a four-point bending test at 28 days. As a result, bending moments,
deflections, strains and curvatures were obtained at different load levels (cracking, service, yielding and ultimate
state conditions), and also, the crack pattern.

On the basis of these results, it can be noted that service, yielding and ultimate state of recycled concrete
exhibits, in general, a similar trend to that of conventional concrete. However, the cracking behaviour shows
differences between recycled and conventional concrete. Finally, code-based expressions were used to calculate
bending moments and deflections under flexural load, taking into account the different content of recycled
coarse aggregate.

1. Introduction

In order to promote the sustainability of concrete, efforts have been
made to address some of the environmental problems associated with
concrete waste. In line with this, numerous researches have been con-
ducted to analyse the structural performance of recycled concrete
[1–13]. However, its use in real building and civil engineering appli-
cations requires more full scale studies, to assess the load-deformation
response of recycled concrete that leads to good agreement on struc-
tural design.

Regarding flexural performance of structural recycled concrete,
different investigations have been carried out [4,8,9,12]. However, the
number of studies on concretes with high replacement percentages is
scarce and additionally, some contradicting conclusions have been de-
tected. While some authors [1,9,10,13] have found that recycled con-
crete beams show higher deflections, and cracking moments lower or
similar to those of the conventional, others [6,8] have reported no
significant difference between recycled and conventional concrete in
terms of flexural performance.

On the basis of the literature review, it can be seen that the code-
based procedures for conventional concrete can also be applied to re-
cycled concrete predictions for flexural behaviour [2,6,9], although

some differences have been detected. In line with this, the increase in
recycled coarse aggregate results in the reduction of concrete stiffness
[9], which is consistent with the increased beam deflections of recycled
concrete. Most authors [2,8–10] point out similar yielding and ultimate
behaviour, but some [7] have found little differences in cracking be-
haviour, in terms of crack spacing and pattern.

In general, it can be said that recycled concretes are able to fulfill
strength and serviceability requirements similarly to conventional re-
inforced concrete. However, in order to encourage its use as structural
concrete, it is important to be able to design reinforced concrete
members made with recycled coarse aggregate, using existing design
methods [6]. Accordingly, recent publications [2,9] have indicated that
more full-scale research should be done to stablish a good agreement on
its flexural performance and increase the results database for structural
recycled concrete. This would lead to concrete properties, service-load
and ultimate–load behaviour being predicted with the same approx-
imation degree as conventional concrete.

Furthermore, with the aim of carrying out an accurate structural
design, some concrete parameters have to be considered such as, ten-
sion stiffening, strength capacity or cracking behaviour. Tension stif-
fening is known as the concrete contribution after cracking and has
significant importance in structural design. This parameter is required

https://doi.org/10.1016/j.engstruct.2017.11.015
Received 8 November 2016; Received in revised form 19 September 2017; Accepted 8 November 2017

⁎ Corresponding author.
E-mail addresses: gumersinda.spaz@udc.es (S. Seara-Paz), bfonteboa@udc.es (B. González-Fonteboa), fmartinez@udc.es (F. Martínez-Abella), jeiras@udc.es (J. Eiras-López).

Engineering Structures 156 (2018) 32–45

0141-0296/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2017.11.015
https://doi.org/10.1016/j.engstruct.2017.11.015
mailto:gumersinda.spaz@udc.es
mailto:bfonteboa@udc.es
mailto:fmartinez@udc.es
mailto:jeiras@udc.es
https://doi.org/10.1016/j.engstruct.2017.11.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2017.11.015&domain=pdf


to accurately design concrete structures as customary serviceability
conditions occur after cracking. The strength capacity after cracking
can be obtained based on the height of the compression zone of cracked
concrete, which depends on the concrete deformability and reinforce-
ment ratio. Regarding cracking behaviour, most authors have pointed
out that recycled concretes show, in general, worse behaviour than
conventional ones [1,9,10,13]. This will probably result in lower stiff-
ness and therefore, lower concrete contribution after cracking when
recycled coarse aggregate is used in structural members. The increased
shrinkage strain of recycled concrete is related to its higher concrete
deformation and lower tensile splitting strength, which result in a
premature cracking and lower stiffness [14,15]. In line with this, it is
expected that greater shrinkage of recycled concrete [16–21] leads to
different flexural performance of recycled concrete structures.

Another important concrete feature in the design of structural
concrete is the concrete-steel bond behaviour. Crack spacing and crack
width depend on the interaction between concrete and steel rebars,
which is also directly related to concrete stiffness after cracking.
Although the lower bond strength of recycled concretes leads to the
prevision of lower stiffness, this property has not been further analysed
for different replacement percentages of recycled coarse aggregate.
Additionally, stiffness after cracking largely depends on the compres-
sion height, which can be experimentally determined using a strain
diagram of the cross section. Therefore, a sectional analysis is required
to fully understand the structural behaviour of recycled concretes,
especially its serviceability.

After reviewing available literature, it can be detected that there is
no agreement on the effect of these features when their joint influence
is analysed on a full-scale concrete structure made with recycled coarse
aggregates. Hence, the aim of this work is to provide useful guidelines
for a full structural serviceability and ultimate stage design, involving
different replacement percentages of recycled coarse aggregates and the
effect of concrete properties.

2. Objectives and methodology

The main goal of this work is to analyse the flexural performance of
recycled concrete, in order to design structural concrete using recycled
coarse aggregates with a similar degree of approximation as conven-
tional concrete.

For said purpose, simply-supported reinforced concrete beams were
tested using a full scale load test up to failure with displacement con-
trol. All beam specimens were gradually loaded up to collapse using a
four-point bending and loading procedure. In order to analyse the
flexural performance of recycled concrete beams under short term load,
the moments and deflections were determined, and studied at cracking,
service, yielding and ultimate state. The cracking pattern was also
evaluated.

The methodology chosen to analyse the results was developed in
two stages. In the fist stage, the objective is to know how much the
main flexural parameters (cracking moment, yielding moment, deflec-
tions, cracking…) are affected by the incorporation of recycled ag-
gregate. Therefore, all concretes were made with the same dosage but
for the coarse aggregate, which was replaced with recycled concrete
coarse aggregate (by volume) at different percentages. With the dif-
ferent concretes the beams were made and their flexural behaviour
compared after being tested up to failure.

In the second stage the objective is to analyse if it is necessary or not
to adapt the flexural code proposals (adjusted for conventional con-
cretes) to take into account the recycled aggregates used. This analysis
has been made using the ratios “experimental parameter/calculated
parameter”. If the ratios obtained with conventional and recycled
beams are similar, code expression can be used and provide a similar
approximation degree regardless the type of the concrete (recycled or
conventional). If the ratios are different code expression need to be
corrected.

This methodology lead to the assessment of, not only the flexural
behaviour of structural concrete made with recycled coarse aggregate,
but also the suitability of current code expressions to design this con-
crete.

Abbreviations

fc Compressive strength at 28 days (MPa)
fct Tensile splitting strength at 28 days (MPa)
Ec Modulus of elasticity at 28 days (MPa)
δcr Cracking deflection at midspan beam (mm)
δyiel Yielding deflection at midspan beam (mm)
δult Ultimate deflection at midspan beam (mm)
δser Service deflection at midspan beam (mm)
M bending moment (kNm)
Mcr Cracking moment at midspan beam (kNm)
Myiel Yielding moment at midspan beam (kNm)
Mult Ultimate moment at midspan beam (kNm)
Mser Service moment at midspan beam (kNm)
ML/350 Moment related to the maximum deflection admitted by

Structural Code at midspan beam (kNm)
Wck Crack width (mm)
Sr,max Maximum crack spacing (mm)
εsm–εcm Average of steel and concrete strains at tensile stress (µε)
x Depth of the compression zone (mm)
c Concrete cover (mm)
ϕ Bar diameter (mm)

3. Experimental program

This investigation is part of a long research project, whose main
objective was to carry out a full study of structural recycled concrete.
Physical and mechanical properties, bond behaviour, shrinkage and
creep have already been evaluated in previous works [7,11,22]. This
research focuses on the flexural performance of reinforced concrete
beams made with recycled coarse aggregate. For said purpose, re-
inforced beams were made from each designed concrete and loaded up
to failure, to obtain deflections and strains at different load levels (pre-
cracking, cracking, service, yielding and ultimate state conditions). This
experimental program also encompassed basic concrete characteriza-
tion, both in fresh and hardened state.

3.1. Materials and concrete mixtures

CEM I–52.5N/SR cement according to EN 197-1 and a super-
plasticizer as a water reducing admixture SIKAMENT 500 HE were
used.

Three different size fractions of coarse aggregate were used, two
conventional aggregates from crushed limestone and one recycled ag-
gregate from the demolition of concrete structures mainly consisting of
aggregate with adhered mortar. Regarding fine aggregate, only natural
sand was used, also from crushed limestone. Table 1 summarizes the
basic properties of these aggregates and Fig. 1 shows their grading

Table 1
Basic properties of the aggregates used [7,11,22].

0–4N 8–20N 4–12N 4–16R

Density (EN 1097-6) kg/m3 2669.4 2655.9 2610.4 2566.0
Density in oven-dry conditions (EN

1097-6)
kg/m3 2520.3 2565.2 2468.8 2254.0

Water absorption (EN 1097-6) % 2.2 1.3 2.2 5.4
Los Angeles Abrasion (EN 1097-2) % – 23.1 – 34.3
Fineness module (EN 933-1) 3.7 7.4 6.2 7.2
Fines percentage (EN 933-1) % 11.5 0.4 1.5 0.3
Moisture content (EN 933-1) % 0.1 0.1 0.1 2.9
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curves and the composition of the recycled coarse aggregate. These
results have already been presented in previous papers [7,11,22],
which analyse other concrete properties as part of this broad research
project on structural recycled concrete.

Using these materials, two series of concrete have been designed,
one with a water to cement ratio of 0.50, and another of 0.65. The first
one was selected to be used under quite aggressive environmental
conditions and the 0.65 ratio corresponds to the maximum admissible
by the standards in structural concrete (suitable to be used in non-ag-
gressive environmental conditions). They are named H50 and H65,
respectively. Each series consisted of four types of concretes, three of
which were made using different replacement percentages of conven-
tional coarse aggregate with recycled aggregate (20%, 50% and 100%,
by volume); and the other with 0% replacement in order to obtain a
baseline concrete. Finally, eight different concretes were designed,
hereinafter referred to as H50-0, H50-20, H50-50, H50-100, H65-0,
H65-20, H65-50 and H65-100.

It is widely known that recycled aggregate shows a high water ab-
sorption capacity due to the adhered mortar [23–25]. This feature re-
duces the available water in the concrete mix which influences the
concrete properties, thus, a specific mixing process has to be used to
avoid this effect. In this research, recycled aggregate was pre-saturated
to up to 80% of its water absorption before mixing [24,25]. Concrete
dosages can be seen in Table 2.

3.2. Test specimens

Eight reinforced concrete beams were made. All of which with a
rectangular cross section of 30 × 20 cm (height×width) and length of
360 cm, Fig. 2.

These reinforced concrete beams were designed in accordance with
structural concrete Codes [26,27] taking customary serviceability
conditions into account. Therefore, the reinforcement was designed to
obtain a ductile mode of failure.

Due to the environmental conditions selected to each concrete
series, the concrete cover of the corresponding series of beams was
different and hence, the longitudinal tensile reinforcement ratio was
0.81% and 0.76% for H65 and H50 beams, respectively. Despite the
compression steel not being necessary according to code-based struc-
tural design, it was decided to include the minimum amount required to
favour the casting and distribution of stirrups in concrete beams.

3.3. Test procedure and instrumentation

Flexural performance was evaluated with a four-point bending test
using simply-supported reinforced concrete beams. This kind of flexural
test generates a constant bending moment at the beam’s midspan,
where maximum strains, moments and deflections occur, and hence,
this study was especially focused on load-deformation analysis at the
beam’s midspan.

Fig. 1. Aggregate grading’s and composition of recycled coarse aggregates (percentage by weight) [11,21].
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A metallic load frame was assembled and equipped with a servo-
hydraulic actuator to apply the load to another metallic frame lying on
the concrete beam at two points, and in this manner, generating a re-
gion of constant bending moment. The concrete beams were supported
on a roller and a pin support resulting in a clear span of 340 cm, a
flexural span of 85 cm and two symmetrical shear spans of 127.5 cm.
The load was applied using a displacement control method with a rate
of 1.5mm/min for 2 min. Once this loading step finished, the load was
maintain for a period of 1 min. Within this period, the cracks developed
were drawn using a color-coded system. This sequence was repeated up
to failure. As a result, crack pattern was obtained for each concrete
(shown in Fig. 7).

The deflection was measured by a displacement transducer placed
at the beam’s midspan (MS). In addition, two more displacement
transducers were placed symmetrically at the middle of the shear spans
(SS-1 and SS-2) to complete and confirm the experimental data regis-
tered by the MS transducer. Fig. 3 shows the experimental setup of the
tests.

Three cross sections within the constant flexural span of the beams
were also instrumented with concrete and steel gauges in order to
register the concrete and reinforcement strains. The steel gauges were
placed at compression and tensile reinforcement at both sides (West
and East) of the three different cross sections: CS-1 (at 35mm to the left

from the midspan cross section), CS-2 (midspan cross section), and CS-3
(at 35mm to the right from the midspan cross section). Regarding the
concrete gauges, they were placed at midspan cross section at the same
height as the compression and tensile reinforcement bar at each side of
the beam. Fig. 4 shows the distribution of the gauges on the reinforced
concrete beams (RC beams).

Finally, the load applied was acquired using the load cell of the
servo-hydraulic actuator, and the crack pattern was visually obtained at
different load levels. Load, deflections and strains were continuously
monitored and recorded by a data acquisition system during the testing
time.

3.4. Concrete properties

In order to characterize these concretes, basic properties of designed
concretes were determined. Firstly, the fresh concrete properties were
obtained by measuring the consistency using the slump-test (EN 12350-
2) and the density according to standard EN 12350-6. Regarding the
basic properties of hardened concrete, cylindrical specimens of 10 × 20
cm were used to determine the density and water absorption at 28 days
according to EN 12390-7. As already reported by other authors
[23,24,28,29], the water absorption coefficient increases and the den-
sity decreases (both in fresh and hardened state) when replacement

Table 2
Mix proportions 1m3.

H50-0 H50-20 H50-50 H50-100 H65-0 H65-20 H65-50 H65-100

Cement kg 380.00 380.00 380.00 380.00 275.00 275.00 275.00 275.00
Water kg 190.00 190.00 190.00 190.00 178.75 178.75 178.75 178.75
0–4N kg 781.43 781.43 781.43 781.43 918.49 918.49 918.49 918.49
8–20N kg 665.44 532.35 332.72 0.00 486.19 388.95 243.10 0.00
4–12N kg 307.93 246.34 153.97 0.00 457.65 366.12 228.83 0.00
4–16R kg 0.00 173.07 432.68 865.36 0.00 168.84 422.10 844.20
w/c 0.5 0.5 0.5 0.5 0.65 0.65 0.65 0.65
Admixture % 0.85 1.2 1.07 1 0.85 1.2 1.07 1

Fig. 2. Beam specimens (mm).
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percentage increases due to the adhered mortar of the recycled coarse
aggregates. The higher porosity of adhered mortar results in lower
density and higher water absorption of concrete when recycled coarse
aggregates are used.

Mechanical properties were also determined using cylindrical spe-
cimens of 15 × 30 cm, in order to obtain compressive strength, tensile
splitting strength and modulus of elasticity according to EN 12390-3,
EN 12390-6 and EN 83316, respectively. These mechanical properties
were evaluated at 28 days (age of the flexural tests). As expected,
compressive strength, tensile splitting strength and modulus of elasti-
city of recycled concretes decline when the replacement percentage
increases. This effect is attributed to the presence of two different in-
terfacial transition zones (ITZ): one between the coarse aggregates and
the new cement mortar and another, between the new and the old ce-
ment mortar. This second ITZ tends to be weaker than the paste-ag-
gregate matrix of conventional concretes and consequently, reduces the
concrete strength, leading to a higher deformability of recycled con-
cretes compared with conventional concretes [28,30–34]. The strength
of these ITZs also depends on the water-cement ratio (w/c). Concretes

with low water to cement ratio show high influence of using recycled
aggregates due to the concrete strength is governed by the effect of old
ITZs. Consequently, the content of recycled aggregates influences
strength of H50 recycled concretes to a greater extent than those of H65
concretes [33].

Table 3 summarizes these concrete properties, which have been
more thoroughly discussed in previous papers [11,21]. This table also
includes the coefficients of variation of the mechanical properties.
These coefficients show a statistical behaviour of recycled concretes
similar to that of conventional concrete.

4. Results and discussion

4.1. Results

The testing beams were designed for ductile performance, so that
the steel reinforcement yields before concrete failure. The flexural
cracks occurred in the region of maximum moment appearing on the
bottom of the beam’s middle section. As the loading increased, these

Fig. 3. Flexural test up to failure at 28 days (SS-1, SS-2 and MS: displacement transducers).

Fig. 4. Gauges distribution at reinforced beams.
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flexural cracks grew vertically towards the compression zone and then,
some inclined flexure-shear cracks appeared. As the strain of the re-
inforcement bar reached the yielding value, the flexural crack in the
middle of the span widened and the deflection began to rapidly in-
crease. Finally, all concrete beams failed in flexure due to the yielding
of the longitudinal steel and the subsequent concrete crushing in the
compression zone, Fig. 5.

Fig. 6 shows the diagrams of the moment–midspan deflection of the
H50 and H65 concrete beams. In general, these exhibit a similar trend
for recycled and conventional concretes. The bending moments were
calculated using the load registered at the midspan of the beam, where
the maximum value occurs. Additionally, deflections at the middle of
the shear spans (SS) are included in Fig. 6. As expected, shear span
deflections show a similar trend to that measured at the beam midspan.
These results were obtained as the average of deflections registered by
two displacement transducers placed symmetrically at the middle of the
shear spans (SS-1 and SS-2) at each concrete beam.

In order to further study the flexural performance of recycled con-
cretes under short term load compared to conventional concretes with
the same dosage, some singular values of bending moments have been
determined, Table 4. In this manner, cracking (Mcr), yielding (Myiel) and
ultimate (Mult) moments have been obtained and also the moment
value related to the maximum deflection limited by structural Codes
[26,27,35], that is the maximum deflection under serviceability con-
ditions, L/350 (being L=3400mm), named as ML/350. In this work,
ML/350 corresponds to a deflection of 9.71mm at the midspan of the

concrete beam. Then, the bending moment related to this experimental
deflection was obtained from the curve moment – deflection.

Accordingly, the cracking (δcr), yielding (δyiel) and ultimate (δult)
deflections were also determined. With the aim of analyzing the de-
flection at the same bending moment, the service moment (Mser) was
included in this analysis. This was calculated as that obtained with
customary service loads [26,27,35] and, in these concrete beams, cor-
responds to a moment of 30.22 kNm. This value was used to determine
the service deflection (δser). All of these midspan deflections are listed
in Table 5.

On the basis of these results, it can be noted that cracking mo-
ments are significantly reduced as the content of recycled aggregate
increases. This reduction is consistent with the lower tensile splitting
strength of recycled concretes, which leads to an earlier cracking than
with conventional concretes. In terms of cracking moments, drops of

Table 3
Concrete properties [11,21]

H50-0 H50-20 H50-50 H50-100

Slump values cm 16 17 16 19
Density of fresh concrete kg/m3 2370.18 2362.26 2361.96 2284.84
Density of hardened concrete kg/m3 2324.05 2303.28 2278.18 2227.06
Absorption of concrete % 1.38 1.81 1.75 2.60
fc MPa 60.7 53.5 51.8 42.9
Coefficient of variation % 3.9 3.6 4.1 4.3
fct MPa 4.3 3.1 2.4 2.3
Coefficient of variation % 1.7 4.8 2.1 6.7
Ec MPa 36,300 32,900 31,600 25,900
Coefficient of variation % 1.3 2.3 0.7 2.3

H65-0 H65-20 H65-50 H65-100

Slump values cm 6 10 12 16
Density of fresh concrete kg/m3 2365.84 2325.82 2309.02 2281.93
Density of hardened concrete kg/m3 2307.93 2257.30 2256.47 2215.25
Absorption of concrete % 2.63 2.95 2.83 3.8
fc MPa 46.9 46.7 42.2 32.4
Coefficient of variation % 1.32 1.11 2.13 1.08
fct MPa 4.0 3.8 3.4 2.3
Coefficient of variation % 10.8 3.9 0.3 4.6
Ec MPa 35,200 32,500 27,400 24,100
Coefficient of variation % 3.0 4.9 0.3 0.9

Fig. 5. Concrete crushing at failure.

0

10

20

30

40

50

60

70

Be
nd

in
g 

M
om

en
t (

kN
m

)

Deflection (mm)

H50-0 H50-0 SS

H50-20 H50-20 SS

H50-50 H50-50 SS

H50-100 H50-100 SS

a) H50 concretes 

b) H65 concretes 

0

10

20

30

40

50

60

70

0 20 40 60 80 100

0 20 40 60 80 100

Be
nd

in
g 

 M
om

en
t  

(k
N

m
)

Deflection (mm)

H65-0 H65-0 SS

H65-20 H65-20 SS

H65-50 H65-50 SS

H65-100 H65-100 SS

Fig. 6. Moment – deflection at mid-span of concrete beam (a) H50 concretes, (b) H65
concretes moment and deflection analysis.

S. Seara-Paz et al. Engineering Structures 156 (2018) 32–45

37



11%, 45% and 46% have been detected for H50-20, H50-50 and H50-
100, respectively. These reductions are 10%, 20% and 26%, when H65
concretes are analysed.

Regarding bending moment for maximum deflection under ser-
viceability conditions (ML/350), it can be seen that this value decreases,
although very slightly, when recycled concretes with high replacement
percentages are used, showing reductions of 7% and 9% for H50-100
and H65-100, respectively. Accordingly, service deflection (δser) was
analysed. It is widely known that recycled concrete shows higher de-
formations than conventional concrete due to its lower modulus of
elasticity. This effect has already been detected in previous works
[11,21,22,36]. Therefore, it was expected that the higher deformability
of recycled concrete results in higher deflections. However, only beams
made with recycled concrete with 100% replacement percentage
showed slightly higher deflections than those of conventional concrete
(10% of increment) [9,10].

To further understand this tendency, concrete properties and para-
meters that influence beam deflections have to be considered. As is
well-known, concrete deflections can be calculated by integrating the
curvatures, which largely depend on the reinforcement ratio, concrete
cover and modulus of elasticity of concrete and reinforcement steel.
Taking into account that recycled concrete beams have the same re-
inforcement steel (reinforcement ratio and modulus of elasticity) and
also, the same concrete cover as those of conventional concrete, only
the modulus of elasticity of concrete can lead to differences in concrete
deflections. However, the use of high amounts of reinforcement steel
leads to scarce increments in deflection at serviceability, despite the
lower modulus of elasticity of recycled concrete. In agreement with
other authors [8], the analysis of deflections in a concrete structure
cannot be directly related to material properties in a straightforward
manner (modulus of elasticity).

As a result, it can be stated that, the content of recycled coarse
aggregate has a slight influence on service deflections and bending
moments under serviceability conditions, In fact, the ductile design of
concrete beams (with a suitable tensile reinforcement steel ratio) results
in limited concrete contribution at failure. In addition, the use of the
compression steel increases the ultimate strength of the beams and also
minimizes the concrete contribution at flexural failure. Both these facts
lead to the conclusion that recycled aggregate content hardly affects
yielding and ultimate moments. Again accordingly, yielding and
ultimate deflections showed no significant differences between

recycled and conventional concretes.
To confirm these results, the ductility ratio has been calculated as

the relationship between yielding and ultimate deflection [6,8],
Table 5. It can be seen that both recycled and conventional concretes
show a similar ductile ratio.

4.2. Crack pattern

In order to assess the cracking behaviour of recycled concrete
compared to conventional one of same dosage, the relationships be-
tween cracking and yielding moments (Mcr/Myiel), and cracking and
ultimate moments (Mcr/Mult) have been calculated, Table 4. These ra-
tios confirm the premature cracking of recycled concretes compared
with that of the conventional. It can be noted that the cracking moment
of recycled concrete made with 100% recycled coarse aggregate occurs
at 13–14% of its ultimate moment, while conventional concrete has to
develop 19–23% of its Mult to reach the cracking moment. These dif-
ferences are more significant with high replacement percentages of
recycled coarse aggregate (50 and 100%) and are consistent with the
lower tensile splitting strength of recycled concrete.

In order to further develop the crack pattern, the crack develop-
ment was drawn during the flexural test at different load levels. As a
result, a crack pattern was obtained for recycled and conventional
concretes, Fig. 7. Two different loading levels have been analysed, after
cracking at 50% of the ultimate load and at ultimate load (failure in
flexure). Both recycled and conventional concretes show similar crack
development. All concrete beams began with the appearance of flexural
cracks after cracking at the bottom of the middle section, which grew
vertically. Additionally flexural cracks developed between the midspan
section and the support zone. Upon further increasing the load, some
inclined flexure-shear cracks emerged, however, no visible cracks ap-
peared in the region of the supports. Finally, the flexural crack in the
middle of the span widened and the beams failed due to concrete
crushing in the compression zone (Fig. 5).

In addition, at failure, beams show some horizontal splitting cracks
along the tensile reinforcement, especially those of recycled concrete
with high replacement percentages (Fig. 7). These horizontal cracks are
attributed to the lower bond stress between the recycled concrete and
reinforcement bars compared with that of the conventional concrete.
Different authors have already stated that bond strength of recycled
concretes decreases as the replacement percentage increases

Table 4
Bending moments experimentally obtained (Exp.) and calculated according to code-based expressions (Calc.), and ratios with cracking moment.

H50-0 H50-20 H50-50 H50-100 H65-0 H65-20 H65-50 H65-100

Mcr kNm Exp. 13.04 11.62 7.10 7.00 11.32 10.13 9.02 8.33
Calc. 15.52 13.51 12.46 9.59 13.01 12.99 12.19 10.16

ML/350 kNm Exp. 28.87 31.4 29.37 26.96 35.15 36.3 35.87 32.17
Myiel kNm Exp. 50.94 54.49 52.25 49.19 56 55.52 57.95 58.79

Calc. 49.46 47.80 45.83 44.72 49.12 52.88 52.68 47.41
Mult kNm Exp. 55.71 58.89 56.32 52.93 58.51 58.27 60.21 60.83

Calc. 48.44 52.58 52.64 51.89 55.20 55.50 54.74 53.83
Mcr/Myiel – 0.20 0.18 0.16 0.14 0.26 0.21 0.14 0.14
Mcr/Mult – 0.19 0.17 0.15 0.14 0.23 0.20 0.13 0.13
Myiel/Mult – 0.91 0.93 0.93 0.93 0.96 0.95 0.96 0.97

Table 5
Deflections at midspan experimentally obtained and calculated according to code-based expressions and ductility ratio.

H50-0 H50-20 H50-50 H50-100 H65-0 H65-20 H65-50 H65-100

δcr mm 0.73 0.99 0.58 0.82 0.99 0.65 0.66 1.19
δser mm Exp. 10.27 9.31 10.05 11.17 8.05 7.67 7.91 8.94

Calc. 9.51 10.46 11.17 12.69 9.25 9.24 9.53 10.16
δyiel mm 20.83 20.75 20.66 21.29 18.80 17.48 18.98 22.41
δult mm 95.16 96.14 98.29 96.40 93.31 96.65 81.36 96.41
δyiel/δult % 21.89 21.58 21.02 22.09 20.15 18.09 23.33 23.24
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[11,37,38]. Therefore, the different bond behaviour of recycled con-
cretes influences crack development at failure.

In terms of crack distribution, it can be stated that the use of re-
cycled coarse aggregate did not cause an observable change in crack
spacing. The higher strains of recycled concrete due to their lower
modulus of elasticity, and lower tensile splitting strength would make
flexural cracks form closer to each other and therefore, would reduce
the crack spacing. However, the lower bond strength of recycled concrete
counteracts this effect [11] due to less steel restraint. As a result, no
significant differences have been found between conventional and re-
cycled concrete crack spacing [10,39]. This can be seen in Table 6 that
shows the experimentally obtained crack spacing (Sr,max) from Fig. 7.
Comparing, however, the crack spacing obtained in the H50 series with
that obtained in the H65 series, it can be seen that, due to the concrete
cover (lower in H65 series), the crack spacing is lower in this series than
in the H50 one.

Another important feature required to assess the cracking behaviour
of concrete is the crack width, which is directly related to the crack
spacing and the strain at the tensile reinforcement zone. As aforemen-
tioned, recycled concrete shows the same crack spacing as conventional

concrete, so according to Eurocode-2, Eq. (1) [27], concrete and steel
strains can be used to obtain crack width.

= −w S ε ε( )ck r sm cm,max (1)

Crack widths at 50% of ultimate bending moment were achieved
(Table 6) using the maximum crack spacing (Sr,max) obtained from the
crack pattern, the concrete strain (εcm) registered by the gauge placed at
midspan and the mean strain in the reinforcement (εsm) measured by six
different gauges located at both sides (W-West and E-East) of three
different beam sections: CS-1, CS-2 and CS-3 (defined in Fig. 4). The
crack width of beams made up with concretes H65-50 and H65-100
could not be obtained due to the failure of concrete gauges at this zone
after cracking. On the basis of these results, it can be confirmed that
recycled concrete tends to develop a greater crack width than con-
ventional concrete. Again in this case, due to the concrete cover, H65
series present lower crack widths than H50 one.

4.3. Cross section analysis

The cross section analysis attempts to determine the differences

a) After cracking (50% of ultimate load) 

H50-0 

H50-20 

H50-50 

H50-100 

H65-0 

H65-20 

H65-50 

H65-100 

Fig. 7. Crack distribution at the beam tests (a) after cracking (50% of ultimate load) and (b) at failure.
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between recycled and conventional concretes with the same dosage in
terms of curvature, stiffness and depth of the compression zone.

Firstly, the moment – curvature diagrams were obtained, Fig. 8. The
experimental curvatures were calculated using the strains registered by
the steel gauges placed at midspan cross section and assuming the
Bernoulli-Euler hypothesis, which admits a linear strain distribution
over the cross section.

All concrete beams exhibit a moment – curvature diagram with a
long branch after yielding, which confirms the ductile behaviour of

them all, as can be seen in detail enlarged of Fig. 8. These diagrams
were calculated using the steel gauges placed at three different cross
sections within the constant bending span of RC beams (gauges dis-
tribution detailed in Fig. 4). All of them present a similar trend and
confirm that recycled concrete beams develop higher curvatures than
the conventional ones.

At service moment, H50-100 and H65-100 beams showed, in com-
parison with those of the conventional ones, increases in curvature of
28% and 14%, respectively.

b) At failure 

H50-0 

H65-0 

H65-20 

H65-50 

H65-100 

H50-20 

H50-50 

H50-100 

Fig. 7. (continued)

Table 6
Moment (M) at 50% of ultimate bending moment, maximum cracking spacing (Sr,max) and crack width (Wck).

H50-0 H50-20 H50-50 H50-100 H65-0 H65-20 H65-50 H65-100

M kNm 27.4 29.4 28.2 26.5 28.1 28.0 28.8 29.2
Sr,max mm Exp. 188.0 187.0 184.0 183.0 153.0 153.0 152.0 152.0

mm Calc. 226.2 225.1 224.1 221.5 173.5 172.9 171.5 168.5
wck mm Exp. 0.22 0.25 0.25 0.27 0.16 0.19 – –

mm Calc. 0.20 0.22 0.21 0.20 0.15 0.15 0.15 0.15
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The moment-curvature diagrams were also obtained at other two
cross sections within the constant bending span of beam using the steel
gauges placed at those points (detailed in Fig. 4). These results present a
similar trend to those obtained at the midspan section and lead to the
conclusion that recycled concrete As aforementioned, beam deflections
hardly showed any differences between recycled and conventional
concretes due to the scarce influence of the modulus of elasticity (ma-
terial properties) in structural properties when structural members are
designed to present a ductile behaviour. However, cross section cur-
vatures are obtained using the experimental strains developed at beam
midspan which depend on material properties (modulus of elasticity).
Therefore, concrete properties influence cross-section curvatures.

Taking into account that customary service conditions occur after
cracking, the performance of cracked cross-section must be analysed in
order to study the serviceability state of concrete structures. This ana-
lysis is carried out at the same load level, 50% of ultimate load.
Accordingly, the strain diagrams of the cross section after cracking were
obtained by using the experimental strains registered at the

compression and tensile reinforcement zone, Fig. 9. These diagrams
were drawn based on the assumption that plane sections remain plane
after loading, according to the Bernoulli-Euler theory for bending
beams. On the basis of the results, it can be seen that strain, both of
concrete and steel, increases as the replacement percentage rises. This is
attributed to the lower stiffness of recycled concrete and also its pre-
mature cracking. Both effects lead to higher strains and consequently,
greater curvatures, especially in concretes with high replacement per-
centages.

Fig. 9 also exhibits the depth of compression zone (x) of the cross
section and it can be seen that recycled concrete shows a similar value
to that of conventional concrete. Only beams made up with concretes
H50-100 and H65-100 present a compression zone depth slightly higher
than that of conventional concrete.

This difference is attributed to the lower modulus of elasticity of
recycled concrete, especially noticeable with high replacement per-
centages (100%), that leads to greater deformations at the compression
zone of the beam, and consequently, to an increase in depth of the
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Fig. 8. M/Mult – curvature (a) H50 concretes, (b) H65 concretes.
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compression zone.

5. Code predictions

In order to assess the approximation degree of code-based expres-
sions [27] for designing recycled concretes, flexural behaviour, bending

moments, deflections, crack spacing and crack width have been calcu-
lated and compared with the experimental results.

These expressions require the mechanical properties, modulus of
elasticity and tensile splitting strength of each concrete in order to
calculate moments, deflections and cracking parameters. With the aim
of considering the effect of recycled aggregate, concrete properties can
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be calculated using the expressions suggested in previous works in-
volving compressive strength at 28 days, water absorption, content of
recycled coarse aggregates and mixing procedure [22,36]. Fig. 10
shows a flow chart with the procedure and models assumed to de-
termine the calculated value of all parameters analysed in this flexural
study in terms of deflection and bending moments.

Firstly, bending moments have been calculated and compared with
those experimentally obtained at cracking, yielding and ultimate state,
Table 4. As a result, “experimental moment/calculated moment” ratios
have been calculated and listed in Table 7. On the basis of these results,
it can be noted that recycled concrete shows ratios similar to those
obtained with conventional concrete. This means it is not necessary to
include any corrections when calculating bending moments according
to the code expressions.

Regarding deflections, the value related to service moment, named
as service deflection, has also been predicted and compared with that
experimentally measured, Table 5. Again, the code-based expressions

provide “experimental service deflection/calculated service deflection”
ratios of recycled concretes similar to those of the conventional,
Table 7. In line with the prediction of bending moments, the service
deflections can be calculated, with similar approximation degree to that
of the conventional, using the current code expressions and the me-
chanical properties of each concrete.

Finally, crack spacing and crack width were calculated according to
Eq. (1) [27], Table 6. Then, the “experimental value/calculated value”
ratios were obtained, Table 7, to assess the approximation degree of
code-expressions regarding the crack pattern of recycled concrete. The
procedure to calculate both parameters can be seen in Fig. 10.

As can be seen in Fig. 10, some coefficients (k1, k2, k3 and k4) are
required to calculate crack spacing according to Eurocode [27]. The
first one (k1) takes into account the bond properties and in this case, it
was 0.8 due to the use of high bond bars. The coefficient k2 is related to
the distribution of strain and in this research it was 0.5 due to bending
conditions. Regarding k3 and k4, each country defines these coefficients

Short-term flexural behaviour of RC beams: 
Bending moments, Deflections, Cracking 

Tensile splitting 
strength  

Short-term deflection  

Modulus of elasticity 

Inertia III (after cracking)  

Inertia II (before cracking) 

Cracking moment 
Mcr

Compressive strength 

Moment of Inertia (bilinear) 

Stress-strain relationship: 

Peak strain: 

Ultimate strain: 

Depth of compression zone (x) 

Yielding moment, Myiel

Ultimate moment, Mult

Crack spacing 

Crack width 

Fig. 10. Procedure to calculate flexural parameters of recycled aggregate concrete [22,27,36].
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in an annex of the national code for structural concrete. In Spain, the
recommended values are 3.4 for k3 and 0.425 for k4. Additionally,
concrete cover, geometry of cross section, longitudinal reinforcement
area and modulus of elasticity are also necessary. Regarding crack
width, crack spacing and concrete and steel strains are used.

On the basis of these results, it can be stated that the crack spacing
of recycled concrete can be calculated according to code-based ex-
pressions with a good approximation degree in comparison to that of
conventional concrete. Otherwise, crack width shows lower ratios in
recycled concrete than in conventional one. It can be seen that the
“experimental crack width/calculated crack width” ratio decreases as
the replacement percentage increases. Therefore, in this case, the code-
based expressions should be corrected to provide a similar approx-
imation degree to that of conventional concrete. However, the experi-
mental data for crack width available in this research is not sufficient to
establish a correction proposal, so, further research is required, espe-
cially in terms of bond influence. As some authors [37,40,41] point out
a detrimental bond behaviour of recycled concretes compared to that of
the conventional one, it would be interesting to determine its influence
on those coefficients that largely depend on bond properties according
to code expressions.

6. Conclusions

In this work, the flexural performance of recycled concretes has
been determined. On the basis of these results the following conclusions
can be drawn:

• The cracking moment decreases as the replacement percentage
increases. This reduction is consistent with the lower tensile split-
ting strength of recycled concretes, which leads to a greater and
earlier cracking than with conventional concrete.

• At serviceability, bending moments and deflections are slightly
affected by the content of recycled coarse aggregate due to the low
influence of material properties on structural response when struc-
tural members are designed to present a ductile behaviour.

• The ductile design of steel reinforcement leads to yielding and ul-
timate behaviour of recycled concretes similar to that of conven-
tional concrete, even when high replacement percentages are used.
Therefore, the decrease in cracking moment and the invariability of
yielding and maximum moments confirms early cracking develop-
ment in recycled concretes.

• The crack pattern shows, in general, a similar behaviour in both
recycled and conventional concretes. In terms of crack spacing, the
lower modulus of elasticity and tensile splitting strength of recycled
concrete make the flexural cracks closer together and therefore,
reduce the crack spacing. However, the lower bond strength of re-
cycled concretes counteracts this effect. As a result, recycled con-
crete shows similar crack spacing to that of conventional concrete.
Consequently, this similar crack spacing and the higher strains of
concrete and steel reinforcement result in greater crack width in
recycled concrete compared with conventional concrete.

• All reinforced concrete beams failed in flexure due to the yielding
of the longitudinal steel and the subsequent crushing of the concrete
in the compression zone. However, little horizontal cracks, branched

at the tensile reinforcement zone, have been detected in recycled
concretes. This is attributed to the higher strain and the lesser bond
stress of recycled concrete that influences the failure mode resulting
in a slightly different crack pattern at failure.

• Recycled concrete beams develop higher strains, both in concrete
and steel reinforcement, and consequently greater curvatures than
those of conventional concrete. This effect is attributed to the lower
concrete stiffness of the cracked cross section and its premature
cracking, this being especially significant in concretes with high
replacement percentages.

• The “experimental value/calculated value” ratio of recycled con-
cretes are similar to those of the conventional, in terms of bending
moments, short-term deflections and crack spacing. Thus, code-
based equations can be used to calculate these parameters, taking
into account the compressive strength at 28 days, the replacement
percentage of recycled coarse aggregates and the expressions pro-
posed in previous works [22,36]. However, the crack width requires
corrections in order to be calculated with the same approximation
degree as with conventional concrete.

In conclusion, according to this study, the flexural performance of
recycled concrete can be predicted employing code-based proposals
using the experimental compressive strength and the previously pro-
posed expressions modified [22,36] to include the effect of using re-
cycled coarse aggregates.

However, more works regarding structural behaviour using full
scale tests are needed to develop a wide database that allows re-
searchers to state the design procedure of recycled concrete beams with
the same reliability as conventional ones and to develop statistical
analysis to ensure this behaviour. This work is a first stage to get this
ambitious objective.
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