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h i g h l i g h t s

Concrete made with coarse recycled concrete Anchorage strength
of ribbed steel rebars with

the intal test

and 15/) of the steel rebars. The combination of these three
variables led

1.1. Initial remarks

Construction represents an important pillar of most
countrieseconomy. The natural resources used by this sector are
extractedfrom Nature at an extremely high rate, when compared to
the

tainable. Iconcerns the extraction of natural stone for
construction,this activity within the European Union is
concentrated in oncountries: Portugal, Spain, Greece, Italy and
France [1]. Moreover,since these natural resources are available at
low costs in thesecountries, the recycling rates of construction
and demolition waste(CDW) are only marginal (less than 5%),
signicantly lower thanthe overall gure of 46% in the European Union
[2]. Given the pres-ent scenario, all studies leading to use
recycled aggregates concrete(RAC) in both new and existing
structures is absolutely mandatory. Corresponding author. Tel.:
+351 218419709; fax: +351 218497650.

E-mail address: [email protected] (J. de Brito).
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2014 Elsevier Ltd. All rights reserved.n what90% ofly vePull-out
test to 24 different testing conditions. For each of these, three
equal specimens were produced, correspondingto a total of 72
pull-out tests performed.As main conclusions of this research
study, it can be stated that NCA by RCCA replacement ratio has
a

negative impact on the mechanical properties of concrete,
presenting an approximately linear correla-tion. Only for lower
replacement ratios, namely 20%, there are not any clear changes in
concrete mechan-ical properties, and a slight increase can even
occur. Regarding the anchorage strength of ribbed steelrebars to
concrete, the incorporation of RCCA has a similar effect: the
increase of the NCA by RCCAreplacement ratio leads to a decrease of
this parameter. This effect can be well explained analysing
thestress distribution inside the pull-out specimens using a
nite-element model developed with thisaim, also presented
herein.

2014 Elsevier Ltd. All rights reserved.Steel rebarsConcrete

RCCA replacement ratio, tanchorage length (5/, 10/ The anchorage
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aggregates.varying length and diameter.

corporation ratio of recycled aggregates.s.

a b s t r a c t

This research aims at evaluating the effect of the replacement
ratio of natural course aggregates (NCA) byrecycled concrete coarse
aggregates (RCCA) on the anchorage strength of ribbed steel rebars
to concrete.To accomplish this purpose, four concrete mixes were
designed: a conventional NCA concrete (NCA by

RCCA replacement ratio of 0%) to serve as reference and three
recycled aggregates concrete (RAC) with20%, 50% and 100% NCA by
RCCA replacement ratios. Besides this parameter, all the remaining
ones werekept constant. An effective water/cement ratio of 0.53 and
a slump of 125 10 mm were adopted.The mechanical properties of the
considered mixes were characterized in terms of compressive

strength, splitting tensile strength, and Youngs modulus. The
anchorage strength of ribbed steel rebarsto RAC was assessed for
each of the four concrete mixes using pull-out tests. In addition
to the NCA by

wo other variables were evaluated: the diameter (12 and 16 mm)
and theAnchorage of steel rebars to recycled aggregates
concreteConstruction and
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Neves [4] who stated that the optimization of both the size
distri-

also negatively affected by the RCCA incorporation. According
to

BuildCoutinho and Gonalves [7], the relationship between the
Youngsmodulus of concrete and of its aggregates is different from
thatbution and the shape of particles is achieved when the
incorpo-rated CDW is processed by primary and secondary
crushing,allowing the effective removal of the most fragile parts
of theirmass. Matias et al. [3] also mention that the cementitious
pastegives the recycled concrete aggregates (RCA) a rougher,
lighterand more porous structure, thus decreasing their particles
densityand increasing their water absorption.

The RCAs characteristics, and particularly those of the
RCCA,inuence the properties of the concrete in which they are
incorpo-rated. The density of recycled concrete coarse aggregates
concrete(RCCAC) is lower than that of the corresponding reference
concrete(RC) (i.e. same composition but with NCA instead of RCCA),
due tothe lower density of RCCA. According to Kou and Poon [5],
theincorporation of RCA decreases the mechanical properties of
con-crete (at 28 days), in particular the compressive strength, the
split-ting tensile strength and the Youngs modulus. In this study
[5], theloss of strength proved to be proportional to the
replacement ratioof NCA by RCCA. The authors also showed that the
differences instrength between RCCAC and RC decreased for longer
curing ages.Fonseca et al. [6] studied the incorporation of RCCA in
structuralconcrete and concluded that the splitting tensile
strength is moresensitive to the replacement of NCA by RCCA than
the compressivestrength (at 28 days). In this study [6], the Youngs
modulus wasHowever, most studies only deal with the material
characteristicsof RAC and do not address structural RAC.

1.2. Research signicance

The main objective of the research study herein described is
tocharacterize the inuence of replacing natural course
aggregates(NCA) by recycled concrete coarse aggregates (RCCA) on
theanchorage of ribbed steel rebars, thus contributing to the use
ofstructural RAC.

In this research study, except for the NCA by RCCA
replacementratio, all parameters of the adopted RCCA concrete mixes
were keptconstant, namely: cement dosage, aggregates size
distribution,and workability of concrete in the fresh state
(calibrating the w/cratio to take into account the higher
permeability of RCCA rela-tively to NAC). Besides the NCA by RCCA
replacement ratio, theinuence of steel rebars diameter and
anchorage length was alsoinvestigated. In addition, numerical
models were also consideredto simulate pull-out tests, thus
allowing in depth analysis of thestress distribution at the
rebar-to-concrete interface before sliding.

The main conclusion, and innovative contribution of this
study,is that regarding anchorage of ribbed steel rebars in RAC, it
can bestated that, below a 50% NAC by RCCA replacement ratio, this
typeof RAC can be used in structures without any type of design
and/ordetailing specication change.

2. Literature review

In this section, a synthesis is made of the state of the art on
theelds of knowledge relevant for this research study, namely
recy-cled aggregates concrete and bonding between steel rebars
andconcrete.

Concerning the RCCAs properties, Matias et al. [3] highlight
theinuence of the cement paste bonded to the surface of the
originalnatural aggregates, corroborating the study by Gonalves
and

114 M. Guerra et al. / Construction andbetween the corresponding
values for the compressive strengthor the splitting tensile
strength, because the former is mostly con-ditioned by the
aggregates stiffness, while the remaining dependmostly on the
aggregates mechanical strength. For this reason,since RCCA have
lower stiffness than NCA, due to the bondedcement paste, the Youngs
modulus is expected to be closelyrelated with the replacement ratio
of NCA by RCCA, as Fonsecaet al. [6] showed.

Some authors like Evangelista and de Brito [8] and Gomes andde
Brito [9] obtained slight increases in strength in concrete
incor-porating recycled concrete ne aggregates (RCFA) and
RCCA,respectively, justied by the presence of non-hydrated cement
par-ticles in the recycled aggregates that increased the
absolutecement content in the mixes.

Regarding bonding of steel rebars to RCCAC, only few studiesare
published [1012]. Furthermore, both results and conclusionsare not
consensual. This is one of the motivations for the studyherein
presented.

Xiao and Falkner [10] studied the bond of steel rebars to
non-structural RCCAC. Ribbed steel rebars were used with a
diameterof 10 mm. Three concrete mixes were adopted with the
followingNCA by RCCA replacement ratios: 0%, 5% and 100%. RCCA
werepre-saturated in order to eliminate the inuence of their
higherwater absorption capacity, thus allowing the effective
water/cement ratio of all mixes to remain constant and equal to
0.43.Bond between steel rebars and RCCA was assessed using
pull-outtests. This study [10] presented similar values of the bond
stresses,independently of the replacement ratio of NCA by RCCA,
contrarilyof the compressive strength which values decreased
proportionallyto the replacement ratio. The authors concluded that,
for rein-forced RCCAC structures, the considered anchorage length
can bethe same as in conventional NCA concrete.

Kim and Yun [11] also conducted pull-out tests to study the
bondbetween ribbed steel rebars with a diameter of 16 mm and
RCCAC.The adopted RCCA resulted from processing CDW from a
buildingdemolition. Besides the replacement ratio of NCA by RCCA
(0%,30%, 60% and 100%), the authors also studied the effect of: (i)
themaximum aggregates size (20 mm and 25 mm), (ii) the directionof
casting relatively to the steel rebars (parallel or
perpendicular),and (iii) the distance of the steel rebars to the
specimens bottom.

For the specimens cast parallel to the steel rebars (as in
thepresent study), the results showed different trends according
tothe maximum aggregates size. The bond stress was higher in
thespecimens with smaller maximum aggregates size (Dmax) and itdid
not change signicantly with the increase of the NCA by
RCCAreplacement ratio. Conversely, the bond stress of the
specimenswith higher Dmax was negatively affected by the RCCA
incorpora-tion. In both concrete mixes, the compressive strength
(at 28-daysof age) dropped proportionally to the RCCAs
incorporation ratio.

Butler et al. [12] also studied the inuence of the
incorporationof RCCA in concrete on the bond of (25.2 mm diameter)
steel rebarsto concrete. Beam-end tests were used aiming at
simulating thepull out of steel rebars from current reinforced
concrete elements,i.e. containing stirrups and longitudinal
reinforcement. The authorsstudied the inuence of the following
three parameters: (i) theRCCA type, by selecting two sources of
aggregates; (ii) the anchor-age length (125 mm and 375 mm) of the
steel rebar subjected tothe pull-out force; and (iii) the concrete
compressive strength(30 MPa and 50 MPa). The RCCA were subjected to
several physi-calchemical processes to remove the cement paste.

In this study [12] it is concluded that the incorporation of
RCCAaffects negatively the bond between steel rebars and
concrete,even if the latter is produced to have the same
compressivestrength as the RC. According to Butler et al. [10],
there is a weakcorrelation between the bond stress and the
splitting tensilestrength of concrete. On the other hand, the
proposed correlation

ing Materials 72 (2014) 113123between the bond stress and the
crushing resistance of RCCAadjusted well to measured values,
highlighting the importanceof knowing both the source and the
characteristics of these


	
aggregates. Relatively to the inuence of the anchorage
length,results were inconclusive.

3. Experimental program

The experimental campaign was organized in ve stages: (i) RCCAC
mix design,(ii) aggregates characterization tests, (iii)
fresh-state concrete tests, (iv) specimensproduction and
hardened-state concrete tests, and (v) pull-out tests.

At the rst stage, four concrete mixes were designed,
corresponding to fourreplacement ratios of NCA by RCCA: 0%, 20%,
50% and 100%, corresponding the rstto the reference concrete (RC)
and the last to total replacement of NCA by RCCA. The50% ratio was
adopted for being the intermediate point. And the 20% ratio
wasincluded because it is considered in some standards [13] as the
acceptable limitratio for the incorporation of recycled aggregates
in structural concrete. In orderto reduce the entropy of the
experimental programme, both the size distributionof aggregates and
the workability of concrete in the fresh state were kept constantin
all concrete mixes.

At the second stage, all the aggregates necessary for the
experimental campaignwere carefully calibrated. Natural ne
aggregates (NFA) were adopted in all mixes,

72 specimens (Fig. 1).The pull-out test consists on applying a
tensile force to the steel rebar anchored

which also justies their lower apparent bulk density.
Theobtained values of water absorption and water content are
equally

RAC20 RAC50 RAC100

ass (kg/m3)

1.1 282.0 175.6 8.5 279.3 72.9 9.7 95.8 61.2 9.7 95.8 58.5 3.7
82.5 53.2

58 165 294.457.4 162.5 292.120.1 57.5 100.420.1 56.25 100.417.8
48.75 87.0

0.4 500.4 500.4 500.43.9 263.9 263.9 263.9

0 350 350 350

M. Guerra et al. / Construction and Building Materials 72 (2014)
113123 115i.e. no recycled ne aggregates were used. To obtain the
RCCA, a source concrete(SC) was rst produced, adopting the same
characteristics of the RC (C30/37strength class, S3 consistency
class, Dmax = 22.4 mm). These three properties werechosen according
to the experimental campaigns found during the literature
reviewwithin the same research scope as our paper so that the
results could be more easilycompared. Then the SC was crushed and
sieved, using the same procedure adoptedfor the NCA. The SC and the
NCA were supplied by the same company, in order toguarantee that
the NCA used in both the SC and in the RCCAC produced in
theexperimental campaign were the same.

The characterization of the aggregates was made using the
following tests andcorresponding standards: sieve analysis (EN
933-1) [14], particles density andwater absorption (EN 1097-6)
[15], apparent bulk density (EN 1097-3) [16], watercontent (EN
1097-5) [17], Los Angeles wear (LNEC E-237) [18], and shape index
(EN933-4) [19].

At the third stage, the concrete mixes designed at the rst stage
were character-ized in the fresh state. An effective water/cement
ratio of 0.52 was adopted for allmixes, after compensating the
higher water absorption of the RCCA, following theprocedure dened
by Ferreira et al. [20]. According to the latter, the
determinationof the extra water is based on: (i) the water
absorption of the RCCA after 10 min(3.18%), (ii) the estimated
mixing time, and (iii) the weight of the RCCA incorpo-rated in each
mix. Table 1 presents the composition of each of the four
concretemixes adopted in this study.

The slump test (EN 12350-2) [21] conrmed that the mixtures
presented thesame workability. The fresh-state density test was
also performed for each mix(EN 12350-6) [22].

At the fourth stage, all specimens were produced and the
following character-ization tests of concrete in the hardened were
performed, according to the corre-sponding standards: compressive
strength (EN 12390-3) [23], splitting tensilestrength (EN 12390-6)
[24], and Youngs modulus (LNEC-397) [25].

Finally, at the fth stage, the pull-out tests were performed to
study the anchor-age of steel rebars to RCCAC, the ultimate goal of
the study herein presented. Thetesting setup adopted by Jorge et
al. [26] was used, also taking into account guide-lines by
RILEM/CEB-FIP [27]. The choice of this procedure is mostly related
with theshape and size of the specimens. Cylindrical specimens were
adopted instead ofcubic specimens, most common in the literature,
to provide an axisymmetric coverand connement of the steel rebars,
thus preventing the effect of other parametersbesides those under
analysis.

Table 1Composition of the four concrete mixes.

Type of concrete RC

Sieve range (mm) M

NCA 1622.4 3511.216 34811.2 115.68 1145.6 10

RCCA 1622.4 11.216 811.2 5.68 45.6

NFA Coarse sand 50Fine sand 26

Cement 35

Effective water 183.6Compensation water 0to the specimen, by
means of a hydraulic testing machine equipped with jaws.
Themovement of the concrete bulk is restrained by means of a xed
steel plate with ahole in the middle, crossed by the steel rebar.
The pull out force is applied with dis-placement control at a
constant speed of 0.03 mm/s. Both this parameter and thesteel rebar
slippage are registered using respectively a load cell and an LVDT,
con-nected to a data logger. The pull-out test set-up is
illustrated in Fig. 2. An illustrativecurve of the performed
pull-out tests is presented in Fig. 3.

4. Results analysis and discussion

4.1. Aggregates tests

Table 2 summarizes the results of all characterization tests
ofthe aggregates used in this experimental program. As
expected,RCCA have lower density than NCA, which is justied by the
lowerdensity and higher porosity of the cement paste bonded to
these,The following geometry was adopted for pull-out specimens: a
200 mm diam-eter and 300 mm height concrete bulk, and 12 mm and 16
mm ribbed steel rebarsembedded in the latter with an anchorage
length proportional to their diameter (/):5/, 10/ and 15/. The
needed free length of the ribbed steel rebars depends on thetesting
apparatus; in the present experimental campaign, these were cut
with atotal length of 1 m and thus their free length varied
depending on the anchoragelength but more than enough to adequately
perform the test. The combination ofthese variables (two rebars
diameter and three anchorage lengths) with the fourNCA by RCCA
replacement ratios led to 24 different sets of pull-out
specimens.For each of these, three equal specimens were produced,
thus leading to a total of

Fig. 1. Pull-out test specimens.183.6 183.6 183.65.5 13.9
27.8


	
Build116 M. Guerra et al. / Construction andcoherent with those
found in the literature. The higher porosity ofthe bonded cement
paste leads to an increase of the capacity ofRCCA to absorb water,
originating the substantial differences rela-tively to the NCA.
This cementitious paste bonded to the RCCA alsogives rise to more
elongated shapes being noticed on the shapeindex results. In terms
of mechanical strength, assessed throughthe Los Angeles test, the
higher brittleness of RCCA, due to thebonded cement paste, leads to
a mass loss of these aggregates con-siderably higher than that of
NCA, although below 50% (a valuecommonly accepted as the limit for
application of aggregates instructural concrete [28]).

Fig. 2. Pull-out test set-up.
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Fig. 3. Representative curves from the pull-out test.

Table 2Results of the aggregates tests.

Test/aggregate type NCA RCCA Coarse sand Fine sand

Particles density (kg/m3) 2685.3 2230.4 2621.1 2627.9Water
absorption at 24 h (%) 0.95 6.57 0.42 0.31Apparent bulk density
(kg/m3) 1325.3 1233.9 1523.1 1512.6Water content (%) 1.27 3.42 0.2
0.1Shape index (%) 13.7 22.1 Los Angeles wear (%) 24.6 41.1 4.2.
Fresh-state concrete tests

Table 3 summarizes the results of all tests conducted to
charac-terize the adopted concrete mixes in the fresh state.
Concerningworkability, the slump value of all mixes t within the S3
consis-tency class, as a result of the water compensation to take
intoaccount the higher absorption of the RCCA.

The density decrease with the increase of the replacement
ratioof NCA by RCCA was expected, given that the density of the
aggre-gates inuences the density of the mix.

4.3. Characterization tests of hardened-state concrete

Table 4 presents the results of the characterization tests of
theadopted four concrete mixes in the hardened state. For each
prop-erty the percentile variation relative to the RC is also
presented.

It is noticed a slight increase of the compressive strength for
themix corresponding to 20% replacement ratio of RCCA by NCA
inrelation to the RC. For the mix with 50% replacement ratio of
RCCAby NCA, the corresponding loss in strength is not signicant,
but itbecomes noteworthy for a total replacement (100%).

Concerning the splitting tensile strength, a comparable trend
isobserved, although the 50% and 100% replacement ratios
exhibitsimilar results.

The strength loss registered in both compressive and
splittingtests mentioned above can be attributed to the lower
mechanicalstrength of the RCCA (largely referred to in the
literature review[36,8,9]). Regarding the slight improvement
observed for themix with a 20% NCA by RCCA replacement ratio, this
can be relatedto an increase of the global cement content of the
mix, due to thepresence of non-hydrated cement particles in the
RCCA, as well asto their higher roughness, leading to a better bond
of the aggre-gates to the new cement paste. The rst effect was also
observedby Fonseca et al. [6] and Evangelista and de Brito [8], and
the sec-ond one was also detected by Poon et al. [29]. The reason
why thestrength increase is only registered for low NCA by RCCA
replace-ment ratios (20% in the present study), and not for higher
ratios(50% and 100% in the present study), has to do with the fact
thatthe lower mechanical strength of RCCA becomes dominant in
thelatter situation.

Lastly, a decrease in the Youngs modulus was observed withthe
increase of the NCA by RCCA replacement ratio. This wasexpected
since this parameter is directly inuenced by the aggre-gates
stiffness [7], and RCCA are less stiff than NCA.

4.4. Pull-out tests

The results of the pull-out tests performed with 12 mm diame-ter
ribbed steel rebars at 70 days of age are presented in Table 4,and
the corresponding values obtained with 16 mm diameterribbed steel
rebars are presented in Table 5.

Table 3Results of the fresh-state concrete tests.

Test/concrete mix RC RAC20 RAC50 RAC100

Slump (mm) 120 120 125 130Density (kg/m3) 2370.9 2340.6 2315.2
2244.4

ing Materials 72 (2014) 113123It must be stressed that all
specimens exhibited a splitting fail-ure mode (Figs. 4 and 5), as
planned since the anchorage lengthswere chosen to prevent yielding
of the steel rebars. Concrete fail-ure was also avoided by
considering a low diameter hole in thementioned steel plate used to
restrain the vertical displacementof the concrete bulk of the
pull-out specimen. This way, failurewas enforced at the
rebar-to-concrete interface, leading rst tobond failure and then to
splitting failure due to the rebar ribs(combined with lack of
connement).


	
4.4.1. Analysis of the inuence of RCCA incorporationFig. 6
illustrates the evolution of the pull-out forces with the

NCA by RCCA replacement ratio. Linear regression trend-lines
were

the RAC mechanical properties, that for NCA by RCCA
replacement

Table 4Results of the hardened-state concrete tests.

Property/concrete mix RC RAC20 DRAC20RC (%) RAC50 DRAC50RC (%)
C100 DRAC100RC (%)

Compressive strength at 7 days (MPa) 34.7 37.2 +7.2 36.3 +4.6
30.4 12.4Compressive strength at 28 days (MPa) 48.5 49.3 +1.6 47.9
1.2 43.4 10.5Compressive strength at 56 days (MPa) 52.7 52.8 +0.2
49.1 6.8 45.7 13.3Splitting tensile strength at 28 days (MPa) 3.95
3.96 +0.3 3.61 8.6 3.63 8.1Modulus of elasticity at 28 days (GPa)
37.6 37.2 1.1 34.5 8.2 33.0 12.2Abrasion resistance at 91 days (mm)
3.52 3.52 0.1 2.96 +15.93 3.67 4.22

Fig. 4. Cracking at the upper surface of the specimen.

Fig. 5. Vertical cracking plan of the specimen.

M. Guerra et al. / Construction and Building Materials 72 (2014)
113123 117ratios higher than 50%, the brittleness of RCCA becomes
predomi-nant over the inuence of the increase in the cement
content.

In summary, the decrease of the pull-out force registered in
theRAC20, RAC50 and RAC100 mixes, compared to the one obtained
inthe RC, was respectively: +7.07%, 5.67% and 12.25%. Based onthis
result, and in what concerns ribbed steel rebar-to-concretebond, it
can be stated that RCCA can be used in structural concretefor NCA
by RCCA replacement ratios up to 50%, since this does notcause
signicant anchorage force losses.

4.4.2. Analysis of the inuence of anchorage lengthTo analyse the
inuence of the anchorage length on the anchor-

age strength of steel rebars to RCCAC, rst the steel rebars used
inthis experimental campaign (three specimens of each type)
weretested, being the results presented in Table 7. Then, knowing
thetensile strength of the steel rebars, the upper limit of the
anchoragelength was settled, i.e. the maximum force corresponding
to steelrebar failure in tension, instead of anchorage failure.

The study of this parameter included the analytical estimationof
the anchorage strength according to the design procedure pro-posed
by Model Code 2010 [30]. This document species differentapproaches
to be used according to the adopted test and expected

Table 5Results of the pull-out tests for 12 mm diameter steel
rebars.considered which show that the pull-out force decreases with
theincrease of the replacement ratio of NCA by RCCA. Regarding
boththe compressive strength and the splitting tensile strength,
anincrease of the pull-out force is observed for 20% NCA by
RCCAreplacement ratio, suggesting that the increase in the cement
con-tent that resulted from the RCCA incorporation (as
explainedbefore) can be also responsible by an enhancement of the
bondbetween steel rebars and RCCAC, for low replacement ratios.
For50% NCA by RCCA replacement ratio, there is a slight decrease
incomparison to the strength obtained with the RC. Finally, for100%
NCA by RCCA replacement ration, a signicant decrease inthe
anchorage strength was registered, suggesting as before forConcrete
mix Anchorage length Pull-out force (kN) DRC (%) Standard deviation
(kN)

RC 5/ 34.25 2.6510/ 45.75 2.9715/ 54.53 4.33

RAC20 5/ 34.67 +1.21 3.1310/ 54.21 +18.51 4.6415/ 58.18 +6.69
1.10

RAC50 5/ 31.95 6.73 2.7610/ 47.73 +4.34 2.4515/ 53.13 2.57
3.49

RAC100 5/ 27.07 20.98 1.5610/ 43.20 5.57 0.5615/ 48.51 9.22
2.50
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(2014) 113123failure modes. In this campaign the latter was always
splitting byradial cracking (around the steel rebar). For this
situation, ModelCode 2010 proposes the following equation for the
maximum bondstress (smax):

smax 7 f ck20 0:25

1

Since not enough tests were performed in our campaign
todetermine characteristic values of the concretes
compressivestrength, the option was to use the average value fcm
instead ofthe characteristic value fck proposed by the
equation.

Fig. 6. Pull-out force versus RCCA

Table 6Results of the pull-out tests for 16 mm diameter steel
rebars.

Concrete mix Anchorage length Pull-out forc

RC 5/ 47.1310/ 63.5215/ 80.24

RAC20 5/ 44.1610/ 77.8915/ 80.00

RAC50 5/ 39.0910/ 59.9915/ 75.09

RAC100 5/ 40.7810/ 54.5615/ 72.10After collecting all the data,
anchorage strength versus anchor-age length curves were drawn (Fig.
7), including both the experi-mental results and the theoretical
values given by Eq. (1), as wellas critical values corresponding to
both yielding and failure ofthe steel rebars. Fig. 7 an
illustrative example of this analysis ispresented, corresponding to
the RAC100 specimens with 12 mmdiameter rebars.

An almost linear correlation (R2 = 0.94) between the
anchoragestrength and the anchorage length is found for all
anchoragelengths considered. This was expected since there is an
increaseof the contact area between the steel rebars and concrete
withthe increase of the anchorage length.

by NCA replacement ratio.

e (kN) DRC (%) Standard deviation (kN)

1.20 10.58 5.08

6.31 1.54+22.63 6.710.3 5.8917.06 3.325.56 4.746.41 2.4713.48
3.1414.11 3.8510.14 3.03


	
Concerning the experimental versus the analytical values,
there

In the experimental tests slight differences were observed in
the

increase of the anchorage strength, since the contact area
betweenent geometry of steel rebars the different material
properties of theconcrete bulk. The boundary conditions and loading
of pull-outspecimens were also adequately simulated.

First, the denition of the nite element mesh was object of
var-ious trials. A mesh with 5 cm elements was adopted for
havingenough precision. The adopted material properties of
concrete,namely the Youngs modulus, and the bond strength between
steelrebars and concrete were based on the experimental
results(Tables 46). It should be highlighted that only a linear
elasticanalysis was conducted and thus only the stress distribution
atthe beginning of the pull-out test can be analysed, since
afterwardsslip between the steel rebar and concrete occurs. In the
models, norelative slip was considered in the interface between the
twomaterials. The boundary conditions of the pull-out
specimen,materialized by a steel plate in the experimental tests,
were mod-elled by restraining both displacements and rotations of
the corre-sponding points. Finally, loading was applied in the free
end of therebar, as in the experimental test. The anchorage forces
obtained in

Table 7Pull-out strength of the steel rebars.

Steel rebar Diameter (mm) Fy (kN) Fu (kN) Fy,m (kN) fy,m (MPa)
Fu,m (kN) Fu,m (MPa)

V12_1 12 61.76 72.67 62.3 550.85 73.09 646.26V12_2 12 61.93
72.85V12_3 12 63.91 73.84

V16_1 16 105.75 122.8 106.96 531.98 124.08 617.12V16_2 16 107.03
124.04V16_3 16 108.09 125.41

M. Guerra et al. / Construction and Building Materials 72 (2014)
113123 119the steel rebar and concrete also increased (for the same
anchoragelength).

However, some differences in the failure mode of specimenswith
12 mm and 16 mm ribbed steel rebars were observed. Theformer
exhibited more radial cracks around the steel rebar andthus lower
crack widths, whereas the latter showed less and thuswider radial
cracks, as illustrated in Fig. 12.

5. Numerical modelling

To analyse the stress distribution within the pull-out
speci-mens, numerical models were developed for each of the 24
differ-ent specimens types, using the commercial nite element
codeAbaqus CAE [31]. The main goal of this numerical approach wasto
better understand the inuence of each considered parameteron both
the anchorage strength and the failure mode of ribbedsteel rebars
to RAC.failure mode of specimens as a function of the anchorage
length.For specimens with higher anchorage lengths (10/ and 15/),
thepropagation of radial cracking around the steel rebar was
alsomore signicant (Fig. 4). Moreover, for these specimens,
cracksoccurred throughout the specimens height thus causing split
ofthe specimen. In Fig. 5 the cracking plan is shown for one of
thesecases.

4.4.3. Analysis of the inuence of steel rebar diameterAs
expected, the increase of the steel rebar diameter led to anis a
slight difference of slope between the corresponding
curves,nevertheless generally providing a satisfactory prediction
of theanchorage strength, and most probably within the
condenceinterval of the experimental results. In addition, for an
anchoragelength of 15/, the theoretical value is very close to the
yieldingforce of the steel rebar. Therefore, a mixed failure mode,
combiningyielding initiation of the steel rebar with steel
rebar-to-concretebond failure, can also lead to an anchorage
strength lower thanpredicted.01020304050607080

5

Pull-

out f

orce

[kN

]

Anchorage

Experimental Model Code 2010

Fig. 7. Pull/out force vs. anchorage length5.1. Adopted
models

The numerical models were built to take into account the
differ-

Fig. 8. Boundary conditions and loading of the numerical model.y
= 1.512x + 27.32R = 0.996

10 15

length (x)

Fy Fu Linear (Experimental)

(experimental and MC 2010 values).


	
Build120 M. Guerra et al. / Construction andthe experimental
tests were applied as loading of the numericalmodels. Both boundary
conditions and loading of the numericalmodel are represented in
Fig. 8.

5.2. Presentation and discussion of the results

The results are presented graphically, allowing visualizing
themodels stress distribution, both in the interception surface
ofthe rebar and within. The elements with stresses higher than
theexperimental splitting tensile strength of the corresponding
con-

Fig. 9. Stress distributioing Materials 72 (2014) 113123crete
mix (as shown in Table 4) are represented in red. Blue repre-sents
stress values equal to or below zero, i.e. subjected tocompression.
The stresses presented in the models correspond tomaximum values in
the principal directions of the element.

5.2.1. Analysis of the inuence of the NCA by RCCA replacement
ratioon stress distribution

The inuence of the NCA by RCCA replacement ratio on thestress
distribution is mainly related with the elastic propertiesand the
failure mode (splitting). This means that the expected

n vs. concrete type.


	
BuildM. Guerra et al. / Construction andtrends are similar to
those of concretes splitting tensile strength.In fact, failure
occurred for lower stresses for specimens made withconcrete mixes
with higher NCA by RCCA replacement ratios(RAC50 and RAC100). In
Fig. 9, the stress distributions of four spec-imens with the same
geometry (12 mm diameter steel rebar and10/ anchorage length) but
different concrete types RC (A),RAC20 (B), RAC50 (C) and RAC100
(D), are presented.

Fig. 10. Stress distribution

Fig. 11. Stress distribution ving Materials 72 (2014) 113123
1215.2.2. Analysis of the inuence of anchorage length on
stressdistribution

The anchorage length does not seem to have any inuence onthe
stress distribution shape. In fact, the increase of the steel
rebaranchorage length only stretches the stress eld in height.
However,for lower anchorage lengths, it is observed that the
tensioned zonehas higher relative importance. This is illustrated
in Fig. 10, where

vs. anchorage length.

s. steel rebar diameter.


	
Compos 2013;37:129.

[9] Gomes M, de Brito J. Structural concrete with incorporation
of coarse recycled

vs.

Buildtwo RAC100 specimens with a 12 mm rebar and anchorage
lengthsof 10/ (A) and 15/ (B) are presented.

5.2.3. Analysis of the inuence of steel rebar diameter on
stressdistribution

Changing the steel rebar diameter led to signicant changes
interms of stress distribution, both on the upper surface of the
spec-imen and along the anchorage length of the steel rebar.

When 12 mm diameter steel rebars are used, independently ofother
variables, the distribution of stresses exhibits more
branches(representing potential cracks) than in the casewhere 16
mmdiam-eter rebars are adopted. In the former case, eight or more
branchesbetween 30 and 50 mm long appear and, in the latter
situation, lessthan six branches between 18 and 36 mm appear. In
Fig. 11, thestress distribution obtained for RC specimens with 12
mm (A) and16 mm (B) rebars, both with 5/ anchorage length, is
presented.These numerical results are in agreement with the
experimentalresults, where specimens with 12 mm steel rebars
exhibited largernumber of longer radial cracks than the specimens
with 16 mmsteel rebars, which often split by one plane only. In
Fig. 12, failuremode of RAC20 specimenswith 12 mm (A) and 16 mm (B)
diametersteel rebars and 10/ of anchorage length are shown.

6. Conclusions

The following conclusions are drawn concerning the
anchorageforce of steel rebars to RCCAC and the variables under
analysis:

There is a general trend of anchorage force loss as the
replace-ment of NCA by RCCA increases, especially for total
substitution(on average 12.25%); at 50% replacement average losses
ofanchorage force are not signicant (5.66%) while at 20%
slightimprovements (on average +7.07%) were registered.

Fig. 12. Failure modes

122 M. Guerra et al. / Construction and These trends follow
closely those found concerning the inu-ence of the replacement of
NCA by RCCA on concretes splittingtensile strength; this is because
the failure mode of the speci-mens was consistently by splitting,
and therefore conditionedby concretes tensile strength.

The steel rebars anchorage length has no inuence on the
stressdistribution in the interface steelconcrete, independently
ofthe replacement ratio of NCA by RCCA; the relative importanceof
the tensioned concrete area only increases for low
anchoragelengths.

The steel rebar diameter is preponderant on the stress
distribu-tion in the interface steelconcrete; for 12 mm rebars
there is agreater propagation of radial tensile stresses, which
branchedon the surface and varied along the rebars length; on the
otherhand, for 16 mm rebars the stress distribution is less
branchedand widespread and more uniform along the rebars
length;these trends are coherent with the failure modes observed
inthe experimental tests.concrete and ceramic aggregates:
durability performance. Mater Struct2009;42(5):66375.

[10] Xiao J, Falkner H. Bond behavior between recycled aggregate
concrete andsteel rebars. Constr Build Mater 2007;21:395401.

[11] Kim S, Yun H. Inuence of recycled coarse aggregates on the
bond behavior ofdeformed rebars in concrete. Eng Struct
2012;48:13343.[6] Fonseca N, de Brito J, Evangelista L. The inuence
of curing conditions on themechanical performance of concrete made
with recycled concrete waste.Cement Concr Compos 2011;33:63743.

[7] Coutinho A, Gonalves A. Production and properties of
concrete, vol. I, II andIII. LNEC; 1997 (in Portuguese).

[8] Evangelista L, de Brito J. Mechanical behavior of concrete
made with nerecycled concrete aggregates. Cement Concr Compos
2007;29:397401. Based on these studys results, it is expected that
the incorpora-tion of RCCA in structural concrete up to 50% will
not lead tosignicant losses of anchorage force of steel rebars to
concrete.
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