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Abstract. Hammer rebound index is an indirect measure that has traditionally
been used to estimate the compressive strength of concrete through the use of
statistical models. It is especially useful in the quality control performed during
the construction of a concrete structure, as well as in rehabilitation works. The
high content of fine aggregate and aggregate powder of Self-Compacting Con-
crete (SCC) reduces its surface hardness and causes that the models traditionally
used to estimate the compressive strength through this indirect measure in con-
ventional concrete are not valid. On the other hand, Recycled Concrete Aggregate
(RCA) has a lower surface hardness than Natural Aggregate (NA) due to the
presence of adhered mortar, which causes that its addition prevents of using the
currently existing models. Therefore, this paper aims to prove the validity of this
indirect measure for the in-situ estimation of compressive strength of recycled
aggregate SCC. Furthermore, it is also analyzed how the relationship between
this indirect measure and the compressive strength of SCC is affected by the
modification of the fine RCA content or the nature of the aggregate powder, two
aspects that remarkably condition the design and behavior of SCC. The final ob-
jective is to provide a useful tool/model that promotes the use of SCC with RCA
in real structures.

Keywords: Hammer rebound index, Quality control, Recycled concrete aggre-
gate, Self-compacting concrete, Statistical modelling.

1 Introduction

Indirect control of concrete’s compressive strength is a very useful feature during both
the construction stage and the service life of any structure [1]. During the construction
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stage, it is necessary to verify that the concrete reaches the required compressive
strength. Since it is not always possible to perform this verification directly by testing
specimens, estimating it indirectly is a cheap, simple, and quick alternative [2]. On the
other hand, for many rehabilitation works, it is essential to determine the compressive
strength of the concrete with which the structure has been built. In this case, core drill-
ing is a suitable option [3], although its indirect estimation can be more time and cost
efficient [4].

Among the different indirect measures that can be used for this estimation, the pre-
sent study focuses on the hammer rebound index determined using a sclerometer [5],
apparatus shown in Fig. 1. This indirect measure relates the surface hardness of concrete
to its compressive strength. For this purpose, a calibrated mass is pushed with a stand-
ardized force against the surface of the concrete by placing the sclerometer in a hori-
zontal position. This mass rebounds with the concrete and separates from its surface a
specific distance. This distance is known as hammer rebound index and is measured
dimensionless by the sclerometer [6]. The relationship between this rebound index and
the compressive strength of concrete is established by statistical models obtained from
numerous laboratory tests [7]. There are models that relate these two variables for con-
ventional concrete, i.e., vibrated concrete made with conventional materials (natural
aggregate, NA, and ordinary Portland cement) [8].

Fig. 1. N-type sclerometer.

Self-Compacting Concrete (SCC) does not require any type of vibration to adapt to the
formwork shape during its placement [9]. This property, called self-compactability, is
achieved thanks to two different aspects. Firstly, adding a large amount of fine aggre-
gate particles, smaller than 0.25-0.50 mm, thanks to the use of an aggregate powder,
the most common of which is limestone filler [10]. Secondly, through an adequate ratio
between coarse and fine aggregate. In this type of concrete, the coarse aggregate content
is generally lower than the fine aggregate content, unlike in conventional concrete [11].
These two aspects finally result in SCC having a lower surface hardness than conven-
tional concrete [12], although not necessarily in a lower strength, since the addition of
aggregate powder can compensate the negative effect of the reduction of the content of
coarse aggregate [13]. Therefore, the models that relate compressive strength and ham-
mer rebound index for conventional concrete seem not to be valid for SCC.

Recycled Concrete Aggregate (RCA) is a waste that can be used to replace NA in
the production of concrete [14]. This aggregate is obtained from the crushing of con-
crete elements and is mainly characterized by the presence of mortar adhered to the NA
in the coarse fraction [10], as well as by the presence of mortar particles in the fine
fraction [15]. These aspects cause the surface hardness of RCA compared to that of NA



to be lower [16], which in turn also affects the surface hardness of the concrete pro-
duced with it [17]. Therefore, the existing models are also invalid for concrete incorpo-
rating this type of aggregate.

The purpose of this paper is to present a preliminary analysis of the validity of the
hammer rebound index for the in situ estimation of the compressive strength of SCC
produced with RCA. For this purpose, six SCC mixes were prepared with ordinary
Portland cement, 100 % coarse RCA, three different contents of fine RCA (0 %, 50 %,
and 100 %) and two different aggregate powders, limestone filler and limestone fines
0/0.5 mm. Models that would be valid for predicting the compressive strength of the
developed SCC were proposed.

2 Materials and methods

2.1 Materials

Ordinary Portland cement CEM 1 52.5 R (EN 197 [18]) available in the region where
the study was carried out was used. It had a specific weight of 3.12 Mg/m? and a clinker
content of 95-98 %. Drinking water from the city of Burgos, Spain, was added to the
SCC. In addition, two admixtures were used to achieve self-compactability: a plasti-
cizer and a viscosity regulator.

Two aggregate powders were employed to provide the content of fine aggregate par-
ticles (less than 0.25-0.50 mm) necessary to achieve self-compactability [9]. Limestone
filler <0.063 mm (density of 2.77 Mg/m?® and purity of 98 %) was added to half of the
mixes, while limestone fines 0/0.5 mm (density of 2.60 Mg/m?, 24-h water absorption
of 2.57 %, and fineness modulus of 1.22 units) were added to the other half.

Since the mixes incorporated 100 % coarse Recycled Concrete Aggregate (RCA),
only fine Natural Aggregate (NA) was added. This aggregate was siliceous sand 0/4
mm with a density of 2.58 Mg/m?, a 24-h water absorption of 0.25 %, and a fineness
modulus of 3.49 units.

The RCA used came from precast concrete elements with a compressive strength
higher than 45 MPa. Its crushing allowed obtaining RCA with a continuous grain size
of 0/31.5 mm, which was subsequently sieved to obtain the fine fraction 0/4 mm (den-
sity of 2.37 Mg/m?3, 24-h water absorption of 7.36 %, and fineness modulus of 3.11
units) and the coarse fraction 4/12.5 mm (density of 2.42 Mg/m?, 24-h water absorption
0f 6.25 %, and fineness modulus of 6.30 units).

2.2 Mix design

Six mixtures were prepared with 100 % coarse RCA, three different fine RCA contents
(0 %, 50 %, and 100 %), and two different aggregate powders (limestone filler, and
limestone fines 0/0.5 mm). The mixtures were referred to as 4/P, in which A referred
to the aggregate powder added to SCC, F (limestone filler <0.063 mm) or L (limestone
fines 0/0.5 mm), while P referred to the percentage of fine RCA added to the mix, 0 %,
50 %, or 100 %.



Firstly, the composition of the F/0 mix was defined. The proportion of its compo-
nents was obtained according to Eurocode 2 (EC2) [19], which subsequently were ad-
justed empirically to achieve a SF3 slump-flow class (slump flow between 750 mm and
850 mm) according to EFNARC recommendations [20]. Later on, the fine NA was
replaced by fine RCA in the mentioned quantities by volume correction. Finally, lime-
stone filler was replaced by limestone fines 0/0.5 mm. In each mix, the content of water
and aggregate powder was adjusted so that the flowability remained constant (same
slump-flow class). The composition of the different mixtures is shown in Table 1.

Table 1. Mix design (kg/m?).

Component F/0 F/50 F/100 L/0 L/50 L/100
CEMI1525R 300
Plasticizer 4.50
Viscosity regulator 2.30
Coarse RCA 4/12.5 mm 530
Fine RCA 0/4 mm 0 505 1010 0 435 865
Siliceous sand 0/4 mm 1100 550 0 940 475 0
Limestone filler <0.063 mm 165 0
Limestone fines 0/0.5 mm 0 335
Water 185 210 235 185 210 235

2.3  Experimental plan

After the preparation of each mix, the slump-flow test (EN 12350-8 [18]) was carried
out to check that they all had a slump flow between 750 and 850 mm (SF3 slump-flow
class) and six 10x10x10-cm cubic specimens were produced for testing in the hardened
state: measurement of compressive strength as per EN 12390-3 [18] and determination
of hammer rebound index according to EN 12504-2 [18].

Both hardened-state tests were performed at 7 and 28 days (3 specimens at each age).
Until the moment of testing, the specimens were kept in a moist room (humidity of
around 95 % and temperature of 20 °C). The values of compressive strength and ham-
mer rebound index were related to each other, and the effect of the mix composition
was analyzed.

3 Results and discussion

3.1  Slump flow

All SCC mixes reached an SF3 slump-flow class (Fig. 2): slump flow between 750 mm
and 850 mm [20]. According to these results, the use of RCA did not hinder the achieve-
ment of high self-compactability if the composition of the mixture was adjusted accord-
ing to the particular characteristics of this waste.



All changes in the mix composition modified the slump flow obtained. On the one
hand, despite the higher water absorption levels of RCA compared to NA, the adjust-
ment of the water content showed that it is possible to increase the flowability of SCC
by adding RCA [14]. This phenomenon could also be favored by the higher proportion
of fine particles of this waste, as shown by the fineness moduli (3.49 units for siliceous
sand 0/4 mm, and 3.11 units for fine RCA 0/4 mm). On the other, the use of limestone
fines 0/0.5 mm produced a cement paste with a higher content of particles with a size
between 0.25 and 0.50 mm [11]. Although it allowed obtaining adequate slump flow,
its use resulted in lower values of slump flow than when using limestone filler.

B Mixes with limestone filler <0.063 mm
@ Mixes with limestone fines 0/0.5 mm

Slump flow (mm)

RCA content (%)

Fig. 2. Slump flow of the mixes.
3.2  Compressive strength

Fig. 3 shows the results of the compressive strength of the mixes at 7 and 28 days. The
compressive strengths obtained were adequate for the structural use of the mixes [19].
The increase of the fine RCA content led to an approximately linear decrease of the
compressive strength. The increased porosity associated with the use of fine RCA may
explain this phenomenon [15]. On the other hand, the use of limestone fines 0/0.5 mm
resulted in a higher compressive strength, especially in the long term. The higher water
absorption of this aggregate powder compared to the limestone filler may have led to a

more noticeable internal curing [11], which resulted in a greater increase of strength
between 7 and 28 days.
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Fig. 3. Compressive strength at: (a) 7 days; (b) 28 days.



3.3 Hammer rebound index

Hammer rebound index was determined at 7 and 28 days on the same specimens that
were subsequently tested to compressive strength. The results obtained are shown in
Fig. 4, which exhibited the same trends than the compressive strength. Firstly, hammer
rebound index increased with the age of the SCC due to the surface-hardness develop-
ment [17]. Secondly, the use of fine RCA, with a lower surface hardness than fine NA
due to the presence of mortar particles [13], caused a decrease of the hammer rebound
index approximately linear with the amount of fine RCA. Finally, the use of limestone
fines 0/0.5 mm increased the surface hardness of the SCC and, therefore, the hammer
rebound index. This trend is clearly observed at 28 days, as at 7 days the effect of ag-
gregate powder was not clear due to the variability of this indirect measure. The simi-
larity of the trends shown by the compressive strength and hammer rebound index re-
flects the suitability of this indirect measure for estimating the compressive strength of
recycled aggregate SCC.

®  Mixes with limestone filler <0.063 mm (b) ® Mixes with limestone filler <0,063 mm
W Mixes with limestone fines 0/0.5 mm W Mixes with limestone fines 0/0.5 mm

w W
B o
s
&

M@
I
s
I
]
r
MPa)
a
[
1
]
1
]
i
]

~ fy=-0.072x+34.0 ®
= T = Ri-03919 ¥

iy:ﬂ.ﬂﬁﬂxfli.l}} s
———  R*-=09308 |

-]

~

y=-0.108x+ 39.0
| R*=0997 |

B 531

Hammer rebound index
Mo W ow W
o
]

d
st
w
&

%

4
v,
Comy
~
B

&
™
i

&
~
ol

0 20 a0 60 80 100 0 20 a0 [
Fine RCA content (%) Fine RCA content (%)

Fig. 4. Hammer rebound index at: (a) 7 days; (b) 28 days.

3.4  Models for compressive strength prediction of recycled aggregate SCC

Models for estimating compressive strength from the hammer rebound index may be
obtained by least squares fitting. The 7-day compressive strength of the developed
mixes can be estimated from the hammer rebound index through equation 1 (R? coeffi-
cient of 96.7 %), while the 28-day strength can be estimated from equation 2 (R? coef-
ficient of 98.5 %). Finally, equation 3 allows estimating the compressive strength of
concrete regardless of its age (R? coefficient of 97.0 %). In order to give these expres-
sions a general character, no differentiation was made between the modifications made
in the composition of the SCC (fine RCA content and nature of the aggregate powder).
The high R? coefficients obtained show that the hammer rebound index is a valid meas-
ure for the estimation of compressive strength of SCC, although the development of
specific models for this purpose is necessary. In addition, two relevant aspects can be
noted. Firstly, the formulation of the model was robust. In each case, the model with
the best fit was chosen, which always resulted in an equation with the same formulation,
but with different constants. This reflects the fact that the models for this estimation
can be easily standardized. Secondly, since the surface hardness of SCC is highly de-
pendent on its strength development due to its low proportion of coarse aggregate [17],



it is possible to develop models that allow estimating the compressive strength regard-
less of age. This situation is opposite to that used in conventional vibrated concrete [8].
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4 Conclusions

In this paper, the validity of the hammer rebound index to predict the compressive
strength of Self-Compacting Concrete (SCC) has been evaluated. In addition, the effect
of some changes in the mix composition, concerning fine Recycled Concrete Aggregate
(RCA) and aggregate powders, has been studied. These conclusions can be drawn:

(1) Using the hammer rebound index for compressive-strength estimation must be
subjected to statistical adjustment. The variability of the measurements of this parame-
ter, increased by changing the SCC composition, makes this type of study essential.

(2) Existing models for conventional concrete underestimate the compressive
strength of SCC. This is due to the lower surface hardness of SCC because of its re-
duced coarse aggregate content, as well as its high amount of fine aggregate particles.
The use of RCA and limestone filler also promotes this phenomenon.

(3) It is possible to develop models that allow accurate estimation of the compressive
strength of SCC from the hammer rebound index regardless of the age of the SCC. For
it, modification of the mix composition allows obtaining more general models.

Despite all this, further research is needed, as the number of tests performed was not
enough to evaluate the uncertainty of the indirect measurements studied.
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