a r I Universita degli Studi di Trieste
Archivio della ricerca — postprint

Destructive and non-destructive tests on columns and cube specimens made
with the same concrete mix

Giada Frappa , Massimiliano Miceli, Margherita Pauletta

Polytechnic Department of Engineering and Architecture, University of Udine, Via delle Scienze, 206 — 33100 Udine, Italy

ARTICLE INFO

Keywords:

In-place concrete strength
Core samples

Surface hardness test
Ultrasonic pulse velocity test
SonReb method

Existing buildings

ABSTRACT

This research work presents the results of an experimental campaign performed on column specimens to
investigate the capacity of destructive coring test and non-destructive tests to predict the in-place concrete
strength. The considered non-destructive tests are Surface Hardness (SH) and Ultrasonic Pulse Velocity (UPV)
ones. Using these tests’ results also SonReb method is applied. The peculiarity of this research is that the results
of all the performed test on the columns are compared to results obtained from cube specimens made with the
same concrete of the columns. The non-destructive predictive methods are performed on both column and cube
specimens during the curing of the concrete at different ages, while the destructive coring test on columns
specimens at 28th day after casting. A discussion on the comparison between drilled cores’ strength, determined
using provisions of different building codes, and cube specimens’ strength is provided. In particular, the code
providing the safest concrete strength predictions is identified.

Moreover, the influence of different core diameters on the evaluation of in-place concrete strength is analyzed.
The variation of core specimens’ strength, depending on the position of test execution along the columns’ height,
is also investigated. To assess the in-place concrete strength by non-destructive tests, correlation formulae are
calibrated on the bases of cores strength determined according to ACI Code. The prediction ability of these
formulae is assessed. Results obtained from SH and UPV tests at different concrete ages are compared to the cube
specimen strength at the same ages, and the influence on the measured parameters of different moisture con-
ditions during curing is analyzed. The minimum number of cores to adequately predict the in-place concrete
strength by means of SH and UPV methods is also determined.

Best predicting SonReb formulations are identified.

1. Introduction

stock and the people who occupy it. To design these types of in-
terventions, it is necessary to know the characteristics of the materials

In countries prone to seismic activity the existing building heritage is
subjected to seismic risk, because many old buildings were designed
without using principles of good seismic behavior.

In Italy more than 60% of the existing buildings are exposed to
seismic risk, having been designed without a seismic code. Among the
residential buildings, which constitute the majority of existing buildings
(about 84% in Italy), 30% have a reinforced concrete load bearing
structure [1]. Seismic events of recent decades have revealed that even
RC buildings, if designed for gravity loads only, are prone to severe risk;
in fact, they can develop severe damage or even collapse, as highlighted
in [2].

Since the 2000s the Italian Government has encouraged seismic
improvement interventions for existing structures, to secure the housing
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which constitute the buildings. For RC structures it means knowing the
characteristics of the concrete and reinforcement [3]. As regards con-
crete, a comprehensive knowledge of its mechanical properties allows
the investigator to predict, from the analysis, the deformation behavior
of the building close to the real one. However, the estimation of in-place
concrete properties is challenging. For this reason, the most advanced
building codes [4-7] provide that knowledge of these properties shall be
attained by carrying out destructive compressive tests, as well as by
obtaining data through non-destructive methods.

The destructive test consists of drilling of core specimens from the
structure and in subjecting them to compression tests [8]. Technical
Codes [9,10,11] provide procedures to perform the drilling and for-
mulations to obtain the concrete strength on the basis of some
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Table 1

Concrete mix design for 1 m® and slump test results.
Concrete type C25/30 C28/35 C32/40
Aggregates weight [kgl 1950 1970 1930
Cement weight [kgl 280 310 350
Water [1 160 160 160
Water/cement ratio 0.57 0.52 0.46
Slump test lowering [mm] 210 210 160

influencing parameters such as core diameter, aspect ratio, moisture
condition, drilling direction, presence of steel reinforcement bars, and
type and size of aggregate. Although destructive methods are expensive,
time-consuming operations, their results are reliable and useful [12-14].

The effect of cutting damage on cores reduction strength increases
with the decrease of core diameter [15]. For this reason building codes
provide correction factor of cores strength accounting of core diameter
effect. In this research the effect on core strength of accurately per-
formed drilling, carried out paying attention in avoiding damages to
specimens, is investigated.

Another important factor affecting cores strength is the position of
drilling. In particular, Qasrawi showed that concrete casting and
compaction methods may lead to strength variations along columns
height [16], evidencing the presence of weaker zones at the bottom and
at the top of the column. One of the aims of this research is to investigate
if accurate concrete casting and compaction avoids strength variations
along the structural element.

As regards non-destructive methods, the most widespread ones are
the Schmidt surface hardness [17], the ultrasonic pulse velocity [18]
and the Sonic Rebound (SonReb) [19], which is a combination of the
Schmidt SH and the UPV methods.

The Schmidt sclerometer is the instrument used to perform the SH
test [20]. It consists of a steel beating mass, driven by a mechanical
spring, which, after release, projects a percussion rod on the test surface.
The measured rebound height of the mass after the contact with the
concrete surface is related to the surface hardness, which is an index of
concrete compressive strength. At each measurement the sclerometer
provides the Rebound Index (RI). The manufacturer of the sclerometer
provides a strength estimation curve, which allows the user to determine
a theoretical concrete strength from the measured values of RI. How-
ever, the validity of the relationship is restricted to specific testing
conditions and an extension of that validity to different types of concrete
or testing circumstances is impossible [21-23]. A reliable relationship
between concrete strength and RI can be obtained only if experimental
results obtained from destructive tests are available and the relationship
is calibrated based on these results. Actually, surface hardness and
compressive strength of concrete depend on several parameters, which
are related to concrete admixture quality and to concrete degradation
state. Some of these parameters have opposite effects on surface hard-
ness and concrete compressive strength. It is the case of carbonation
[24], which may lead to a significant increase of surface hardness and, at
the same time, to a reduction of concrete compressive strength. Another
kind of degradation affecting concrete mechanical properties is steel
bars corrosion [25].

The UPV method is based on the phenomenon of propagation of
ultrasonic waves with a variable frequency in the range of 20-120 Hz.
The test device is made of two probes: a mechanical pulse emitter and a
corresponding receiving device in transparency. The time between the
emission of the signal and its reception is measured and, being the dis-
tance between the probes known, the wave velocity is obtained. Since
the velocity is correlated to the concrete stiffness, this method allows the
user to obtain the concrete modulus of elasticity, the Poisson’s ratio and
also the concrete strength. As in the case of the SH method, a reliable
relationship between the waves propagation velocity and the concrete
strength can be obtained only if it is calibrated based on results obtained
from destructive tests performed on the same concrete.

Having RI and UPV measurements allows the combined SonReb
method to be applied to estimate the concrete strength. The advantage
of using this method is that the variation of some concrete parameters
produces opposite effects on the results of the two component tests,
thereby reducing the error in the concrete strength prediction, as out-
lined in [26]. In particular, the SonReb method reduces the effects
connected to the aggregate size, cement type and content, water to
cement ratio and moisture content. Also in this case a reliable rela-
tionship for the concrete strength determination should be obtained by
taking account of destructive test results. However, several relationships
are available in the literature to determine concrete strength with the
SonReb method, as shown in [27]. Hence, without calibrating an ad-hoc
relationship on destructive test results, it is also possible to use the
available relationship which best predicts these results.

In this research, the capacity of predicting concrete strength based on
core compressive strength tests and non-destructive surface hardness,
ultrasonic pulse velocity and SonReb methods is investigated. In
particular, the minimum number of core specimens necessary to obtain
adequate predictions from correlation curves is determined.

2. Research goals

Regarding destructive tests on core specimens, a first goal of the
research is to compare cores strength, from which in-place concrete
strength is derived, with the strength of cube specimens made with the
same concrete mix. The cores strength is determined by using provisions
of different building codes and different cores diameters. The compari-
son allows to determine both what code and what diameter provide the
safest concrete strength predictions with respect to the cube strength.

Another goal is to determine how much the core strength can vary
depending on the drilling position.

Regarding non-destructive tests, both for SH and UPV tests, a first
goal is to investigate if there are differences between these tests’ results
obtained from the column specimens and the corresponding cube
specimens, for different days of curing. This comparison allows to un-
derstand how different curing conditions, between real structures and
cube specimens, affect the measured parameters, which are used to
derive the concrete strength.

Another goal is to determine how many core specimens are sufficient
to calibrate formulas which adequately predict in-place concrete
strength from the parameters measured in SH and UPV tests [28].

Finally, regarding the SonReb method, the goal of this research is to
evaluate the in-place concrete strength predicting capacity of formula-
tions available in the literature and to identify the ones providing the
best predictions.

3. Experimental investigation

The experimental investigation has been carried out in order to meet
the research goals previously specified. To simulate the execution of
destructive and non-destructive tests on existing RC structural members,
three short columns were prepared. The column specimens were made
with three different concrete mixes, having different grades. After hav-
ing subjected the column specimens to non-destructive tests, concrete
cylinders were extracted by coring from the columns at the 28th day of
curing.

To assess the capacity of destructive and non-destructive tests in
predicting in place-concrete strength, cube specimens were prepared
with the same concrete mixes used for casting the column specimens.
The specimens characteristics, the test program and the methods of
testing and data analysis are described in the following subsections.

3.1. Specimens characteristics

3.1.1. Concrete properties
Three different concrete mixes, with different grades, were used to



Transverse section

Longitudinal section

Cover2.5cm
2016 L=95cm
Te)
A i
Top hook @ 6
L=122cm o
o m'
g ~
2016 L=95cm
<
40.0 &
ol @
Stirrup @ 6 3 ‘8_
Pitch 23 cm
L=152 cm °
o
1 N
6.0/
o
8 g
N
- o
35.0 400 o

(a)

(b)

Fig. 1. Column specimen: (a) cross- and longitudinal sections; (b) photograph of the reinforcement cage.

Fig. 2. Cube specimens inside the curing tank.

produce the specimens described in the following. Their nominal cube
strengths, Rc, were 30 MPa, 35 MPa and 40 MPa. Hence they were
identified with the strength class labels C25/30 (normal grade concrete),
C28/35 (common concrete for domestic and commercial applications)
and C32/40 (strong commercial grade concrete), respectively.

The cement used was a hydraulic binder obtained from the grinding

of Portland clinker, natural limestone, and gypsum. The aggregates were
composed of a mix of washed sand (diameter of 0-4 mm) and gravel
(diameter of 8-16 mm). The mix design used to produce 1 m? of concrete
is reported in Table 1, together with the results of the slump test.
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Fig. 3. Cylindrical specimen: (a) coring; (b) rectification.
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Fig. 4. Representation of the four groups of test sub-faces, on the faces of a single column specimen.

3.1.2. Column specimens

Each of the three columns was vertically casted with a different
concrete mix (Fig. 1): one each with C25/30, C28/35, and C32/40. Each
column had a square base with dimensions 400x400 mm? and height
equal to 1000 mm.

Steel reinforcements in the columns were designed to be like those
which can be found in existing RC buildings designed without reference
to seismic codes. Ribbed bars of steel grade B450C [1] were used.
Diameter and geometry of the reinforcements are depicted in Fig. 1,
where it can be seen that there are 4 longitudinal bars with 16 mm
diameter and stirrups with 6 mm diameter spaced of 230 mm apart.

The stirrups’ spacing was considered sufficient for the execution of
all the foreseen tests, in particular for the extraction of the concrete
cores. Also a triangular hook, visible in the upper part of the rein-
forcement cage, was inserted to facilitate the handling of the specimens.

In order to avoid concrete strength inhomogeneities along the col-
umn height due to concrete segregation, each column was casted in two
layers, with the same height, each of them singly vibrated.

All non-destructive tests on the column specimens were completed
prior to the drilling of cores to be used for the destructive compression
test.

3.1.3. Cube specimens

After the columns were cast, the remaining concrete was used to
prepare 14 cube specimens for each type of concrete mix, as those used
in [29]. These specimens were prepared according to UNI EN 12390-1

[30] and 12390-2 [31], hence their dimensions were 150x150x150
mm°.

The specimens were casted in two phases, since, according to [31]
they must be compacted in at least two layers. Then they were left inside
the cube molds for 16-24 h, to protect them from shocks, vibrations and
dehydration that could have damaged them. After this period of time,
they were removed from the formworks and placed inside a curing tank
(Fig. 2) ensuring a temperature of 20 + 2 °C throughout the curing
process.

All non-destructive tests on the cube specimens were completed prior
to their subjection to destructive compression tests.

3.1.4. Core specimens

For each column, 8 cylindrical specimens with a height/diameter
ratio equal to 1 were extracted (Fig. 3 (a)), 4 of which with a diameter of
104 mm and 4 with a diameter of 94 mm. Two different diameters were
adopted in order to have an estimate of the size effect of specimen size
on the evaluation of the concrete compressive strength.

After their circular bases had been rectified (Fig. 3 (b)), the speci-
mens were subjected to destructive compression tests.

3.2. Test program

The testing program was organized as follows.
The SH and UPV tests were performed on the cube and column
specimens at 7, 14, 21 and 28 days after casting. Moreover, on each of
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Fig. 5. Phases of the SH test: (a) smoothing of the surface; (b) drawing of the
test points; (c) execution of the test.

those days, two cube specimens per concrete mix typology were sub-
jected to a compression test.

Two cube specimens were also subjected to a compression test on the
3rd day from casting, to have the complete curing curve of the three
different concrete mixes.

On the 28th day, after having performed that day’s SH and UPV tests,
concrete cores were extracted from the columns. Then, the cores and the
remaining cube specimens (6 per concrete mix typology) were subjected
to the compression test.

To reduce the influence of possible inhomogeneities existing along
the height and on the four vertical faces of the columns on tests’ results,
it was decided to carry out the investigations at different heights on
these faces. In particular, with reference to Fig. 4, the lightest gray color
indicates the heights at which the tests were performed on the different
faces of the column on the 21st day. The other grays, progressively
darker, indicate the heights at which the tests were performed on the
28th, 7th and 14th day, respectively. The abbreviations S1, S2, S3 and
S4 simply indicate the heights of the tests area along the specimen, and
FA, FB, FC and FD indicate the position of the test area with respect to
the four vertical faces of each column. On a given day, each column
would therefore have tests performed on four distinct sub-faces, e.g., FA-

S1, FB-S2, FC-S3, and FD-S4 on the 14th day.

3.3. Methods of testing and data analysis

3.3.1. Surface hardness test on column specimens

Before performing the SH test, the test area was smoothed by means
of the abrasive stone supplied with the sclerometer, as shown in Fig. 5
(a).

In order to comply with UNI EN 12504-2:2021 for the determination
of RI [17], a template, visible in Fig. 5 (b), was applied to the test area.
The template’s holes, spaced 4.5 cm apart, were used to draw the
hammer impact points on all 16 sub-faces of each column. Then the test
was performed as shown in Fig. 5 (c), and the RI read at each test point
was recorded.

For each day of investigation, 7th, 14th, 21st and 28th, the test was
performed at multiple points on each column, in four distinct sub-faces,
as depicted in Fig. 4.

The median of the recorded RIs was then determined for each sub-
face. The overall column RI on a given day was taken to be the
average of the four median RIs determined for the sub-faces of that
column on that day.

3.3.2. Surface hardness test on cube specimens

Cube specimens were prepared for the SH test in a similar manner to
the columns.

In order to prevent the specimen from moving under the hammer
impact, it was placed between the plates of a press, as shown in Fig. 6(a),
under a stress approximately equal to 1 MPa. These specimens were
subjected to the test from the 14th day onwards.

For each cube, the median of the recorded RIs was determined for
each day of testing. Then, the average of the median RIs determined for
the cube specimens at a day of testing was determined.

3.3.3. Ultrasonic test on column specimens

The UPV test was performed on the aforementioned sub-faces used
previously for the SH test, in order to subsequently use the obtained data
for the application of the SonReb method.

To have knowledge of the exact distance between the pulse emitter
and the receiving device, care was taken that the probes were placed at
the same height on opposite faces of the column, as shown in Fig. 6(b).
Then the UPV was recorded four times, moving the pair of probes
around the column in all the possible combinations.

The average of the four measured propagation velocities obtained for
each specimen was considered.

3.3.4. Ultrasonic test on cube specimens
The UPV test was performed on the cube specimens in a similar

(a)

(®)

(¢)

Fig. 6. Execution of: (a) SH test on cube specimen, (b) UPV test on column, and (c) UPV test on cube specimen.
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Fig. 9. Results of UPV test on column specimens.

manner to column specimens, identifying the centers of two opposite
faces for the application of the probes Fig. 6(c).

For each concrete mix, the average UPV values of the 14 cube
specimens obtained for each day of testing are considered.

3.3.5. Compression test on cube specimens

Compression tests were performed on cube specimens on the 3rd,
7th, 14th, 21st and 28th day from casting, to have the complete curing
curve for the three used concrete mixes.

For each concrete mix, the average compressive strength values of
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Fig. 10. Results of UPV test on cube specimens.

the cube specimens obtained for each day of testing are considered.

3.3.6. Compression test on core specimens

Compression tests were performed on the cylindrical specimens
(cores extracted from the columns) at the 28th day, after having
executed the non-destructive tests on the columns.

The average strengths of core specimens extracted from a column
with the same diameter are considered.

4. Experimental results
4.1. Surface hardness test results

4.1.1. Column specimens

The individual measurements are reported in appendix A (from
Table A.1 to Table A.3).

The average RI values for the individual column specimens are
plotted versus concrete age in Fig. 7. As it can be seen from this figure,
the average RI values increase almost linearly with the increase of the
concrete age. Hence, in cases where it is useful/necessary to monitor the
increase over time of fresh concrete strength, as those considered in
[33], this can be done by monitoring the RI values over time.

Furthermore, specimens characterized by stronger, commercial
concrete show consistently higher average RI values.

4.1.2. Cube specimens

The average RI values for the individual cube specimens are plotted
versus concrete age in Fig. 8. Similar to the column specimens, for the
cube specimens, the average RI values are greater for specimens pre-
pared with higher-grade concrete.

4.2. Ultrasonic test results

4.2.1. Column specimens

The individual measurements are reported in Appendix B (from
Table B.1 to Table B.3). The average values are shown in Fig. 9, plotted
versus concrete age. As it can be seen from this figure, the average UPV
values increase almost linearly with increase in concrete age. Hence, in
cases where it is useful/necessary to monitor the evolution over time of
concrete curing, as those considered in [33], this can be done by
monitoring UPV values over time.

Furthermore, specimens prepared with higher-grade concrete show
higher average UPV values.

4.2.2. Cube specimens
The propagation velocities determined for each cube specimen are
shown in Fig. 10.
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4.3. Compression test results

4.3.1. Cube specimens

All the results of the tests are reported in Appendix C (from Table C.1
to Table C.3) and the average strength values are shown in Fig. 11 and
reported in Table 2 at column (2).

As expected, concrete strength increases with the age and tends to
stabilize from the 21st day of curing onwards.

It is interesting to compare the obtained concrete strengths with the
strengths predicted by Eurocode 2 at age variation [32]. According to
EC2, the compressive strength of concrete at an age t depends on the
type of cement, temperature and curing conditions. For a mean tem-
perature of 20 °C, and curing in accordance with EN 12,390 [31], as
done in the present research work, the concrete compressive strength at
time ¢, R (t), may be estimated by.

R.(1) = B..(t) ® Reog 6h)

where R.yg is the cube strength at the 28th day of curing and f..(t) is a
coefficient that depends on the age of the concrete.

- L0

with s equal to 0.25 for C25/30 and C28/35 and s equal to 0.2 for
C32/40 in this specific case.

The values of strength given by Eq. (1) for ages from the 3rd day to
the 21st day are reported in Fig. 10, where it can be seen that EC2 for-
mula appears to be accurate in its prediction, with the values calculated
with Eq. (1), being very close to the measured ones in this case. The
empirical points in Fig. 11 support the premise of Eq. (1); namely, that
the increase of concrete strength with the age is governed by a non-
linear behavior, unlike the trends of RI values (Fig. 7) and UPV

(Fig. 9) which increase almost linearly with curing age from day 7 to day
28.

It can also be observed that, for all the concrete mixes tested, the
attained strength at the 28th day is greater than the nominal value. The
percentage difference between the attained strength and the nominal
one is equal to 20%, 27% and 33%, for C25/30, C28/35 and C32/40,
respectively. Hence this difference increases with the increasing of the
concrete strength.

4.3.2. Core specimens

The results of the tests are reported in Appendix D (from Table D.1 to
Table D.3) and the average strength values are summarized in Table 2 at
column (4). From the reported results it can be observed that, for all
three concrete mixes, higher strengths are obtained for the smaller sized
specimens. Generally, for drilled cores, the contrary is expected, i.e. the
strength is expected to decrease with the diameter, because the ratio of
cut surface area to volume increases and, hence, the possibility of
strength reduction due to cutting damage increases [12]. For molded
concrete, however, specimen strength is expected to decrease with in-
crease in specimen size, due to the size effect [15]. According to this
theory, the larger the specimens volume is, the more probable it is that
they contain a defect and, thus, they fail at a lower stress.

In the specific case of tests described herein, it can be said that the
results are more influenced by the size effect than by the effect of
damage due to drilling. This is probably because great attention was
paid to the drilling phase, to avoid, as far as possible, damages to the
specimens.

5. Discussion of test results

A peculiarity of this research is that, in addition to the results of non-
destructive and destructive tests on the columns, also the results of the
same tests on cube specimens made with the same concrete as the col-
umns and tested on the same days are available.

For the assessment of in-place concrete properties by means of non-
destructive tests, building codes [9], [10] and [11] recommend cali-
brating the correlations between the non-destructive testing results and
concrete strength using the results obtained from destructive tests car-
ried out on the same concrete specimens. Since non-destructive tests
were performed at the 7th, 14th, 21st and 28th day of curing while the
cores were drilled only at the 28th day, cores strength may be used to
derive only correlation laws for the prediction of concrete strength at the
28th day of curing. In order to obtain, for each non-destructive test
carried out, correlation laws able to predict either the cube or the cy-
lindrical concrete strength, the relationship between the strengths ob-
tained from the extracted cores and the cube specimens is firstly
determined.

Table 2
Average strength obtained from compression test and predictions of codes.
m ) ®3) @ ) 6) @
Average strength [MPa]
Concrete type Cube specimens Cylindrical specimens Italian Guidelines ACI Code British Standard
(28 days) (28 days) [9] [10] [11]
D* [mm]
C25/30 36.10 94 38.98 39.30 41.61 38.98
104 32.10 33.76 33.97 32.10
C28/35 44.60 94 46.86 46.86 50.03 46.86
104 39.19 39.44 41.47 39.19
C32/40 53.27 94 54.54 54.54 58.23 54.54
104 48.89 48.89 51.74 48.89

*d = diameter of cylindrical specimens.
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5.1. Compression test on extracted cores versus compression test on cube
specimens

Fig. 12 shows the comparison between the 28-day strength obtained
from the compression tests on the cylindrical specimens extracted by
coring and that of the corresponding cube specimens. From this figure it
can be observed that the cylindrical specimen results nearer to the cube
compressive strengths are those of the cores having 94 mm diameter,
which have slightly greater strengths than those of the cube specimens.
This confirms that, for the cores with the smaller diameter (94 mm), the
size effect prevails. Cores with diameter 104 mm have, instead, strengths
that are lower than the strengths of the cube specimens, with a per-
centage difference ranging from 8% to 12%, as it can be derived from the
values in Table 2 at columns (2) and (4).

The cores’ strengths reported in Fig. 11 are those obtained directly
from the tests on the extracted cylinders. However, to determine the in-
place concrete strength it has to be taken into account that the core
compressive strength is affected by a number of factors, such as core
diameter, aspect ratio, moisture condition, drilling direction, presence
of steel reinforcement bars, type and size of aggregate, and even strength
class of the concrete. These are all the possible factors involved in the
interpretation of core compressive strength test results, but the number
and type of factors considered in building code provisions for this aim
are different. In this research work the formulations of Italian Guidelines
[6], ACI Code [7] and British Standard [11] are considered.

As regards Italian Guidelines [9], the in-place concrete strength is
calculated by multiplying the measured strength of the core by a
corrective factor, called the disturbance factor, whose value depends on
the core compressive strength. In particular, the disturbance factor is

equal to 1.06, 1.04 and 1.00 for core strengths equal to 30 MPa, 35 MPa
and greater than or equal to 40 MPa, respectively. For intermediate
strength values a linear interpolation can be made. The concrete
strength calculated according to Italian Guidelines are reported in
Table 2 at column (5).

According to ACI PRC-214.4-21 [10], the in-place concrete strength
is computed using the following equation.

ﬁ‘ = Fl/d ® Fyig® Fye 0 Fp .frore 3

where f, is the equivalent in-place concrete cylindrical strength and f,,r,
is the concrete core strength. The other parameters have the following
meanings and values:

e Fyq is the strength correction factor for aspect ratio, I/d (with [ height
of the core sample and d diameter), given by the following equation
for the case of cores tested as received without being subjected to
soaking or air drying

2
Fya=1-(0.13-43010"ef.,,) e (2 - é) ()]

This correction factor allows to determine the concrete cylindrical
strength f.. Clearly, it assumes a value equal to 1 for { =2 and lower
values for { < 2.

In the present case, the cube strength has to be obtained, to have
strength values homogeneous with those obtained from the cube spec-
imens, since the strength is obtained from cores with { = 1. Therefore,
the correction factor is calculated as the ratio between the factor relative
to the aspect ratio of the core (given by Eq. (4)) and the correction factor
relative to L = 1, given by [1 — (0.13 — 4.3 01072 e foorc) |;

o Fg, is the strength correction factor for diameter, equal to 1.06, 1.00
and 0.98 for core diameters of 50 mm, 100 mm and 150 mm,
respectively. For intermediate strength values a linear interpolation
is made;

e F, is the strength correction factor for moisture condition of the core
sample, equal to 1.00 for the case of cores tested as received without
being subjected to soaking or air drying;

e Fp is the strength correction factor that accounts for the effect of
damage due to core drilling, equal to 1.06.

The concrete strengths calculated according to ACI Code are reported
in Table 2 at column (6).

According to BS 1881:part120 [11], the in-place concrete strength is
computed using the equation.

fc‘ = Cl/d L4 Ca .fcore (5)

where Cy4 is the strength correction factor for aspect ratio, given by the
following equation for core axis orthogonal to the cast direction, as in
the present case.
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and C, is the correction factor for the presence of reinforcing steel,
equal to 1.00 for no bars, as in the present case.

The concrete strengths calculated according to British Standard are
reported in Table 2 at column (7).

Fig. 13 shows the ratios between the cores compressive strength
given by the aforementioned codes and the strength of the corre-
sponding cube specimen, versus the cube strength. From this figure, it
can be observed that, in general, ACI Code gives the highest strength
predictions, while British Standard the lowest ones. Italian Guidelines
gives predictions, which, except in one case, are very close to British
Standard ones. On the whole, the codes mentioned above provide pre-
dictions that range from values 11 % lower to 15 % higher than the cube
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strength.

While the contrary was to be expected for cores with 94 mm diam-
eter, the predictions are greater than the corresponding cube strength,
because, as it has already been observed, the cores of this specific
research are affected more by size effect than drilling damage effect, as
obtained in [34]. ACI Code and Italian Guidelines take account of the
damage due to drilling by using correction factors that further increase
the measured core compressive strength values. Being well known that
in-place concrete strength is lower than the strength of the corre-
sponding cube specimen, it can be said that the more realistic pre-
dictions are those based on test results obtained from cores with 104 mm
diameter. This is also in agreement with guidelines provided in ACI Code
and British Standard, i.e. that it is preferable to obtain core samples with
diameters of 100 mm to 150 mm. For core samples with 104 mm
diameter, the average and the coefficient of variation of the ratios re-
ported in Fig. 13 are: AVG = 0.912 and COV = 0.028 for Italian
Guidelines, AVG = 0.947 and COV = 0.023 for ACI Code, and AVG =
0.895 and COV = 0.023 for British Standard. Based on the AVG values it
can be said that Italian Guidelines and British Standard are more con-
servative than ACI Code. Also Khoury et al. in [12] observed that ACI
Code seems to provide the closest results to experimental data. Since the
COV values are very low, it can be said that all the codes provide uni-
form predictions.

Also for core specimens with 94 mm diameter the AVG and COV of
the ratios reported in Fig. 13 are calculated, resulting: AVG = 1.054 and
COV = 0.031 for Italian Guidelines, AVG = 1.122 and COV = 0.027 for
ACI Code, and AVG = 1.052 and COV = 0.027 for British Standard.
Comparing the COV of cores with 104 mm and 94 mm diameter ob-
tained from each of the considered building codes, it can be observed
that cores with 104 mm diameter provide more uniform predictions

than 94 mm diameter cores. From this result it can be drawn that cores
with 104 mm diameter lead to in-place concrete strength predictions
characterized by a smaller scatter than that of predictions obtained by
94 mm diameter cores. This result is in accordance with those present in
the literature, as it can be seen in [12], [15] and [35].

Values given by ACI Code will be used in the following as reference to
calibrate the non-destructive tests prediction formulae for using non-
destructive testing to predict concrete compressive strength.

In Tables from D.1 to D.3, all the measured core compressive
strength test results are reported, and the last number of the specimen
label represents the level of the column height (Fig. 4) at which the core
was extracted, from 1 at the column top to 4 at the bottom. Hence it is
possible to evaluate the variation of concrete strength along the heights
of the columns. By plotting column level versus the core strength in
Fig. 14, it is observed that the variation along the height is quite random.
Thus, a weaker zone in a fixed position along the columns height cannot
be identified. This is due to the fact that, to avoid the formation of
weaker zones due to concrete segregation, the column specimens were
casted in two layers and each layer was accurately vibrated.

Moreover, from Fig. 14 it can be seen that 5 out of 6 curves show that,
at the highest level, the cores strengths are lower than those of cores
extracted at the level just below (level 2). This strength reduction is
probably due to bleeding. The same phenomenon was observed in
studies reported in [12] and [16].

The maximum percentage difference between the strengths at two
heights within the same column, 25 cm apart from each other, is 30%,
surveyed for specimen C28/35. The average on the 3 columns of the
percentage differences between the lowest and highest strength along a
column is about 13%. These observations put in evidence the effect of
core position on in-place concrete strength in relation with the position
where the coring is performed. In fact, even for concrete elements whose
casting and vibration are performed in a laboratory setting, as done for
specimens tested in this research, the percentage difference in concrete
strength can be as much as 30% also for a just a short distance between
the extraction points.

From Fig. 14 it can be seen that cores with 94 mm diameter are more
sensitive to spatial variability of in-place concrete strength than cores
with 104 mm diameter, in accordance with [15].

5.2. Surface hardness test versus compression test

5.2.1. Comparison between column and cube specimen results

In order to make a side-by-side comparison of the SH test results
obtained from all column faces and from cube specimens, a linear
equation was developed to describe the relationship between average RI
of columns and the strength values obtained from compression tests on
cube specimens taken from the same concrete mix. An analogous
equation was developed for the relationship between the values of
average RI obtained from the cube specimens and their compressive
strength values (Fig. 15). From Fig. 15 it can be observed that the cor-
relation relationship relating to the cube specimens is shifted to the left
with respect to that relating to the columns. This indicates that RI values
are greater for the columns, meaning that their surface strength is
greater. The average percentage difference is equal to about 5 %. This
result is in contrast with what is generally expected; i.e. the strength of
cube specimens is generally greater than that of in-place concrete. A
possible explanation is that the cube specimens retained a certain degree
of moisture despite having been left to rest for about six hours after
being taken from the curing tank. This residual moisture can have led to
areduction in RI, which is a measure of surface hardness, as the hardness
is notoriously lower in the presence of moisture [36]. The columns, on
the other hand, had been left in the air from the moment of the form-
work removal, and the first SH test was performed at least 7 days after
casting. By that time the columns had presumably lost their surface
moisture.

The lower surface hardness of cube specimens, with respect to
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Fig. 18. Comparison between concrete strength values obtained by compres-
sion tests on cube specimens, and results obtained from Eq. (10), based on UPV.

column specimens, was also evidenced by more pitting and deeper im-
prints that were visible in these specimens after the SH test.

As noted in Fig. 14, when all the RI values are put in correlation with
the corresponding cube strengths for all three mixes, the coefficient of
determination for the relationship between column test results and cube
strength is R?2 = 0.896, and the relationship between overall cube
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Table 3
Formulations used for the SonReb method.

Authors Year  Formulation Units
Gasparik [40] 1992 Rc = 0.0286 o RI'2%¢ ¢ 185 MPa,
km/s
Di Leo and 1994 R =1.2e10 72 e RI'058 ¢ 2446 MPa,
Pascale [41] m/s
Arioglu and 1996 R. —0.00153 e (R .V4)0611 MPa,
Koyluoglu km/s
[42]

Caiaro et al. 2003 Rg = 1.74 107 ¢ RI700674 ¢ 1236 MPa,
[43] m/s
DelMonteetal. 2004 Rc =440107 e (R v3)0'5634 MPa,

m/s
[44]
Cristofaro et al. 2020 R¢ =41.59-0.02181 e¢v—0.859 ¢ RI + MPa,
[27] 5.808 ¢ 10 ®e1? + 0.01539 ¢ RI* m/s
1,7
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Fig. 19. Ratios between the concrete strength predicted by SonReb formula-
tions (Table 3) and the corresponding cube strength obtained on each test day.

Table 4
Formulations used for the SonReb method.

Authors % Difference between AVG and COV of

calculated and cube strengths  calculated/cube
strengths

C25/30 C28/35 C32/40 AVG COV

Gasparik -9.13 —-10.41 —19.86 0.87 0.06

Di Leo and Pascale 2.43 1.15 —9.46 0.98 0.06

Arioglu and Koyluoglu ~ —13.18 —8.14 —14.06 0.88  0.06

Caiaro et al. 49.00 32.89 11.47 1.31 0.13

Del Monte et al. —13.43 —15.96 —25.55 0.82 0.07

Cristofaro et al. 23.91 13.79 —2.50 1.12 0.11

Rlaverage and cube strength results in R?=0.87. Last result is very similar
to that obtained in the study of Qasrawi [39], where a huge number of
cube specimens made with various concrete mixes and also cubes of
unknown history made under site conditions were subjected to SH and
compression tests. As in the present case for the linear relationship used
to correlate RI values and cube strengths, a R? value of 0.88 was
observed in [39]. Hence, on the basis of this comparison, it can be said
that the results presented herein are representative of real conditions.

To estimate the concrete strength from the measurements of R, it is
essential to calibrate the correlation curve between RI and concrete
strength through the use of destructive tests results. The most commonly
used correlation formula has usually the following form [21].

R.=aeRI’ 7)

where R, is the cube strength, RI is the rebound index and a and b are
two coefficients, which are obtained by the least squares method.



By considering concrete strength predictions of the extracted cores
with diameter 104 mm given by ACI Code formulation (Eq. (3)), the
following calibrated formula is derived.

R. = 0.0122 e R[>*% ®

Fig. 16 shows cores strength predictions provided by Eq. (8) together
with the concrete cube strengths measured at 28 days and the core
compressive strengths, for each concrete mix. As it can be seen from this
figure, the predictions given by Eq. (8) are all on the safe side with
respect to the cube strengths. These strengths are expected to be effec-
tively greater than the in-place strength, and the average percentage
difference between them is equal to 5.5%. The coefficient of determi-
nation R? relative to Eq. (8) is equal to 0.93, indicating that Eq. (8) is a
good fit for the observed data. The AVG and COV of the ratios between
the strength predictions obtained from Eq. (8) and the cube specimens
strength are equal to 0.945 and 0.037, respectively. It can be concluded
that the correlation formula is able to reliably predict the strength of
concretes of different grades based on RI values. The number of cores
employed to obtain each of the three concrete strengths used to calibrate
the formula is four. When conducting surveys on existing buildings, it is
important to have such formulae to evaluate the concrete strength
variation from one point in a building to another.

More conservative predictions can be obtained from the correlation
relationships based on Italian Guidelines [9] or British Standard [11]
formulations.

5.3. Ultrasonic test versus compression test

Taking into consideration the values of UPV obtained from the cube
specimens and those obtained from the column specimens, it is possible
to define two linear correlation relationships with the strength values
obtained from the compression tests on the cube specimens (Fig. 17).

From Fig. 17 it can be observed that the representative points of the
cube specimens are shifted to the right in the graph, with respect to the
points relative to the columns. This means that the UPV of the former is
greater than the UPV of the latter. The average percentage difference is
equal to about 5%. This difference can be attributed to two reasons: the
greater presence of voids inside the column specimens and the greater
moisture content of cube specimens. The vibration of the columns turns
out to be more complex than the vibration of the cube specimens, due to
the greater dimensions and the presence of the steel reinforcement.
Being easier to accomplish, vibration of cube specimens produces voids
presumably smaller in number and size than those present in the col-
umns. Larger voids or a greater number of them lead to a lower UPV,
because ultrasounds, which do not propagate in a vacuum, must travel a
greater length to circumvent the voids, therefore, the time they take to
pass through the element is greater.

Moreover, it has already been demonstrated by other authors
[37,38] that the UPV is higher in water-saturated concrete, as the cube
specimens, than in dry concrete.

Finally, the coefficient of determination values relative to the linear
interpolation relationships reported in Fig. 17, show that, in the case of
the cube specimens (R? = 0.75), the linear law is not the best relation-
ship between the UPV and cube strength. In the case of the column
specimens, instead, the linear relationship gives a good correlation be-
tween the two parameters (R2 = 0.89).

To estimate the concrete strength from the measurements of UPV,
different correlation formulae are proposed in the literature. A linear
correlation law is used herein, as done in [39].

f.=Aev—B 9
where v is the UPV expressed in km/s and A and B are two numerical
parameters, which are obtained by the least squares method.

By considering, as previously done for the predictions based on
rebound index value, concrete strength predictions of the extracted
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cores with diameter 104 mm given by ACI Code formulation (Eq. (3)),
the following calibrated formula is derived.

fo=79.716 ¢ v —310.44 10$)

The predictions of this formula are shown in Fig. 18 together with the
concrete cube strengths measured on the 28th day and the in-place
concrete strengths calculated using the ACI Code formulation on the
basis of the core compressive strengths. From this figure it can be
observed that the predictions given by Eq. (10) are all on the safe side
with respect to cube strengths, with an average percentage difference
equal to 5.3% and a correlation coefficient R? equal to 0.9 indicating
that Eq. (10) is a good fit for the observed data. The AVG and COV of the
ratios between the strength predictions obtained from Eq. (10) and the
cube specimens strength are equal to 0.947 and 0.048, respectively.

It can be concluded that the correlation formula is able to reliably
predict the strength of concretes of different grades based on UPV
values. The number of cores employed to obtain each of the three con-
crete strengths used to calibrate the formula is four. Similar to the cor-
relation formula relative to RI, the correlation formula based on UPV is
useful for evaluating the concrete strength variation from one point in a
building to another. Hence, after having carried out some tests on
extracted cores, and having determined the correlation formulae, it is
possible to perform only non-destructive tests on other concrete ele-
ments, and then use the results of non-destructive testing to evaluate the
strength of the in-place concrete.

Also in this case, more conservative predictions can be obtained from
the correlation relationships based on Italian Guidelines [9] or British
Standard [11] formulations.

5.4. SonReb method applied to columns versus compression test

Having the results of both the SH tests and the UPV tests performed
on the columns, it is possible to use the SonReb method to determine the
columns’ concrete strength.

Recently, Cristofaro et al. [27] performed a study to identify new
predicting models to evaluate concrete compressive strength using the
SonReb method. Besides the proposed formulations, these authors
checked the effectiveness of other numerous existing formulations in
predicting a large number of data obtained from destructive and non-
destructive methods. Among all the formulations considered, those
that were most reliable in their predictions are reported in Table 3.

These formulations are used herein to assess which of them provide,
based on input from the non-destructive tests’ results, predictions close
to the cube strength values obtained herein.

The predictions obtained from these formulations for all the mea-
surements made on the columns at different curing days, divided by the
corresponding cube strengths, are reported in Fig. 19. From this figure, it
can be observed that, in general, the best predictions are obtained for the
strengths at 28 day of curing, for which the lowest scatter occurs. This is
because the formulations were derived from tests carried out on already
cured concrete.

In Table 4 the percentage difference between the values calculated
by the different formulations and the corresponding cube strength for
each concrete mix are reported. Moreover, the average (AVG) and co-
efficient of variation (COV) values of the ratio between calculated
strength and cube strength for all the measurements shown in Fig. 19 are
also reported. From this table, it can be observed that the formulation of
Di Leo and Pascale [41] provides the most accurate predictions. This is
evidenced by the lowest percentage differences, aside from the case of
concrete C32/40, and the fact that the AVG value for this formulation is
very close to 1. Moreover, this formulation is also consistent, because the
COV value is very low. Other formulations, which provide good pre-
dictions, all on the safe side, are those of Gasparik [40] and Arioglu and
Koyluoglu [42].

Considering existing buildings, instead of cube strengths only the
concrete strengths obtained from the extracted cores are available.



Using the in-place concrete strength values obtained from the ACI Code
formulation as term of comparison with the values calculated by the
formulations reported in Table 3, it results that the formulations of
Gasparik [40], Di Leo and Pascale [41] and Arioglu and Koyluoglu [42]
still provide the best predictions. In particular, the average percentage
differences between the in-place strength and strength calculated with
these three formulations are -6,44%, 5,74% and -0,74%. It can be
concluded that using the concrete strength predicted by ACI Code, on
the basis of the extracted cores strength, allows one to choose
adequately reliable SonReb formulations based on rebound index and
ultrasound pulse velocity.

In the analysis reported in [27] it is shown that the most accurate
formulations are those of Caiaro and Cristofaro et al. In the present study
it is obtained that the best predictions are given by the formula of Di Leo
and Pascale. In light of this result, it is suggested to consider more than
one predictive formula in order to choose the one providing the most
accurate and uniform predictions in the considered case.

The AVG and COV of the ratios between the strength predictions
obtained by the formula of Di Leo and Pascale and cube specimens
strength are equal to 1.000 and 0.052, respectively. Comparing these
values with those of the same parameters obtained for SH and UPV non-
destructive tests, which are AVG = 1.059 and COV = 0.036 for SH tests
and AVG = 1.058 and COV = 0.047 for UPV tests, it can be said that, in
this case, the calibration of correlation curves leads to more uniform
predictions than those provided by Sonreb method using formulations
available in the literature.

6. Conclusions

The article addresses the problem of assessing concrete strength in
existing RC buildings by means of destructive coring method and non-
destructive surface hardness, ultrasonic pulse velocity and SonReb
methods. Experimental tests on three column specimens made with
three concrete mix typologies and corresponding cube specimens are
carried out.

On the bases of the obtained experimental results, the following
conclusions can be drawn:

1) As regards surface hardness test, for column specimens, the average
rebound index values increase almost linearly with the increase of
concrete age, while for cube specimens this trend is not so evident.
Hence, in cases where it is useful/necessary to monitor the evolution
over time of concrete curing, this can be done by monitoring the RI
values over time. An approximately linear increase of these values
indicates that curing proceeds correctly. Moreover, for both column
specimens and cube specimens, the average rebound index values are
greater for more resistant concrete.

2) As regards ultrasonic test, for both column specimens and cube
specimens, the average propagation velocity increases almost line-
arly with the increase of the concrete age and is greater for more
resistant concrete. Hence, in cases where it is useful/necessary to
monitor the evolution over time of concrete curing, this can be done
by monitoring UPV values over time. An approximately linear in-
crease of these values indicates that curing proceeds correctly.

3) As regards compression test on extracted cores with diameter of 94
mm and 104 mm, greater strengths are obtained from the smaller
sized specimens for all three concrete mixes used in this study. It is
concluded that, if care is paid to the drilling operation, as done in this
research, the results are affected more by the size effect than by the
damage effect due to drilling.

4) Results of compression test on cores with 94 mm diameter are the
closest to the corresponding cube compressive strengths, but are
slightly greater, differently from what it is expected for in-place
concrete. Cores with diameter 104 mm have, instead, strengths
lower than the cube specimens’ strengths, with a maximum per-
centage difference of 12%. Moreover, it is found that cores with 104
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mm diameter provide more uniform predictions than 94 mm diam-
eter cores. It is also observed that cores with 104 mm diameter are
less sensitive to spatial variability of in-place concrete strength than
104 mm diameter cores. From the above, it is concluded that it is
better to extract cores with diameters of 100 mm to 150 mm, ac-
cording to the advices of the ACI Code and British Standard, because
the results are on the safe side.
The location of the core influences prediction of in-place concrete
strength. For concrete elements whose casting and vibration are
performed in a laboratory setting, as done in this research, a weaker
zone in a fixed position along the columns height is not identified.
Only at the top of the column a slight strength reduction, probably
due to bleeding, is observed. Moreover it is found that, also for
accurately compacted columns the percentage difference in concrete
strength can be as much as 30%, even with just a short distance
between the extraction points.
By considering ACI Code, Italian Guidelines and British Standard for
the prediction of in-place concrete strength on the basis of extracted
core strengths, it is observed that, in comparison with corresponding
cube specimens’ strength, ACI Code gives the highest strength pre-
dictions, while British Standard the lowest ones. Italian Guidelines
gives predictions, which are very slightly greater than British Stan-
dard ones. Overall, all the codes provide quite uniform predictions
that range from values 11% lower to 15% higher than the measured
cube compressive strength. In light of the above, it is suggested to
adopt ACI Code formulation for core strength prediction, in order to
reduce core strength underestimation.
7) Results of compression tests on four concrete cores for each concrete
grade are sufficient to develop correlation formulae with the RI or
the UPV, either of which are able to adequately predict strength of
concretes of different grades. The predictions given by relationships
built using the ACI Code formulation are all on the safe side with
respect to the cube strengths, while even more conservative pre-
dictions can be obtained by using Italian Guidelines or British
Standard formulations.
In the assessment of concrete strength in existing buildings, such
correlation formulae allow for the evaluation of concrete strength
variation from one point of the building to another by the exclusive
use of non-destructive methods (surface hardness and ultrasonic
velocity), which are easier to perform and cheaper than the core
drilling destructive method.

9) Adequately reliable SonReb formulations can be identified by using
the concrete strength predicted by the ACI Code formulation, based
on the extracted cores strengths, as term of comparison. A subset of
the most reliable existing formulations for the prediction of in-place
concrete strength through the Sonreb method is selected. In this
study it is observed that the best predictive formula is not the same
giving the most accurate predictions in other works. In light of this
result, it is suggested to consider more than one predictive formula in
order to choose the one providing the most accurate and uniform
predictions in the considered case.

5)
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Appendix A. Results of SH test on the column specimens
The research has been funded by Italian Department of Civil Pro-

tection (within the framework of Executive Projects DPC_ReLUIS Table A.1, Table A2, Table A.3
Table A1
Results of SH test on column made with C25/30.
Test day 7 14 21 28
Position FA S4 FB S1 FC S2 FD S3 FA S1 FB S2 FC S3 FD S4 FA S2 FB S3 FC s4 FD S1 FA S3 FB S4 FCS1 FD S2

Rebound Index (RI) 35.2 26.3 27.2 28.3 27.3 28.4 28.4 32.3 38.4 22.6 32.1 29.2 30.3 33.3 32.7 32.1
30.3 27.4 26.5 27.3 30.4 30.6 29.4 28.1 34.3 30.4 34.1 29.2 30.4 36.3 25.1 31.1

30.4 28.2 27.3 29.4 29.2 39.3 27.6 27.8 29.4 30.1 36.9 34.3 25.2 36.2 36 34.2
36.3 29.2 29.2 33.4 31.2 28.2 30.2 31 35.4 30.3 33.8 31.3 34 28.2 30 36.1
28.2 33.4 30.4 28.4 28.3 28.3 21.4 34.2 323 29.1 35.9 29.3 29.3 32.3 28 30.2
30.2 32.2 27.3 27.4 28.3 32.4 30.3 32.2 29.4 32.2 33.9 323 37.4 34.2 32.9 32.2
29.2 28.3 28.3 34.2 30.4 31.3 29.5 30.2 32.3 30.4 36 323 29.2 34.3 34 36.2
32.6 29.4 29.3 32.3 32.2 32.2 29.5 32.4 29.3 28.3 40 32.2 21.3 35.4 32.4 37.1
35.3 29.4 28.3 29.3 30.5 32.4 31.3 32.2 34.3 35.1 39.1 29.3 36.3 33.2 30.8 34.3
31.2 29.9 30.4 29.2 321 30.5 29.3 35.3 37.5 29.3 36 33.4 35.2 36.2 30.9 31.2

36.1 30.1 26.3 28.3 31.2 29.3 29.2 32.6 33.4 33.4 34.8 30.2 30.4 321 29.9 36.4
34.3 29.2 29.4 32.4 30.3 29.3 33.2 36.9 335 31.5 31.8 29.3 28.7 34.3 30.8 323

373 324 255 311 273 351 292 321 332 213 367 304 362 237 323
362 34 233 331 301 282 31.8 323 204 214 348 302 382 308 342
35 31.3 313 353 283 262 272 353 334 364 29.3 351 301 343
223 342 332 323 293 295 393 303 295 33.5 362 303 343
322 284 232 28 302 32 32.4 323 30.4 362 30.1
335 263 322 332 299 335 313 30.4 40.1
30.2 321 313 343  29.3
30.2 34.1
31.1
29.2
Rlpedian 343 297 283 302 302 305 295 323 334 304 354 304 304 353 308 342
Rlgverage 30.6 30.6 32.4
32.7

Table A2
Results of SH test on column made with C28/35.
Test day 7 14 21 28
Position FA S4 FB S1 FC S2 FD S3 FA S1 FB S2 FC S3 FD S4 FA S2 FB S3 FC S4 FD S1 FA S3 FB S4 FCS1 FD S2
Rebound Index (RI) 35.2 40.3 32.1 32.3 29.1 33.2 33.1 33.4 34.2 33.5 36.3 34.2 36.3 38.9 35.1 35.1
31.2 30.1 311 33.4 33.9 36 35.2 33.2 32.1 34.4 34.3 30.2 34.4 35.8 34.9 35.1
32.3 34.1 28.2 25.3 33.2 33.1 36.3 40.4 33.3 34.1 38.1 37.1 35.1 45.9 38.8 34.1
32.2 29.1 33.2 32.4 34.9 35 32 36.1 33.3 33.4 35.1 33.2 35 43.8 38.9 335
32.2 33.2 30.3 32.4 30.9 32.1 29 32.1 35.1 33 35.7 36.3 41.9 39.9 33.9 45.2
43.6 33.1 23.2 32.3 27.4 34 34 33.1 35.3 34 36.1 34.2 40.2 43.2 38.9 31.8
34.1 321 33 27.5 32.8 33.1 32.8 33.2 33.3 36.3 36.1 34.2 39.1 37.7 36.9 39.1
33.1 29.2 31.1 30.2 31.9 38.1 33.1 36.2 331 32.3 28.1 31.2 35.1 39.9 36.9 36.1
35.1 33.3 38 33.5 31.1 321 33.9 34.1 32.2 31.3 35 34.1 36 40.3 38.8 36.1
31.4 31.3 34.1 29.3 31.9 31 33.1 33.1 35.1 37.2 33.1 35 37.1 41.9 35.1
34 33.2 36.4 32.4 33 35 35.1 34.1 36.2 34.3 36 32.2 44.9 33.2
35.1 36.2 33.1 32.4 33.2 29 33.1 36.1 40.4 37.1 40.3 36 35 35
32.8 26.1 32.3 24.1 35.1 36.1 35 36.1 34.1 40.8 37.2 31 31.2
32.1 33.2 36.1 33.1 33.1 42.1 32.1 32.1 34.2 34 36.2 45.2 28.1
35.1 32.2 33.1 31.9 321 34.1 37.2 36.2 34.4 38 36.1 341 40.3
39.2 33.3 32.3 30.9 33 339 33.2 36.4 38.2 42.8 26.2 33.9
31.3 36.1 34 32.1 31.6 33.3 34.2 37.2 32.9 33.1
34.1 28.1 36.1 32 35.1 35.2 36.1 35.9 43
33.1 34 321 32.1 36.4 40.9
32.1 35.2 35.1 36 35.4 34.2
31.9 36.1 34 36.2
32
34
Rlmedian 33.6 33.2 32.7 32.4 32.8 331 33.9 33.4 35.1 34.3 36.0 34.2 35.6 40.1 36.9 35.1
Rlverage 32.9 34.9
33.3 36.9
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Table A3

Results of SH test on column made with C32/40.

Test day 7 14 21 28
Position FA S4 FB S1 FC S2 FD S3 FA S1 FB S2 FCS3 FDS4 FAS2 FB S3 FC S4 FD S1 FA S3 FB S4 FC S1 FD S2
Rebound Index (RI) 33.1 32.9 32.3 33.4 37 33.1 40.3 32.4 37.2 35.2 39.2 37.2 41.5 37.1 39.4 35.1
30.4 35 37.3 32.1 36.2 37.1 34.2 39.3 39.1 47.1 43.3 34.3 37.1 41.2 35.2 40.2
32.1 33.9 44.3 31.3 37.2 329 39.2 34 43.1 35.1 39.2 40.1 37.2 51.1 37.1 38.1
34.2 29.2 34.3 33.3 45.1 32.9 43.2 33.3 42.1 36 40.4 38.3 39.1 41 40.2 35.3
29.9 35 36.5 33.2 38.1 34.9 45.1 44.4 37 34 39.3 38.2 40.1 42.2 31.2 36.1
33.8 35.1 38.1 35.3 43.1 35.3 40.1 34.3 39.2 35.1 36.1 28.3 38.2 40.4 41.1 38.4
31.2 35.1 44.2 32.3 35 35 42 36.4 33.2 45.1 35.3 35 39.1 40.1 35.3 40.1
36.2 36.3 33.3 33.1 33.3 32.8 34.4 32.6 36.1 36.3 32.3 43.2 35.3 41 36.1 38.1
34.2 39.1 34.2 33.2 37.2 36.3 37.1 34.3 35.1 36.1 40.4 34.1 37.1 45.2 39.1 37.4
329 30.9 35.1 35.2 34.3 33.2 35.1 36.1 37 45.9 36.2 37.3 34.2 43.6 39.3 43
33.9 34.4 34.3 33.2 37 329 35.2 34.2 37 35.2 36.3 36.2 38 42 36.4 42.3
32.1 341 39.1 34.2 33.1 34 40.2 33.2 37.1 44.1 34.3 33.2 38 41.4 41.2
37.9 30.1 39.4 33.4 35 38 37.1 38.2 43.2 38.2 43 39 40.2 38.2
31.1 27.2 33.3 32.2 38 40 36.2 42.1 33.1 42.1 37.2 40.2 37.4 34.1
31.7 32.8 33.1 32.1 39 341 39.3 35.2 44.9 45.1 37.1 36.1 41.3
33.1 33.2 32.4 32.1 34 29.2 35.5 40.3 42.4 40.1 41.4 40.4
26.1 32.1 35.3 33.4 31.9 36.1 40 41.2 40.2 41.2 39.2
30.1 33.1 38.3 33.1 35 37.1 39.2 40 37.3 40.2
36.9 29.1 34.1 33.3 43.2 37.3 40.3 44.1
36.3 42.2 33 38.1 37.2 36
33.8 35.2 32.5 38.1
32.9 42.3 37.1 42.3
33.1 31.1 38.4
Rlpedian 33.1 33.2 35.3 33.2 36.6 34.1 38.2 34.3 37.0 38.2 39.2 36.7 38.0 40.3 38.4 38.8
Rlaverage 33.7 35.8 38.9
37.8
Appendix B. Results of UPV test on the column specimens
Table B.1, Table B2, Table B.3
Table B1
Results of UPV test on column made with C25/30.
Test day 7 14 21 28
Position FA S4 FB S1 FC S2 FD S3 FA S1 FB S2 FCS3 FD sS4 FA S2 FB S3 FC S4 FD S1 FA S3 FB S4 FCS1 FD S2
L [mm] 400 397 400 397 400 397 400 397 400 397 400 397 400 397 400 397
T [ps] 94.4 99.6 96.5 94.9 96.4 96.2 93.7 93.8 93 92.6 92.1 96 91.9 90.9 93.7 93.5
v [km/s] 4.24 3.99 4.15 4.18 4.15 4.13 4.27 4.23 4.30 4.29 4.34 4.14 4.35 4.37 4.27 4.25
Vaverage [km/s]  4.138 4.194 4.267 4.309
Table B2
Results of UPV test on column made with C28/35.
Test day 7 14 21 28
Position FA S4 FB S1 FC S2 FD S3 FA S1 FB S2 FC S3 FD S4 FA S2 FB S3 FC S4 FD S1 FA S3 FB S4 FC S1 FD S2
L [mm] 398 401 398 401 400 397 400 397 400 397 400 397 400 397 400 397
T [ps] 92.5 94.4 92.8 93.1 91.6 93.2 91.5 92.2 91.5 90.7 90.7 92.5 89.5 89.5 88.7 90.2
v [km/s] 4.30 4.25 4.29 4.31 4.37 4.26 4.37 4.31 4.37 4.38 4.41 4.29 4.47 4.44 4.51 4.40
Vaverage [km/s] 4.287 4.326 4.363 4.454
Table B3
Results of UPV test on column made with C32/40.
Test day 7 14 21 28
Position FA S4 FB S1 FC S2 FD S3 FA S1 FB S2 FCS3 FD S4 FA S2 FB S3 FC S4 FD S1 FA S3 FB S4 FC S1 FD S2
L [mm] 398 399 398 399 398 399 398 399 398 399 398 399 398 399 398 399
T [ps] 90.6 91.4 91.2 91.1 90.8 91.1 90.4 90.6 89 89.3 88.7 89.3 87.7 87.9 88.2 89.2
v [km/s] 4.39 4.37 4.36 4.38 4.38 4.38 4.40 4.40 4.47 4.47 4.49 4.47 4.54 4.54 4.51 4.47
Vaverage [km/s] 4.376 4.392 4.474 4.516
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Appendix C. Results of compression test on cube specimens

Table C.1, Table C2, Table C.3

Table C1

Results of compression test on cube specimens made with C25/30.

Specimen label Test day Failure load Strength Average strength
[kN] [MPa] [MPa]
1.7 3 509.6 22.6 22.35
1.8 3 501.5 22.1
1.9 7 637.5 28.1 29.65
1.10 7 698.4 31.2
1.11 14 757.1 33.4 33.25
1.12 14 744.5 33.1
1.13 21 793.6 35.3 35.1
1.14 21 786 34.9
1.1 28 813.4 36.2 36.1
1.2 28 782.5 34.8
1.3 28 854.1 37.7
1.4 28 787.6 34.8
1.5 28 822.8 36.6
1.6 28 813.6 36.2
Table C2
Results of compression test on cube specimens made with C28/35.
Specimen label Test day Failure load Strength Average strength
[kN] [MPa] [MPa]
2.7 3 625.1 27.8 28.95
2.8 3 676.4 30.1
2.9 7 798.2 35.5 36.05
2.10 7 827.9 36.6
2.11 14 896.7 39.9 39.15
2.12 14 869.2 38.4
213 21 908.4 40.1 40.8
2.14 21 933.6 41.5
2.1 28 1004.3 44.3 44.6
2.2 28 1007.7 44.5
2.3 28 1045.8 46.2
2.4 28 942.1 41.6
2.5 28 981.1 43.3
2.6 28 1079.2 47.6
Table C3
Results of compression test on cube specimens made with C32/40.
Specimen label Test day Failure load Strength Average strength
[kN] [MPa] [MPa]
3.7 3 847.7 37.4 36.8
3.8 3 814.5 36.2
3.9 7 1010.8 44.9 44.1
3.10 7 980.7 43.3
3.11 14 1137.8 50.2 49.05
3.12 14 1091.4 47.9
3.13 21 1174.7 51.9 52.95
3.14 21 1224.2 54
3.1 28 1250.6 54.9 53.27
3.2 28 1198.5 52.6
3.3 28 1209.3 53.4
3.4 28 1208.3 53.3
3.5 28 1284.3 56.3
3.6 28 1113.0 49.1
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Appendix D. Results of compression test on cube specimens

Table D.1, Table D2, Table D.3

Table D1
Results of compression test on core specimens made with C25/30.

Specimen label Diameter Height Area Weight Mass Failure load Strength Average strength
[kgl [kg/m?] [kN] [MPa]
[mm] [mm] [mm?] [MPa]
R30-104-1 104 105 8495 2.216 2370 267.7 31.51 32.10
R30-104-2 104 106 8495 2.156 2390 299.4 35.24
R30-104-3 104 106 8495 2.130 2370 271.9 32.01
R30-104-4 104 103 8495 2.299 2390 251.6 29.62
R30-94-1 94 93 6940 1.541 2390 234.5 33.79 38.98
R30-94-2 94 92 6940 1.525 2390 302.5 43.59
R30-94-3 94 93 6940 1.535 2380 259.7 37.42
R30-94-4 94 96 6940 1.591 2390 285.4 41.13
Table D2
Results of compression test on core specimens made with C28/35.
Specimen label Diameter Height Area Weight Mass Failure load Strength Average strength
[kgl [kg/m?] [kN] [MPa] [MPa]
[mm] [mm] [mm?]
R35-104-1 104 104 8495 2.186 2400 347.9 40.95 39.19
R35-104-2 104 105 8495 2.198 2420 376.4 44.31
R35-104-3 104 105 8495 2.178 2400 288.9 34.01
R35-104-4 104 107 8495 2.278 2390 318.4 37.48
R35-94-1 94 92 6940 1.515 2370 339.7 48.95 46.86
R35-94-2 94 96 6940 1.614 2400 346.6 49.94
R35-94-3 94 94 6940 1.550 2380 310.2 44.70
R35-94-4 94 95 6940 1.618 2380 304.4 43.86
Table D3

Results of compression test on core specimens made with C32/40.

Specimen label Diameter Height Area Weight [kg] Mass [kg/m°®] Failure load [kN] Strength [MPa] Average strength
[mm] [mm] [mm?] [MPa]
R40-104-1 104 115 8495 2.358 2410 398.6 46.92 48.89
R40-104-2 104 111 8495 2.282 2420 424.8 50.01
R40-104-3 104 107 8495 2.202 2420 410.3 48.30
R40-104-4 104 103 8495 2.119 2420 427.4 50.31
R40-94-1 94 93 6940 1.545 2390 412.8 59.48 54.54
R40-94-2 94 96 6940 1.597 2400 347.0 50.00
R40-94-3 94 95 6940 1.584 2400 373.1 53.76
R40-94-4 94 91 6940 1.519 2410 381.0 54.90
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