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Abstract: This work aims to study the relationship between the compression resistance and velocity
from ultrasonic pulses in samples of mortars with 25% of pozzolanic content. Pozzolanic cement
is a low-priced sustainable material that can reduce costs and CO, emissions that are produced
in the manufacturing of cement from the calcination of calcium carbonate. Using ultrasonic pulse
velocity (UPV) to estimate the compressive resistance of mortars with pozzolanic content reduces
costs when evaluating the quality of structures built with this material since it is not required to
perform an unconfined compression test. The objective of this study is to establish a correlation in
order to estimate the compression resistance of this material from its ultrasonic pulse velocity. For
this purpose, we studied a total of 16 cement samples, including those with additions of pozzolanic
content with different compositions and a sample without any additions. The results obtained show
the mentioned correlation, which establishes a basis for research with a higher number of samples to
ascertain if it holds true at greater curing ages.

Keywords: ultrasonic pulse velocity; compressive strength; non-destructive test; pozzolanic materials

1. Introduction

The construction industry currently confronts significant challenges, such as the
growth of increasingly populated cities, the rise in pollution levels in urban centers, and the
need to guarantee housing for the population. These challenges require a transformation to
allow for the use of sustainable construction materials at an optimum cost while fulfilling
the established quality criteria.

Cement is the main component of mortar and concrete, which are among the most
widely used materials in construction. It is estimated that cement manufacturers are
responsible for 7% of annual CO, emissions. Using supplementary cementitious materials
(SCMs) in the manufacturing of cement, such as pozzolanic materials, could significantly
reduce these emissions as well as costs due to their low price. This article studies the most
representative pozzolanic materials from a geological perspective of the different deposits
existing in the north-eastern part of Cuba. In Cuba, there are difficulties with supply and
access to building materials. Mortars with pozzolanic additions from local deposits could
provide an economical and sustainable option.

Another great challenge for the industry is to analyze the quality of the structures
once they have been built. Destructive testing, which is time-consuming and expensive, is
traditionally used to verify that there is no damage to the infrastructure. Non-destructive
testing (NDT) can evaluate the quality without altering the original attributes or damaging
the material.

Non-destructive testing includes techniques based on ultrasound (UT). These tech-
niques have a wide range of applications in the characterization and evaluation of materi-
als [1] in different sectors, such as the aerospace industry, manufacturing industries, and
civil works and infrastructures [2].
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One of the applications of ultrasound testing is the evaluation of the compressive
strength of mortars and concrete based on ultrasonic pulses velocity (UPV). UPV tests
are an easily applied non-destructive method for calculating of the speed of propagation
of ultrasonic waves. These values can be correlated with the compressive strength of
the mortars and concrete as measured with direct compression tests. In general, the
compressive strength and the velocity measured have a correlation, where an increase in
velocity results in high values of compressive strength [3].

Many factors influence the models established to predict the compressive strength of
concrete from UPV. Some of these factors include the nature of the cement, the influence of
aggregate size, the water—cement ratio, and the use of active admixtures [4]. For example,
Abo-Qudais [5] indicated that the UPV decreases with the increase of the water—cement
ratio and increases with an increasing aggregate size. Giigltier K. [6] found that increasing
the surface roughness of the aggregates led to an increase in the compressive strength of
concrete and the speed of the ultrasonic pulses.

Another factor to consider is the influence of the concrete mesostructure on wave
propagation. Recent research [7] has shown that the complex heterogeneous mesostructure
of a concrete slab affects the displacements associated with wave motion, leading to
inaccuracies in the wave propagation model. The discrepancy between the actual and
theoretical values increases with the proportion of the aggregates and the particle size of
the aggregates.

Research has been carried out to determine the relationship between compressive
strength and UPV in different materials derived from cement. Benaicha et al. [8] showed
that ultrasonic speed can be used to study the quality of concrete reinforced with steel
fibres and is an effective way of evaluating the level of consolidation during and after
the curing period. Stawiski and Kania [9] analyzed the ultrasonic test methodology to
determine the conversion factor for compressive strength in samples of various dimensions.
Alexandre Bogas et al. [3] studied concretes with different types of aggregates, achieving a
simplified expression to estimate the compressive strength from UPV that was not affected
by the kind of concrete and its composition. Nash't et al. [10] investigated whether it is
possible to obtain a relationship between compression resistance and ultrasonic speed in
concrete samples where the design characteristics are unknown.

The relationship between the ultrasonic pulse velocity and the elastic characteristics
of the material are, according to the following equation:

_ |E 1—p
C‘\/e T+ (1 —2p) M

where c is speed of propagation, E is Young’s modulus, e is the material density and y is
the Poisson coefficient.

Since there is a correlation between Young’s modulus of a material and its resistance
to compression, there will also be a correlation between this resistance and UPV, if the rest
of the magnitudes involved are assumed to be invariable [11].

Many researchers like Kheder [12], Nash't et al. [10], Hamid et al. [13] and Omer
et al. [14] have shown that the relationship between compressive strength and pulse rate
can be estimated by the following exponential relationship:

Fc= A x BxUPv 2)

where Fc is the compressive strength (MPa), UPV is the ultrasonic pulse rate (km/s), and A
and B are empirical constants.

However, few studies have been conducted on the relationship between UPV and com-
pressive strength in cement, mortars, or pozzolanic concrete. Madandoust and Mousavi [15]
designed fifteen mixtures of concrete with different metakaolin contents and water—binder
ratios (W-B). The hardened properties were tested for compressive strength and ultrasonic
pulse rate (UPV), among other tests, and it was determined that compressive strength can
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be predicted based on UPV using multiple regression analysis. Rao et al. [16] studied a
roller-compacted concrete pavement (RCCP) material with different Class F fly ash content
as a mineral admixture with different sands as fine aggregate, all tested at different curing
ages. Through the results of UPV testing and compressive strength, he proposed the
following relationship between both parameters:

Fc = 1.526 x 0761xUPV (3)

The use of natural additions with different chemical compositions alters the behavior of
the mixtures produced compared to materials without additions, with this behavior being
more significant at greater curing ages, as can be seen in the study of Ranjbar et al. [17],
who studied self-compacted concrete with natural zeolite. There is no consensus or unified
formula for using UPV to predict compressive strength, despite the great benefits this
would provide, since many factors influence the correlation between UPV and traditional
compression tests. Furthermore, when we aim to apply this prediction technique to mortars
or concrete with natural additions, such as pozzolans, we find little literature on the subject.

This research aims to study the correlation between UPV and resistance to compression
in mortar samples with natural pozzolanic additions to examine whether this methodology
can be applied to these materials and thus initiate a line of research to determine if a
unified formula can be developed to calculate compressive strength for mortars with these
additions. The aim of this manuscript is not to suggest a generalized correlation applicable
to other materials, but to obtain results for the most significant pozzolanic materials within
the deposits shown to have the most appropriate physicomechanical properties for use in
high-strength mortars.

With the implementation of this methodology, it is possible to reduce the cost of
quality inspections, making them accessible to the entire population.

2. Materials and Methods

To carry out the research, 160 x 40 x 40 mm prismatic specimens of mortars were
tested, consisting of 400 g of a 75% mixture of cement type II 42.5 R and 25% of different
materials with pozzolanic characteristics, 225 g of filtered water (0.56 w/c), and 1350 g
of standard CEN (European Committee for Standardization) sand. In addition, a test
specimen made from the reference cement was tested (400 g of cement type II 42.5R, 1350 g
of standard CEN sand, and 225 g of filtered water).

The pozzolanic specimens were composed using eleven natural materials. Four of
the materials were natural mordenite from a deposit located in Almeria, Spain. The other
seven were different materials of volcanic origin coming from different deposits in the
north-eastern area of Cuba. Table 1 shows the list of pozzolanic samples used in this
investigation.

Table 1. Name, nature, and origin of pozzolanic additions used.

Name of Sample Type of Sample Deposit
Z-7 Natural mordenite San Jose-Los Escullos
Z-9 Natural mordenite San Jose-Los Escullos
Z-12 Natural mordenite San Jose-Los Escullos
Z-26 Natural mordenite San Jose-Los Escullos
PM-1 Vitreous tufts El Picao
PM-3 Vitreous tufts El Picao
PMT-4 Vitreous tufts El Picao
ZEO-1 Zeolitized tuffs Caimanes
CVvM Rhyolite tuffs Cerro las Cuevas
ZSA M-1 Zeolitized tuffs Loma Blanca

GM-1 Volcanic glass Guaramanao
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The preparation of the mortar specimens was carried out according to the European
Standard [18]. The preparation of the specimens started with a grinding process using
two jaw crushers and a disc mill until a Blaine specific surface area of 4000 + 200 cm? /g
was obtained to match the specific surface of the cement used. Once the samples were
the right size, 100 g of each sample was mixed with 300 g of cement to obtain the ratio of
75-25 cement—pozzolan. The mortar was mixed with an Ibertest mixer. First, 225 g of water
was poured into the receptacle and the cement—pozzolana mixture was added. While the
mixer was running, sand was added regularly. When the mortar was fixed, three samples
(A-B-C) of each mixture were molded and then compacted using a Suzpecar compactor.
Finally, the specimens were covered and placed in the wet chamber for 24 h, after which the
specimens were unmolded and quickly immersed in water at 20.0 = 1.0 °C in the curing
tanks until they were tested. A total of 48 mortar specimens were made, 45 from type II
42.5 R cement with 25% additions from 11 different pozzolanic samples (specimens A-B-C
from 1 to 15) and three made from type I1 42.5 R cement without additions (test tubes 16
A-B-C).

A CONTROLS-UPV E48, together with Ultraschall-Gel Sauerland as a contact gel,
determined the propagation time of the ultrasonic waves, as shown in the Figure 1.

Figure 1. Measurement of the propagation time of the ultrasonic waves through the specimen.

The determination of the propagation time and ultrasonic pulse velocity was carried
out following the European Standard [19]. UPV was calculated according to the equation:

UPV (km/s) = distance (km)/time (s) 4)

To obtain the compressive strength of the specimens, an ELE/SDE compression press
was used, along with an Ibertest compression device with a uniform load increase of
2400 =+ 200 N/s, during the whole application time until breakage, following the indica-
tions of the European Standard [16].

We started with the bending resistance test, as indicated in the standard, to obtain the
semi-prisms that would be tested in the compression test. Each semi-prism of the specimens
was placed in the test cell of the compression press, which applied an incremental force
until the specimen broke.

For the analysis of the results, a statistical study was carried out. The trend curve
that best fits the results was obtained from an exponential and lineal regression analysis
by the method of least squares using the Excel program. Absolute and relative errors
were calculated, and the upper and lower limits of reliability established based on a
confidence interval.
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3. Results

A total of 48 prismatic mortar specimens were tested in the laboratory. The ultrasonic
pulse velocity and compressive strength of each were obtained, which are shown in Table S1
(supplementary material). Table 2 shows the average value of compressive strength for
each specimen, the measurement of the propagation time, and the ultrasonic pulse velocity.

Table 2. Results obtained for specimens prepared with the mixtures in the compression resistance and ultrasonic pulse

velocity tests.

Average Value of

Specimen’s Addition of Cured Time Compressive Strength Propagation Time  Average Value of
Name 25% (Days) (us) UPV (km/s)
(MPa)

1(A-B-C) z-7 7 19.23 42.16 3.79
2(A-B-C) Z-9 7 28.58 40.56 3.94
3(A-B-C) Z-12 7 28.34 40.56 3.94
4(A-B-C) Z-26 7 27.46 40.53 3.95
5(A-B-C) z-7 28 43.05 38.10 4.20
6(A-B-C) Z9 28 41.47 38.26 4.18
7(A-B-C) Z-12 28 39.64 38.36 417
8(A-B-C) Z-26 28 40.67 38.30 4.18
9(A-B-C) PM-1 28 40.59 39.23 4.08
10(A-B-C) PM-3 28 29.73 39.60 4.04
11(A-B-C) PMT-4 28 31.21 39.00 4.10
12(A-B-C) ZEO-1 28 39.77 37.70 4.24
13(A-B-C) CVM 28 38.56 37.60 4.26
14(A-B-C) ZSAM-1 28 41.87 37.87 423
15(A-B-C) GM-1 28 36.59 38.53 4.15
16(A-B-C) -1 28 57.06 36.33 4.40

! Specimen number 16 was composed of 100% of cement type IT 42.5 R.

From the statistical analysis of exponential regression of the results, the equation to
determine the trend of the data obtained, with a determination coefficient (RZ) of 0.8921, is
as follows:

Compressive strength = 0.0538 x ¢!°767<UPV (5)

Based on the expression determined in this study and on the experimental data, an
upper and lower limit of reliability was calculated considering a 95% confidence level.

Upper limit = 0.1207 x ¢!4072xUPV (6)

Lower limit = 0.0193 x ¢l-7955xUPV @)

Figure 2 shows the results obtained, the exponential trend, and the calculated limits.

The estimated compressive strength is calculated by the exponential regression for
the UPV values obtained, as shown in Equation (5). In addition, the relative and absolute
errors between the real and calculated values were obtained and shown in Table 3.

The 95% confidence limits can be used to preliminarily estimate the compressive
strength of mortars, quickly and inexpensively, from a UPV measurement. Therefore, if
we were to obtain a UPV of 4.15 kmm/s, we would know with 95% confidence that the
compressive strength value was 33.35-41.39 MPa.

The absolute and relative errors of the results obtained by exponential regression
were also calculated based on the values of the compressive strength test, ranging from
0.21 to 7.23 and from 0.51 to 17.81%, respectively. These errors represent an acceptable
approximation for an estimate, for example, in a standard quality study.
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Figure 2. Presentation of the results of the compressive strength test concerning the calculated ultrasonic pulse velocity.
The blue line represents the exponential trend of the values, and the red dashed lines represent the limits set with 95%

confidence.
Table 3. Results obtained for the statistical analysis of exponential regression.
Specimens Average Value of Average Value  Calculated Compressive Absolute Error Relative Error
Compressive Strength (MPa)  of UPV (km/s) Strength (MPa) (%)
1(A-B-C) 19.23 3.79 21.33 211 10.96
2(A-B-C) 28.58 3.94 27.01 1.56 5.48
3(A-B-C) 28.34 3.94 27.01 1.33 4.70
4(A-B-C) 27.46 3.95 27.15 0.31 1.13
5(A-B-C) 43.05 420 40.40 2.65 6.16
6(A-B-C) 41.47 4.18 39.48 1.99 4.80
7(A-B-C) 39.64 417 38.58 1.06 2.67
8(A-B-C) 40.67 418 39.03 1.64 4.04
9(A-B-C) 40.59 4.08 33.37 7.23 17.81
10(A-B-C) 29.73 4.04 31.44 1.71 5.75
11(A-B-C) 31.21 4.10 34.68 3.47 11.12
12(A-B-C) 39.77 4.24 43.34 3.57 8.98
13(A-B-C) 38.56 4.26 4412 5.56 14.42
14(A-B-C) 41.87 423 42.08 0.21 0.51
15(A-B-C) 36.59 4.15 37.50 0.91 2.48
16(A-B-C) 57.06 4.40 55.74 1.31 2.30

However, sometimes greater accuracy is required when performing an analysis of the
physical properties of mortars. Therefore, the trend in four of the study samples from the
same deposit was further tested to see if the correlation remained reliable, as the chemical
composition would be almost the same.

The results obtained from the natural mordenite from the San Jose-Los Escullos site
were isolated following the same process mentioned before. The equation determined
from the statistical analysis of exponential regression of the results, with a determination
coefficient (R?) of 0.9801, is as follows:

Compressive strength = 0.0212 x e!812xUPV (8)
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The upper and lower reliability limits with a 95% confidence level were:
Upper limit = 0.0804 x ¢!-5246xUPV o)

Lower limit = 0.003 x ¢22424xUPV (10)

The graphic representation of these results is shown in Figure 3.
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Figure 3. Presentation of the results of the compressive strength test concerning the calculated ultrasonic pulse velocity of

the natural mordenite. The blue line represents the exponential trend of the values, and the red dashed lines represent the

limits set with 95% confidence.

In this estimation, if we were to obtain a UPV of 4.15 km/s, we would know with
95% confidence that the compressive strength value was between 33.39-44.97 MPa. The
absolute and relative errors ranged from 0.20 to 1.6 and from 0.47 to 6.98%, respectively.

For this second exponential regression, a higher R? was obtained, which means that
the regression is better adjusted to the real data. In addition, both absolute and relative
errors were lower than those obtained in the first regression. This may be because the
samples were composed of natural materials from the same deposit that have a similar
chemical composition. However, the size of the samples, which was smaller than in the
previous case, can affect the trend.

The same procedure followed for the exponential regression was repeated to study the
possible linear trend of the results. The equation determined from the statistical analysis
of exponential regression of the results, with a determination coefficient (R?) of 0.873, is
as follows:

Compressive strength = 53.93 x UPV — 185.55 (11)

The upper and lower reliability limits with a 95% confidence level were:
Upper limit = 53.939 x UPV — 181.65 (12)

Lower limit = 53.939 x UPV — 189.45 (13)

The graphic representation of these results is shown in Figure 4.
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Figure 4. Presentation of the results of the compressive strength test concerning the calculated Ultrasonic Pulse Velocity of
the natural mordenite. The blue dashed line represents the lineal trend of the values, and the red dashed lines represent the
limits set with 95% confidence.

In this estimation, if we were to obtain a UPV of 4.15 km/s, we would know with 95%
confidence that the compressive strength value was between 34.27-42.32 MPa.

Table 4 shows the results of the estimated compressive strength calculated by Equa-
tion (11) for the UPV values obtained. In addition, the relative and absolute errors between
the real and calculated values were obtained.

Table 4. Results obtained for the statistical analysis of lineal regression.

Specimens Average Value of Average Value  Calculated Compressive Absolute Error Relative Error
Compressive Strength (MPa)  of UPV (km/s) Strength (MPa) (%)
1(A-B-C) 19.23 3.79 19.12 0.11 0.55
2(A-B-C) 28.58 3.94 27.19 1.38 4.84
3(A-B-C) 28.34 3.94 27.19 1.15 4.06
4(A-B-C) 27.46 3.95 27.37 0.09 0.34
5(A-B-C) 43.05 4.20 40.97 2.09 4.85
6(A-B-C) 41.47 418 40.18 1.29 3.12
7(A-B-C) 39.64 417 39.39 0.25 0.63
8(A-B-C) 40.67 4.18 39.78 0.89 2.19
9(A-B-C) 40.59 4.08 34.42 6.17 15.21
10(A-B-C) 29.73 4.04 32.39 2.66 8.94
11(A-B-C) 31.21 4.10 35.74 4.53 14.53
12(A-B-C) 39.77 424 43.37 3.60 9.06
13(A-B-C) 38.56 4.26 43.98 5.42 14.05
14(A-B-C) 41.87 423 42.36 0.49 1.18
15(A-B-C) 36.59 415 38.42 1.83 4.99
16(A-B-C) 57.06 4.40 51.98 5.08 8.90

The absolute and relative errors of the results obtained by lineal regression vary from
0.09 to 6.17 and from 0.34 to 15.21%, respectively. These errors represent an acceptable
approximation for an estimate, for example, in a standard quality study.
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The errors obtained in linear regression were inferior to those of exponential regres-
sion. However, the coefficient of determination of the linear regression was lower, which
indicated a worse adjustment of the trend.

It is known that mortars made with pozzolanic cement acquire an increased resistance
at greater curing ages compared to mortars without additions [20], so it is expected that at
greater ages the estimate obtained with the linear regression would provide compression
resistance values below the real ones.

4. Discussion

The article shows the results of the study of the velocity of ultrasonic waves in mortars
composed of cement and pozzolanic additions. The velocity of ultrasonic waves was
compared with the results of compression resistance tests from samples containing 25%
pozzolanic additions.

The tests took place during the curing ages of 7 and 28 days. As was expected, both
the compression resistance and the velocity of ultrasonic waves increased with the age.
This shows an upward trend in the curve.

A correlation between the results of the UPV and compression tests can be observed.
This correlation is studied through a statistical analysis using linear and exponential
regressions through the method of least squares.

After study of the results with the linear and exponential regressions, the exponential
regression was found to be more adequate, as it gives a higher coefficient of determination,
meaning that it gives a more precise adjustment. This trend also matched the trend of the
compression resistance of the pozzolanic mortars, which increased exponentially with the
curing age.

We consider it possible to predict the compression resistance from the UPV values
in mortars of pozzolanic cement since there is a strong correlation amongst the values
obtained in both tests. Nevertheless, the results are not conclusive. This work establishes
the basis to perform research with a higher number of samples and greater curing ages
to confirm the existence of the exponential relationship between compression resistance
and ultrasonic pulse velocity. Factors such as the uncertainty associated with the tests
or the heterogeneity between the study samples should be included in future research to
determine more precisely the formula that relates the UPV to the compressive strength of
these materials.
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