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Abstract. One main focus pursued by many researchers is developing faster and
cheaper non-destructive methods (NDT), whilst increasing the accuracy in esti-
mating the concrete mechanical properties, mainly the compressive strength. In
many cases, the NDT approach is preferred because of its non-destructive nature.
Despite the fact that the destructive testing (DT) delivers more accurate results, the
number of concrete cores is, in general, limited because of invasive nature upon
evaluated elements and thus can lack sufficient data for the analyze and further on,
for drawing appropriate conclusions. Furthermore, it is a known fact that concrete
strengthmay vary between the same elements.With theDT it is difficult to quantify
the internal flaws of the concrete, such as internal cracks, delamination, or voids,
because it is recommended to avoid those areas when coring. The purpose of this
paper is to further investigate a proposed method on a new set of concrete cores
extracted from amultistorey building, in order verify its validity and accuracy. The
new approach is solely based on ultrasonic pulse velocity (UPV) testing which
delivers data concerning relevant parameters (air-dry density, dynamic modulus
of elasticity, static modulus of elasticity) leading to concrete compressive strength
evaluation. In the process of determining the dynamic modulus of elasticity, the
dynamic Poisson’s coefficient was considered in accordance with values provided
by the technical literature, and it is not experimentally determined for this step of
the investigation.
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1 Introduction

Reinforced concrete (RC) structures are crucial components of the construction industry,
and assessing and ensuring their quality control has become increasingly important. The
primary focus of quality control is determining the mechanical properties of concrete,
includingdensity, compressive strength, andmodulus of elasticity.While these properties
can be determined in the laboratory on concrete samples, in case of new buildings, the
non-destructive testing (NDT) is a more feasible and suitable solution for the existing
ones.

Due to their non-destructive nature, NDT methods require fewer resources and pro-
vide faster results than destructive testing (DT) [1]. One popular NDT approach is
ultrasonic pulse velocity (UPV) [2], which can be used to detect internal flaws, such as
cracks, delamination, or deteriorations due to environmental factors, such as chemical
aggressivity or freezing [3]. UPV can also be used to estimate concrete compressive
strength. Researchers have attempted to establish a direct relationship between NDT
and concrete compressive strength, using a single variable, such as UPV, or multiple
variables, such as UPV and rebound hammer Schmidt (RHS) [4–7]. However, none of
the equations developed could be considered valid for all types of concrete.

Facaoaru [8] developed the SONREBmethod, which uses a combination ofUPV and
RHS to estimate concrete compressive strength. Although this method delivers results
with high accuracy, it relies on concrete information, namely the type and dosage of
cement, as well as the nature and granulometry of the aggregates. These factors are
often unknown in the case of old buildings, and assuming incorrect coefficients can lead
to significant errors, ranging from 25% up to even 30% [9]. Samarin and Smorchevsky
[10] proposed a modified SONREB method that only involves the aggregate type and
concrete’s age as variables.

The RILEM NDT4 [11] developed the ISO-based resistance curves, which enable
the estimation of concrete compressive strength using RHS and UPV values through
interpolation. Over time, many formulations were developed based on experimental
data obtained by testing concrete samples extracted from existing buildings [12–18].

This paper aims to further validate a proposed method for estimating concrete com-
pressive strength using UPV to determine the air-dry density, dynamic and static moduli
of elasticity, and ultimately concrete compressive strength. The proposed method was
developed during previous research, and it generally aims to provide more accurate and
reliable results in the field of NDT testing approaches.

2 Materials and Methods

2.1 Destructive Method (DT)

The method presumes the coring of cylindrical concrete samples from an existing struc-
ture. These samples are used to determine the compressive bearing capacity (fcar) in
laboratory, after specific processing. The values obtained do not represent the values
equivalent to cubic or cylindrical strength. In order to obtain the equivalent concrete
compressive strength (fis), the compressive bearing capacity must be amended with
several correctional factors which depends on factors like: diameter, moisture, samples
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processing, etc. Romanian Norm NP 137 [9] provides the equation for determining the
equivalent concrete compressive strength:

fis = a · b · c · e · g · d · fcar (1)

where:
fis – equivalent concrete compressive strength [MPa];
a – coefficient that considers the influence of the core diameter [-];
b – coefficient that considers the height/diameter ratio [-];
c – coefficient that considers the influence of the degraded layer [-];
e – coefficient that considers the nature of the leveling layer [-];
g – coefficient that considers the humidity of the concrete core [-];
d – coefficient that considers the position and diameter of the reinforcement bars [-];
fcar – resulted compressive bearing capacity [MPa];
Despite the fact that the destructive method delivers highly accurate results, it con-

sumes more resources and it also has limitation in terms of core number due to sever-al
reasons: the destructive nature of the testing can affect the evaluated structural element,
drastically reducing the sampling number, the coring conditions might be quite a chal-
lenge, due to low accessibility on site, technological and design conditions which can
even forbid the coring certain, designated elements of a structure. In this study, DT was
used as control method, for the validation of the proposed NDT methodology.

2.2 Ultrasonic Pulse Velocity (UPV)

Ultrasonic Pulse Velocity (UPV) is a non-destructive testing (NDT) method used to
evaluate the integrity and quality of concrete structures by the means of recording the
velocity of ultrasonic pulses through concrete; consequently, it provides information
about the density and elasticity of the material.

The ultrasonic pulse velocity is one of the most used NDT of concrete, due to its
many advantages:

– It can be applied to all types of elements;
– It can be used regardless of the thickness of the element;
– It can be applied also on elementswith reduced accessibility, on only one face/surface;
– The testing is done in a short amount of time;
– It can be used to localize internal defects such as voids, delamination’s, etc.

UPV testing works by sending an ultrasonic pulse through the concrete mass and
measuring the time it takes for the pulse to travel through the material and return to the
origin. The velocity of the pulse can be calculated based on the distance traveled by the
wave and the recorded time. The velocity of the pulse is related to the elastic properties
of the concrete, which can be used to infer the quality of the material.

The testing procedure involves the careful preparing the surface of the concrete by
cleaning and polishing it and attaching the ultrasonic pulse generator and receiver to
opposite sides of the material. The generator is then triggered to send a pulse through
the concrete mass, and the time consumed for the pulse to return to the receiver is
measured, determining the pulse velocity as distance to time ratio. The procedure is
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typically repeated multiple times, at different locations on the concrete element, in order
to obtain the representative sampling of the material.

As previouslymentioned, the velocity of the ultrasonic pulse through concrete can be
used to evaluate the material quality. Generally, a higher velocity indicates a denser and
more elastic material, while a lower velocity indicates a lower density and less elastic
material. The results of UPV testing can be used to identify areas of weakness or damage
in concrete structures and also to evaluate the quality of newly placed concrete.

2.3 Dynamic Modulus of Elasticity

Dynamic modulus of elasticity is calculated based on the response of concrete when
subjected to cyclic loading. It is related to the static modulus of elasticity (Es) by the
ratio of the dynamic modulus to the static modulus, also known as the damping ratio (ξ).
Generally, the dynamic modulus is lower than the static modulus due to the presence of
viscoelastic behavior in concrete, which results in energy dissipation and a reduction in
stiffness [19].

Dynamic modulus of elasticity can be determined using Ultrasonic Pulse Velocity
(UPV) by applying the Eq. 2 provided by Romanian Norm GE 039 [19].

Ed = (1+ �d) · (1− 2 · �d)

1− �d
· γ

g
· V2

L (2)

where:
Ed—dynamic modulus of elasticity [MPa];
�d—dynamic Poisson’s ratio [-];
γ—air dry density [kg/m3];
g—gravitational acceleration [m/s2];
VL—ultrasonic pulse velocity [km/s];
In this study the dynamic Poisson’s ratio was assumed the value �d = 0.25, which

is a normal value accepted for concrete preserved in the air. Therefore Eq. 2 transforms
into Eq. 3:

Ed = 0.83 · γ

g
· V2

L (3)

In terms of air-dry density, the study conducted by Salman [20] presents a linear
correlation between air-dry density (γ) and UPV in the form of Eq. 4:

γ = 114.8 · VL + 1813 (4)

where:
γ—air-dry density [kg/m3];
VL—ultrasonic pulse velocity [km/s];
Consequently, the dynamic modulus of elasticity can be determined by the means of

only UPV measurements.
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2.4 Static Modulus of Elasticity

The static modulus of elasticity is a measure of the stiffness of a material, therefore
representing an important property of concrete It is calculated as the stress to strain ratio
when specimen is subjected to a static loading, and it can be used to material behavior
under various loading conditions.

The static modulus of elasticity of concrete can be determined by conducting a static
compression test on a cylindrical or cubic specimen. The specimen is loaded until it
reaches its maximum strength, and the stress-strain relationship is recorded and the
slope at first loading and after three loading cycles. The static modulus of elasticity is
then calculated as the slope of the linear portion of the stress-strain curve [21].

The static modulus of elasticity of concrete is dependent on several factors, including
the type and proportions of the constituent materials, the curing conditions, and the age
of the material. Therefore, it is important to carefully control these variables during
testing to obtain accurate and reliable results. The determination of the static modulus of
elasticity of concrete is crucial to ensure the safety and reliability of concrete structures,
and therefore, it is important to follow the appropriate testing procedures and standards.

In engineering design and analysis, the static modulus of elasticity is used to estimate
the deformation of concrete under load. This information is important for determining the
load-carrying capacity of concrete structures, and also for evaluating the cracking pattern
and other forms of damage. The static modulus of elasticity is also used to calculate
deflections and strains in concrete beams and slabs, which are important considerations
in the design of structures to ensure their stability and safety.

The static modulus of elasticity can be determined with Eq. 5 presented by Noguchi
et al. [22], but it also depends on concrete compressive strength (fis).

Es = 2.1 · 105 · ( γ

2.3
)1.5 · (fc/200)1/2 (5)

where:
Es—static modulus of elasticity [MPa];
fc = fis—concrete compressive strength [MPa];
γ—concrete air-dry density determined via UPV [kg/m3].
In this study the dynamic modulus of elasticity was determined via UPV and the

static modulus of elasticity was determined separately, by using Eq. 5, using the concrete
compressive strength, available from the destructive testing performed on concrete cores.
With the two moduli of elasticity known, a linear correlation was established between
them in the form of Eq. 6.

Es = 0.88 · Ed (6)

With the static modulus of elasticity determined via Eq. 6, in Eq. 5 the only unknown
variable is the concrete compressive strength (fc). Extracting that parameter and rear-
ranging the equation, it becomes a relationship where concrete compressive strength
depends on variables determined via UPV.

fc = (E2
s · 200)/[2.1 · 105 · (γ/2.3)1.5]2 (7)
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2.5 Experimental Procedure

A flowchart of the proposed method is presented in Fig. 1 for a better understanding.

Fig. 1. Flowchart of the proposed approach.

The study involved 22 concrete cores (Fig. 2), 94 mm in diameter, extracted from
various areas of different slabs of the same building. The cores were processed according
to the Romanian Norm NP 137 [9]. The specimens were cut at both ends using a wet
diamond disk and then conditioned at T: (21 ± 3) °C and RH: (50 ± 5) % for 5 days
until testing. The cores were cured for 5 days prior to UPV testing in order to dry out the
humidity absorbed during the wet cutting, which can affect the UPV results. Figure 2
shows the concrete sample after cutting and conditioning, and before UPV testing and
further destructive, compressive testing (DT).

Fig. 2. Concrete core specimens.
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The non-destructive testing, namely UPV, was conducted with a Tico Proceq device
equipped with 54 kHz transducers (Fig. 3) and the destructive testing was performed
with respect to SR EN 12390-3 [23], by the means of a 300 kN hydraulic, compressive
testing machine at a loading rate of 0.6 MPa/s.

Fig. 3. UPV testing.

3 Results and Discussions

3.1 Proposed Method vs. Destructive Method

In order to verify the effectiveness of the proposed method it is recommended to use a
statistical approach. In this particular case, the accuracy (Ac) and the root mean square
error (RMSE) were chosen as statistical tools to measure the performance of the method.
Accuracy can be defined as the degree towhich ameasurement, calculation, or prediction
represents the true or correct value of a quantity or parameter [24]. The RMSE is a
commonly used metric for measuring the accuracy of predictions and represents the
average difference between the predicted values and the actual (measured) values.

Table 1 presents the concrete compressive strength data obtained from both the
traditional destructive method and the proposed method. Additionally, the accuracy of
the proposed method is reported in the table. The accuracy is an indicator of how closely
the values obtained from the proposed method align with the true values obtained from
the traditional method. A higher accuracy value indicates better agreement between the
two methods, while a lower accuracy value indicates greater divergence between the
results obtained from the two methods.

When considering the compressive strength of the concrete, the measured values
range from a minimum of 34.0 MPa to a maximum of 48.5 MPa, with a mean value of
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Table 1. Measured and predicted compressive strength.

Core no. Measured compressive strength
[MPa]

Predicted compressive strength
[MPa]

Accuracy [%]

1 48.5 45.1 93

2 37.5 40.5 93

3 44.5 45.0 99

4 45.5 46.0 99

5 48.0 44.7 93

6 39.5 39.5 100

7 37.5 38.9 96

8 34.0 39.8 85

9 41.5 45.1 92

10 44.0 38.2 87

11 39.5 40.6 97

12 40.0 36.6 92

13 34.5 35.4 98

14 38.0 41.4 92

15 47.0 41.7 89

16 43.5 36.7 84

17 41.5 40.0 97

18 43.0 48.8 88

19 39.5 39.8 99

20 43.0 39.8 93

21 34.5 37.3 92

22 38.5 42.4 91

41.0 MPa. In terms of the proposed method, the accuracy of the predicted values ranges
from 84% to 100%, with a mean accuracy value of 93%.

However, upon closer inspection of the results, it can be observed that the predicted
values tend to be overestimated in more than half of the cases. This suggests that the
proposed method may be prone to overestimating the compressive strength of the con-
crete, particularly when compared to the reference values, obtained from the traditional,
destructive method. It may be necessary to investigate the underlying causes of this
overestimation and adjust the proposed method accordingly, to improve its accuracy.

The RMSE value for the predicted values was found to be 4.75. This suggests that
the model had an average error of 4.75 units in its predictions compared to the actual
measured values. The RMSE value is relatively low compared to the range of the actual
values and the variability in the data.
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In Fig. 4 a graphical representation of the two sets of values is presented for a better
understanding.

Fig. 4. Measured vs. predicted values.

4 Conclusions

The objective of this study is to evaluate the outcomes of integrating on-site ultrasonic
pulse velocity (UPV) measurements with theoretical evaluations using a combination
of equations established by various researchers. These equations enable the association
of ultrasonic pulse velocity values with the dynamic modulus of elasticity, the static
modulus of elasticity, and ultimately, concrete compressive strength.

It is crucial to ensure a thorough surface preparation to eliminate any potential
errors that may arise during the on-site UPV testing. Moreover, when compared to prior
research [25], it is evident that a calibration between the dynamic and static modulus of
elasticity is necessary since the linear equation is not universally applicable to all types
of concrete and this is a direction on which future research will be directed on.

The results of this study indicate that the predictive model had a moderate level of
accuracy in its predictions for compressive strength. Future research needs to focus on
improving the accuracy of the model and reduce the level of error in its predictions.

Further investigation is required to determine the factors that influence the dynamic
relationship between the two moduli of elasticity. It is essential to experimentally deter-
mine the static modulus of elasticity in laboratory on different concrete mixtures. The
concrete mixtures must have various compositions, additives, aggregate sizes, and varia-
tions in the water-cement ratio, in order to identify a relationship between the twomoduli
of elasticity that includes dependent variable. This is an important step in refining the
proposed method and improving its accuracy.
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