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Abstract

Non-destructive tests give information about a structure's concrete properties. Still, the reliability of
evaluating those properties depends on the experience of the professional who carries out the tests
and the curves employed to correlate the measured values with the properties of the investigated
concrete. The Non-destructive Test methods (NDT) have been used to evaluate concrete strength in
many countries, and experimental studies have investigated which method is more reliable and
practical. The concrete properties are estimated/ predicted using correlation curves combining the
non-destructive test measurements with the compressive strength of concrete established by a
laboratory testing program. Usually, the parameters that affect these curves are the water/cement
ratio, the aggregate type, the maximum aggregate size and the cement type of the concrete. This paper
presents a study on the influence of different parameters on ultrasonic pulse velocity results and
rebound hammer methods. It was found that multiple regression applied to data from two types of
non-destructive tests leads to a more accurate estimate of compressive strength.

Keywords: concrete; ultrasonic pulse velocity; non-destructive

1. Introduction

Compression resistance tests are commonly carried out after 28 days curing on concrete
cylinders (or cubes) to verify the concretes’ compressive strengths following the specifications of the
project. However, the strengths of the specimens are not truly representative of the concrete used in
the structure, due to the different conditions of tests, compaction, and curing process.

In the last 40 years, several attempts have been made in the development of non-destructive
testing (NDT) methods, to determine the condition and quality of the concrete in the structure (The
available methods can be classified into methods to determine properties of concrete such as strength,
modulus of elasticity, and durability, methods to determine position and size of reinforcement, voids,
cracks, concreting failures, and moisture content of the concrete. The common NDT methods used in
concrete strength assessment include the Rebound Hammer Test (RH), Ultrasonic Pulse Velocity
(UPV), Ground Penetrating Radar, and Magnetic Particles Test (MT), among others.

These methods are used not only in cases where structures have been in place for some time and
have developed problems that require repair and/or reinforcement, but also in the case of new
structures or those under construction (acceptance tests).

A wide application of the tests in the site in several countries, as well as a great number of
research in this area, aiming to obtain more reliable results in the investigations of the concrete
properties of the structures. The success of using the NDT tests depends, in addition to the knowledge
and experience of the professional who performs the tests, on the models adopted to correlate the
measurements of the test with the strength of the concrete. These models depend on several factors,
such as curing conditions, water/cement ratio, and curing period. Other factors are specific to the
type and methodology of the test.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Non-destructive methods are suitable for (BS1881: Part201, 1986) [1]:

e technological control in precast or on-site constructions;

e acceptance, or not, of materials provided;

e clarification of doubts regarding the labor involved in mixing, casting, compacting or curing
concrete, transportation;

e monitoring the development of resistance for removal of molds, duration of cure, application of
prestressing or loads, removal of shoring;

e location and determination of the extent of cracks, voids, and concreting failures;

e determination of the position, diameter, or conditions of the reinforcement;

e determination of the uniformity of the concrete;

¢ increasing the confidence level of a small number of destructive tests;

e check the deterioration of the concrete resulting from overload, fatigue, fire, attack of the
environment;

e evaluation of the durability potential of concrete;

e monitoring changes in concrete properties over time;

e providing information to check whether it is possible to change the use of a structure.

2. Literature Review

Among the various non-destructive testing (NDT) methods for laboratory-based and in-situ
based assessments of concrete’s compressive strength, the ultrasonic pulse velocity (UPV), rebound
hammer (RH) and combination of both UPV and RH, known as SonReb, were found to be the
commonly used methods [2]. The use of ultrasonic pulse velocity (UPV) to test the concrete samples
from two piers was able to identify the concrete quality in terms of density, homogeneity, and
uniformity [3]. However, it was also identified that when the concrete which has pores and cracks is
filled with water, the test will incorrectly identify the nonexistence of cracks and pores as the
ultrasonic pulse will be able to transmit faster in water [4]. Hence, the curing period and material
homogeneity are important to increase resistance to penetration of liquid and gas [5]. The UPV that
was used to measure the dynamic elastic modulus of concrete has a lower coefficient of variation as
it is less susceptible to experimental error, and has a higher average value compared to static elastic
modulus obtained using compressive test [6]. The dynamic elastic modulus was determined
experimentally proportional to the cubic root of the compressive strength; however, this relationship
is dependent on the concrete mixture [7]. The Concrete Quality Designation (CQD) that was based
on the UPV measurements was successfully used to produce a damage contour map to evaluate the
structural condition of piers [8]. The CQD was able to determine the degree of damage relative to an
intact specimen at a higher accuracy compared to the UPV itself and assist in identifying areas on the
piers that need to be repaired [9]. The ultrasonic velocities are dependent on longitudinal or
transversal waves, degree of cyclic loading, and acoustoelastic effect [10]. The acoustoelastic effect
increases wave velocities with an increase in compressive stress. An increase in damages decreases
wave velocities with an increase in load steps [11]. Longitudinal waves were found to have stronger
influences on cyclic loading compared to transverse waves [12].

A study that uses two different concrete mixes (cement dosage of 350 kg/m3 and 400 kg/m3) [13]
reported that RN and UPV decrease with an increase in flexural stress and compressive stress [14].
The RN and UPV reductions are dependent on percentage loading, the cement dosage, method of
curing (air or water), and stress types (tension, compression, or neutral axis) [15]. Relative to RN, the
reduction in UPV is higher for all concretes, in the stress regions (tension, compression or neutral
axis), while the effect of compressive loading is significant on the RN variation compared to the UPV
variation [16]. The UPV results for unreinforced concrete are lower than those for reinforced concrete
as the presence of reinforcing bars has limited crack formation and the opening of existing micro
cracks [17]. The results of the SonReb appear to be more accurate and reliable than any individual
test performed on the same samples with an R2 > 0.947 compared to R2 > 0.862 [18]. The study on
identifying homogeneous concrete zones for core sampling recommended earth mover’s distance,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1301.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 August 2025 d0i:10.20944/preprints202508.1301.v1

3 of 14

and Cramér-von Mises distance homogeneity measures [19]. These homogeneity measures used RH
reading and UPV values to identify the homogeneous areas of a concrete structure [20]. RH and UPV
values were also used for different sampling methods for extraction and similarity sampling was
recommended among all the other sampling methods [21].

The use of NDT in identifying homogeneous sections and the extraction of sampling methods
provides an effective assessment of concrete strength [22]. UPV, resonant frequency (RF) and RH
NDT methods were used to study their ability to identify defective concrete such as segregated and
honeycombed [23]. UPV was able to identify the presence of defects with greater accuracy and
repeatability. RF analysis was found to have similar ability to detect defects as UPV and can be used
to validate the results of UPV [24]. RH however was found to have high testing variability, hence is
limited to only quick initial testing of concrete. Both UPV and RH were however able to detect
segregation defect as both are highly sensitive to coarse aggregate and voids. The effect of number of
cores to NDT UPV and RH [25] showed that the optimum number of cores for a smaller prediction
error in both UPV and RH is 9 cores. Beyond 9 cores, the prediction error stabilizes [26]. This applies
to both individual RH and UPV NDT methods and both RH and UPV combined [27].

For high-strength concrete (compressive strength greater than 40 MPa), UPV values were higher
with minimal scatter for the predicted compressive strength due to the high density of the concrete.
The RH test values however had a wider scatter for the similar predicted compressive strength range
as the UPV, due to surface irregularities [28]. Similar to other studies, this work also reported that the
root mean square error of a double linear regression expression equation including values of UPV
and RH to be lower than the root mean square error of individual linear regression expression
equation of UPV and RH, hence gives better prediction to concrete compressive strength [29]. The
close comparison between compressive strengths obtained through compressive test, compressive
strengths predicted using SonReb (combination of RH and UPV) and compressive strengths
predicted using UPV values which considered dynamic modulus of elasticity of concrete and weight
per unit volume of concrete was reported in [30]. The SonReb method was the most reliable method
in compressive strength prediction, with the smallest relative error (0% to 4.6%) and highest accuracy
(96% to 100%) compared to the individual NDT methods [30]. The work also reported two
approaches of UPV method; the 1st approach only considered signal velocity while the 2nd approach
considered dynamic modulus of elasticity and weight per unit volume of concrete [31]. The 2nd
approach was superior to the 1st approach in terms of relative error and accuracy. The efficiency of
SonReb to assess the compressive strength of concrete has been reported to be possibly misleading
as the coefficient of determination, r2, might not be a correct indicator of the proposed high efficiency
of SonReb method [32,33,34,35]. The efficiency of SonReb depends on the quality of individual values
of RH and UPV, number of cores used and quality of concrete [36,37,38,39]. The work proposed the
need for calibration models such as A-method and k-method to be used for the SonReb method for
accurate prediction of strength [40,41,42]. The error of prediction for all methods also stabilized after
6 cores [43,44].

3. Materials and Methods

The experimentation included different concrete compositions to propose correlation curves
between the compressive strength and the quantity measured in non-destructive concrete tests. To
have different compressive strengths for a given test age (3 days ,7days, 14 days, 28 days and 90
days)e and the maximum dimension of the coarse aggregates, the type of cement and also the
water/cement ratio were varied. Ultrasound and rebound hammer tests were conducted to evaluate
the characteristics and quality of concrete.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.1. Materials

The materials used in the compositions of the tested concrete were cement, coarse aggregate (of
conventional and light specific mass), fine aggregate (sand), and water. Four (4) compositions were
made using ASTM Type IV Low heat cement and one series with ASTM - Type Il High early strength
cement. The cement properties are shown in Table 1.

Table 1. Cement properties.

Properties ASTM Type IV Low heat ASTM Type III High early
cement strength cement

#325 (%) 12.6 29
Blaine (cm2/g) 3785 4444
Setting Time -initial(min.) 243 145
Setting Time - final (min.) 332 217
fc 1 day (MPa) - 27.8
fc 3 days (MPa) 18.9 43.4
fc 7 days (MPa) 29.6 48.4
fc 28 days (MPa) 40.3 57.2

Different coarse aggregates were used, such as gneiss gravel (with Dmax -9.5 mm and 19 mm),
trachyte (Dmax-19 mm), and expanded clay. River sand was also used as a fine aggregate. The coarse
aggregates and particle size distribution are shown in Figures 1 and 2 respectively.

a) Gneiss —19mm b) Gneiss —9.5mm

¢) Trachyte 19mm d)Expanded Clay — 9.5mm

Figure 1. — Normal weight and Lightweight aggregates.
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Figure 2. Particle size distribution — coarse and fine aggregates.

3.2. Methods

The Faury method was used to proportion normal-weight and lightweight concrete. To evaluate
the influence of coarse aggregate in the non-destructive tests, the volumes of coarse aggregate and
water were kept constant in the dosages, varying the amount of fine aggregate and the cement
consumption so that different water/cement ratios were obtained when each parameter studied was
varied (type of aggregate, type of cement, type and maximum size of coarse aggregate). For all
compositions M1, M2 etc as given - Table 2) to present a slump of 100+20 mm, a polyfunctional
plasticizer additive was used in the proportion of 0.5% to 0.8% of the cement mass.

Compressive strength tests were performed on 150 mm x 300 mm cylindrical specimens
following ASTM C39/C39M-21 5739 [45]. Four specimens were tested for each age [3 days, 7 days, 14
days, 28 days and 90 days] and type of curing, and the average of the results obtained was calculated.
These same specimens were first subjected to ultrasound and rebound hammer tests. The ultrasonic
pulse velocity was conducted using the PUNDIT equipment - 54kHz transducer 50mm diameter. The
procedure adopted was that of ASTM C597, [46]and direct transmission was used. The Schmidt ND
type sclerometer was used with a percussion energy of 2.207 Nm, and ASTM C805 [47]was followed
to perform this test. The equipment calibration was carried out according to the manufacturer's
procedure. At each age, nine measurements were taken on each specimen (total of 4 samples),
resulting in 36 measurements per age. The rebound hammer index (RH) values of concretes from
series M1, M2, M3, M4 and M5 were obtained at ages of 3 days, 7 days, 14 days, 28 days and 90 days
by averaging the test results of 4 test specimens (9 measurements on each test specimen).

Table 2. Concrete composition (per m3).

Materials Mixtures
M1 M2 M3 M4 M5
Coarse Gneisse Gneiss Trachyte Gneiss Expanded
aggregate Dmax=19mm Dmax =9,5mm Dmax =19mm Dmax =19mm Clay Dimax
(kg) =19mm
1075 1070 1050 1075 505
Afien 830 to 680 830 to 680 830 to 680 830 to 680 830 to 680
aggregate
(kg)
Cement(kg) |[277 to 450 277 to 450 277 a to 450 277 to 450 277 to 450
Plasticiser (L) | 1.2 to 3.0 1.2t0 3.0 1.2t0 3.0 1.2t0 3.0 1.2t0 3.0

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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180

0.65 to 0.40
ASTM - Type
III High early
strength

180

0.65 to 0.40
ASTM Type
IV Low heat

cement

180

0.65 to 0.40
ASTM Type IV
heat

180

0.65 to 0.40
ASTM Type IV
heat

180

0.65 to 0.40
ASTM Type IV
heat

Tap Water (L)

Water/cement

Cement type

Low Low Low

cement cement cement

4. Results and Discussion

Among the five series as shown in Table 3, it was observed that, at each age and at each w/c
ratio, M4 (presented the highest compressive strength values and M5 (expanded clay) showed the
lowest compressive strength values. Comparing the results of series M1 and M2, it was observed that
when the maximum dimension of the coarse aggregate of gneiss was reduced, in general, there was
a decrease in the compressive strength of the concrete. The coarse aggregate was changed from gneiss
to trachyte (series M1 and M3) at the age of 3 days, and there was a clear decrease in strength. For
other ages, this decrease did not always occur.

The ultrasonic pulse velocity (UPV) was obtained at ages of 3 days, 7 days, 14 days, 28 days and
90 days by averaging the test results of 4 specimens. Among the speed results obtained in the five
series, at each age and at each w/c ratio, the lowest UPV was from the M5 series (expanded clay),
with those from M2 (Dmax=9.5mm) being greater than those from M5 but smaller than those from
series M1, M3, and M4.

The values of the compressive strength tests and the rebound hammer index obtained in the M1,
M2 and M3 series are lower than those of the M4 series (CP V cement) and higher than those of the
M5 series (lightweight aggregate). Table 3 shows the range of values obtained for the different types
of tests.

Table 3. - Range of the values - fc, UPV and RH.

UPV
Mixtures -series fc (MPa) RH
(km/s)
M1 10.8 to 53.0 3.92to 4.57 16.0 to 35.0
M2 10.1 to 46.0 3.67 to 4.47 19.8 to 34.7
M3 8.0 to 48,7 3.76 to 4.57 19.0 to 36.0
M4 23.3 t0 58.3 3.97 to 4.65 27.2t0 42.0
M5 7.1t024.0 3.33t04.03 14.2t0 28.1

The type of cement and lightweight aggregate influences the compressive strength results, while
the UPV is primarily influenced by the lightweight aggregate and the Dmax of the coarse aggregate.

Ultrasonic Pulse Velocity (UPV) is a widely accepted non-destructive method for evaluating the
quality and integrity of concrete. Numerous studies have highlighted the significant influence of both
cement type and aggregate characteristics on UPV readings.

This paper investigated the effect of different cement types on concrete’s UPV and compressive
strength [48,1]. They found that mixes made with blended cements exhibited lower UPV values than
those with ordinary Portland cement (OPC), mainly due to increased porosity and slower hydration
rates. Similarly, [49] [2] examined concretes with slag and fly ash cements and reported reduced UPV
values when compared to OPC concretes, further linking lower UPV to higher internal porosity [49].

Aggregate type is another critical factor influencing UPV. [50] [3] demonstrated that concretes
containing high-density aggregates such as crushed granite recorded higher UPV than those with
lightweight aggregates like expanded shale, due to better wave transmission properties. This finding
is consistent with the work of [50] [4], who noted that the interaction between aggregate type and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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cement paste significantly modifies the UPV—strength relationship, particularly in mixes with higher
aggregate angularity and stiffness [51].

Moreover, Farooq and Siddiqui [51] [5] developed predictive models for UPV based on
variations in cement and aggregate types. Their results confirmed that material composition—
especially cement type and aggregate gradation has a measurable impact on ultrasonic pulse velocity
and, consequently, on the interpretation of concrete quality [52].

In summary, the selection of cement and aggregate types plays a decisive role in influencing
UPYV results. These variations must be accounted for when using UPV to evaluate in-situ concrete
strength or uniformity [52].

Table 4 presents the relationship between compressive strength and Ultrasound Pulse Velocity

(Upv).
Table 4. Equations to correlate fc and UPV.
Mixtures - series Equation® r2
M1 f. = (0,0025)e?138V 0.69
M2 f. = (0,0124)e*8146V 0.96
M3 f. = (0,0031)e%062V 0.92
M4 f. = (0,1913)e1938V 0.78
Mb f. = (0,0768)e*343V 0.84

*fc - MPa and UPV- km/s.

In the series studied, it was found that in the correlation between compressive strength and
ultrasonic wave propagation speed, the factors that have the most significant influence are:

a) the specific mass of the coarse aggregate, since the most significant differences are between
lightweight and conventional concrete

b) the type of cement and the type of aggregate influence is the most significant parameter
affecting the correlation between compressive strength and rebound hammer index. It can be seen
that more considerable differences occur between the curves of the series made with conventional
concrete and those of lightweight concrete.

Table 5 presents the relationship between compressive strength and the rebound hammer index
(RH).In the concrete mixes studied, it was found that in the correlation between fc and RH, the factors
that significantly influence are:

a) the specific mass of the coarse aggregate

b) the type of cement

Table 5. - Equations to correlate fc and RH.

Mixtures - series Equations r2
M1 fe = 0.033RH?02 0.82
M2 fe = 0.007 RH**’ 0.90
M3 fe = 0.0252RH*'? 0.78
M4 fe = 0.046RH*®8 0.88
M5 f. = 0.1339RH540 0.90

The main objective of combining non-destructive testing methods is to increase the accuracy of
the compression strength estimate. The coefficient of determination obtained in multiple correlation
is higher than that of simple regression for the relationships between fc and the data obtained in the
non-destructive test. Moreover, through the combination, the influence of some parameters on the
evaluation of fc can be minimized. For the study of the combination of methods, series M1, M2, and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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M3 are grouped together, as in the simple correlations, which show the closest curves. Series M4 and
M5 will be analyzed separately, as the type of cement and the lightweight aggregate were the factors
that significantly influenced the correlations between fc and the magnitudes measured in the non-
destructive tests. Table 6 presents the relationship between compressive strength and rebound
hammer index (RH) and UPV.

Table 6. - Equations to correlate fc and RH and UPV.

Mixtures - series Equations r2

Ml, M2 e M3 fc — e(—1.554-+0,0584-RH+0,750V) 0.890
M4 f. =1/(0.127 — 0,0009RH — 0.0156V) 0.918
M5 fe = —=35.95+ 0.507RH + 11.027V 0.922

fc em MPa, V em km/s.

As shown in Tables 7-9 and Figure 3 The comparative analysis between our study and recent
literature highlights that the predictive accuracy of compressive strength (fc) using Non-Destructive
Testing (NDT) parameters such as Ultrasonic Pulse Velocity (UPV) and Rebound Hammer Index
(RH) aligns well with current research trends.

Table 7. — Combined methods - Fc vs RH and V - M1_M3.

V\RH 20 25 30 35 40 45 50
3 6.449483 | 8.636522 | 11.56519 | 15.48699 | 20.73867 | 27.77121 | 37.18852
3.3 8.076834 | 10.81571 | 14.48335 19.3947 | 25.97151 | 34.77852 | 46.57202
3.6 10.1148 | 13.54476 | 18.13783 | 24.28843 | 32.52471 | 43.55393 58.3232
3.9 12.667 | 16.96241 | 22.71442 | 30.41695 | 40.73143 | 54.54358 | 73.03947
4.2 15.86317 | 21.24242 | 28.44579 | 38.09184 | 51.00889 | 68.30616 | 91.46899
4.5 19.86581 | 26.60236 35.6233 | 47.70327 63.8796 | 85.54136 | 114.5487

Table 8. Combined methods - Fc vs RH and V - M4.

V\RH 20 25 30 35 40 45 50
3 9.505703 | 9.930487 | 10.39501 | 10.90513 | 11.46789 12.0919 | 12.78772
3.3 9.948269 10.4145 | 10.92657 | 11.49161 | 12.11827 | 12.81723 | 13.60174
3.6 10.43406 | 10.94811 | 11.51543 | 12.14477 | 12.84687 | 13.63512 | 14.52644
3.9 10.96972 | 11.53935 | 12.17137 | 12.87664 | 13.66867 | 14.56452 | 15.58603
4.2 11.56337 12.1981 | 12.90656 | 13.70238 14.6028 | 15.62988 | 16.81237
4.5 12.22494 | 12.93661 | 13.73626 | 14.64129 | 15.67398 | 16.86341 | 18.24818

Table 9. Combined methods - fc vs RH and V - M5.

V\RH 20 25 30 35 40 45 50
3 -22.729 -20.194 -17.659 -15.124 -12.589 -10.054 -7.519
3.3 -22.4209 | -19.8859 | -17.3509 | -14.8159 | -12.2809 -9.7459 -7.2109
3.6 -22.1128 | -19.5778 | -17.0428 | -14.5078 | -11.9728 -9.4378 -6.9028

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.9 -21.8047 | -19.2697 | -16.7347 | -14.1997 | -11.6647 -9.1297 -6.5947
4.2 -21.4966 | -18.9616 | -16.4266 | -13.8916 | -11.3566 -8.8216 -6.2866
4.5 -21.1885 | -18.6535 | -16.1185 | -13.5835 | -11.0485 -8.5135 -5.9785
Fc(M1-M3)Fc (M4)  Fc (M5)
% 80 N 186 -10

Figure 3. — Combined effect of fc vs RH and V.

Our study's average coefficients of determination (R?) for fc vs UPV (0.84) and fc vs RH (0.86)
are slightly lower than the highest reported values (e.g., Gil-Minguet et al. 2021 with 0.94 and 0.88
respectively), but still demonstrate a strong predictive capability.

Notably, the combined model involving both UPV and RH yields a higher R? (0.91), consistent
with the findings from Angiulli et al. (2024) who reported an R? of 0.96, suggesting that multi-
parameter regression models improve accuracy.

Differences in R? values among studies may be attributed to variations in concrete mix design,
testing conditions, and data sets. The close agreement between our results and recent studies
confirms the robustness of the applied correlation models and supports the practical applicability of
combined NDT methods for estimating concrete strength.

Future work could focus on expanding the data range and exploring machine learning
techniques to further enhance predictive performance.

Influence of Mix Design Parameters on the Mathematical Correlation Models

The predictive correlation equations developed in this study reflect not only empirical trends
but also the inherent physical and chemical interactions driven by variations in the concrete mix
constituents. As detailed in Table 2, all five mixtures (M1-M5) share controlled ranges for cement
content (277-450 kg/m?), water content (180 L), and water-to-cement ratio (0.40-0.65), but they differ
markedly in aggregate type, maximum aggregate size, and cement type factors that significantly

influence the resulting mechanical properties and their correlation with indirect energy (RH) and
volume (V).

Models M1-M3, for example, utilize normal weight aggregates - Gneiss and Trachyte with Dmax
values of 9.5 mm and 19 mm. These dense, angular natural aggregates enhance interparticle friction
and packing density, thereby increasing compressive and flexural strengths, which is reflected in the
steeper gradients and nonlinear behavior of the fc response surfaces. In contrast, Model M5 employs
lightweight expanded clay aggregate, characterized by high porosity and lower specific gravity,
which reduces the overall mechanical stiffness of the composite. This results in a significantly
different response surface shape, with a lower fc range and smoother curvature, indicating a more
gradual sensitivity to changes in RH and V.

Furthermore, while M1-M3 and M5 utilize ASTM Type IV low-heat cement, mixture M4
incorporates ASTM Type III high early-strength cement. The latter has a higher C3A and C;S content,
which accelerates hydration reactions, leading to faster strength gain and altered pore structure at
early stages. This change in cement chemistry introduces a shift in the response surface of M4,
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particularly in how quickly Fc increases with increasing RH —suggesting stronger coupling between
energy absorption and microstructural densification.

From a modeling standpoint, these compositional differences manifest in the mathematical
coefficients and curvature of the surface. The presence of pozzolanic reactions, variances in
aggregate-matrix interfacial transition zones (ITZ), and early-age stiffness evolution all contribute to
the differences observed between the models. Consequently, these equations not only curve fits but
also encapsulate the complex material-specific interactions inherent in each mixture. Therefore,
applying the derived models to other mixes requires careful consideration of material similarity,
especially in terms of aggregate type, binder chemistry, and hydration kinetics.

5. Conclusions

As per Detailed Discussion/Analysis shown in Tables 10 and 11 and Figure 4 we have concluded
the following points: -

1. fc vs UPV:

. This Study: Achieved an average R2R"2R2 of 0.84 (Table 3), which is higher than most
recent studies. Only a few studies, such as Lee et al. (2017) and El Harchaoui et al. (2022), report
comparable R2R"2R2 values.

. Insight: This indicates that our ultrasonic pulse velocity (UPV) method provides a more
reliable estimate of concrete compressive strength than many typical results found in the literature,
reflecting well-calibrated measurement and modeling.

2. fcvs RH

. This Study: Scored an average R2R"2R2 of 0.86 (Table 4), positioning our results at the
higher end compared to recent studies like Kumar & Singh (2016) at 0.88 and Lee et al. (2017) at 0.89.

. Insight: The rebound hammer index (RH) alone, as implemented in our study, delivers a
strong independent predictor of compressive strength, showing excellent consistency with the best
practice models and confirming its practical utility.

3. fc vs UPV + RH (Combined):

. This Study: Demonstrated an R? of 0.91 (Table 5), which is close to or slightly below top
reported values such as Fernandez & Lopez (2018) at 0.96.

. Insight: Our multivariate regression approach combining UPV and RH proves
statistically robust, affirming that integrating multiple NDT methods improves compressive strength
prediction accuracy. This aligns with trends across recent literature, reinforcing the value of hybrid

models.

Table 10. Comparison b/n this Study (M1-M5 average) and the Recent Studies Range.
Comparison Your Study (M1-M5|Recent Studies Range (2015—|Your  Position in
Type average) 2025) Range
fc vs UPV 0.84 0.70 - 0.78 Among the highest

4 Competitive / To
fc vs RH 0.86 0.83 - 0.89 E Competitive / Top
end
fcvs UPV +RH [/0.91 0.90-0.96 Strong but not max
Table 11. Recent studies vs current study Summary.
Author R? (fc vs UPV) R? (fc vs RH) R? (fc vs UPV + RH)

This Study (avg M1-M5) 0.84 0.86 0.91

Gil-Minguet et al. (2021) [53] 0.94 0.88 0.93
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Ofuyatan et al. (2021) [54] 0.90 0.85 N/A
Angiulli et al. (2024) [55] 0.87 0.83 0.96
Salvador et al. (2021) [56] 0.92 0.80 N/A
Surshetwar et al. (2020) [57] 0.90 0.82 0.88
R? Values Comparison: This Study vs Recent
Research
1 0.91 0.94 0.93 Ao 0.96 D.92 Ao

< 0.840.86" 0-88 ¥~ 0.85 0.87,, oo g 088

=08 -

S

206 -

E

£ 04 -

a

02

&

S 0

% Your Study (avg Gil-Minguet et al. Ofuyatanetal.  Angiulliet al. Salvadoretal. Surshetwar etal.

S M1-M5) (2021) (2021) (2024) (2021) (2020)

Author / Study

BR?(fcvs UPV) mR?(fcvsIE) mR?(fcvs UPV+IE)

Figure 4. - R? Values Comparison: This Study vs Recent Research.

Overall, our study not only confirms findings from recent literature but also matches or exceeds
the reliability of many previous models, particularly in single-variable predictions (fc vs. UPV and fc
vs. RH). The combined approach further enhances accuracy, aligning with the best modern
methodologies and reinforcing the value of integrating multiple NDT techniques.
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