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Abstract

This study aims to improve the estimation of concrete compressive strength by combining destructive and non-destructive testing 

(ultrasound and sclerometer) to obtain a more precise and reliable assessment for quality control and the diagnosis of concrete 

structures. The experimental data were analyzed using a program linked to the Pundit Lab measurement tool to establish a regression 

model linking the ultrasonic propagation velocity (UPV) to the compressive strength of self-compacting concrete (SCC). SCC was 

formulated using a standard mix design with 450 kg/m3 of cement, 10% limestone filler (45 kg/m3), a water/cement ratio of 0.44, 

a gravel/sand ratio of 1.0, and a polycarboxylate-based superplasticizer. The fresh properties were evaluated using cone slump tests, 

L-box tests, V-funnel tests, and sieve stability tests, confirming the self-compacting nature of the mix. After 28 days of curing, five 

cylindrical specimens (160 × 320 mm) were subjected to ultrasonic (UPV), sclerometric, and compression tests. The results showed 

an average compressive strength of 39.06 MPa, a modulus of elasticity of 41.5 GPa, and a shear modulus of 16.7 GPa. The developed 

regression model improved the accuracy of compressive strength estimation by combining ultrasonic and sclerometric measurements, 

thus providing a reliable method for quality control and evaluation of existing concrete structures.
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1 Introduction
Concrete is one of the most widely used construction mate-
rials because of its high compressive strength, durability, 
availability, and adaptability to different structural appli-
cations. Accurate determination of its mechanical prop-
erties is essential for quality control, structural design, 
maintenance, and assessment of existing structures. This 
requirement is particularly important in regions exposed 
to seismic activity, where inadequate concrete strength, 
poor construction quality, and structural deficiencies may 
significantly increase the vulnerability of reinforced con-
crete buildings. Conventional compressive testing typi-
cally requires crushing cast specimens or cores extracted 
from structural elements. Although these methods pro-
vide direct measurements of concrete strength, they are 

time-consuming, relatively expensive, and may cause 
localized damage to the structure. Consequently, non-de-
structive testing methods are increasingly used to assess 
the mechanical properties, uniformity, and internal con-
dition of concrete without significantly affecting its integ-
rity [1]. Among these techniques, ultrasonic pulse velocity 
is widely used to determine the time required for com-
pressional waves to travel through a known distance in 
concrete. The measured velocity is strongly influenced by 
the density, elastic properties, moisture content, poros-
ity, cracking, and internal continuity of the material. 
Modern ultrasonic devices can record several parameters 
simultaneously, including transit time, calculated pulse 
velocity, and amplitude–time signals, thereby providing 
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useful information about the internal condition of con-
crete. However, ultrasonic pulse velocity does not directly 
measure compressive strength and therefore must be cali-
brated against destructive test results. The rebound ham-
mer test is another rapid and practical non-destructive 
method used to evaluate the surface hardness of concrete. 
Since ultrasonic pulse velocity mainly reflects the internal 
continuity of the material, whereas the rebound hammer 
primarily characterizes surface hardness, the combined 
use of both methods can provide a more reliable assess-
ment than either technique used separately [2].

Adding tiny particles to concrete and using predictive 
homogenization models to improve it have been the sub-
jects of extensive research. Non-destructive testing has 
been widely used to assess the mechanical properties and 
overall condition of concrete structures without causing 
significant damage. Breysse  [1] discussed the reliabil-
ity and limitations of both individual and combined test-
ing techniques, showing that the use of complementary 
methods can improve the accuracy of structural assess-
ment [1, 3]. Bungey et al. [2] provided practical guidance 
on the selection, application, calibration, and interpreta-
tion of in situ concrete testing methods [2,  3]. Malhotra 
and Carino [3] reviewed a broad range of non-destructive 
and partially destructive techniques for evaluating con-
crete strength, durability, and internal defects, emphasiz-
ing the importance of proper calibration and combined 
testing approaches for obtaining more reliable results.

A growing number of studies have examined the use 
of nanoscale additives and micromechanical models to 
improve the performance of cement-based composites. 
Chatbi et  al.  [4] showed that incorporating nano-silica 
can enhance the strength and deformability of concrete 
slabs, and that the modified Voigt model successfully 
predicted their effective mechanical properties. In  later 
work, Chatbi et al.  [5] investigated silica-rich nano-clay 
and reported further improvements in the strength and 
durability of cementitious materials. A broader review 
also emphasized the role of nano-clay in refining the 
internal structure of concrete and improving its long-
term behavior [6]. In a related study, Sid Ahmed et al. [7] 
investigated sustainable composites containing recycled 
PET and highlighted their potential as environmentally 
friendly materials. In a subsequent study, Sid Ahmed 
et  al.  [8] examined mortars incorporating plastic waste 
and found good agreement between the experimen-
tal results and the Hashin–Shtrikman bounds. Belmahi 
et al. [9] studied the effect of chemical exposure on cemen-
titious materials and showed that alkaline conditions can 

significantly  reduce the mechanical properties of con-
crete and mortar. Likewise, these studies demonstrate 
the potential of nanoparticle reinforcement and microme-
chanical modeling for developing stronger, more durable, 
and more sustainable cementitious composites, including 
self-compacting concrete.

Recent studies show that ultrasonic methods are good 
at finding structural problems. According to Brougui 
et al. [10], the speed of ultrasonic waves is a good indicator 
of the severity of a crack in a wooden structure. This facil-
itates the performance of a reliable structural assessment. 
Navarrete-Seras et al. [11] developed an extensive method-
ology that combines ultrasonic measurements with finite 
element modeling to assess rock quality. This method 
was closely related to how the rock's shape changes. Pons 
et  al.  [12] investigated hybrid fiber-reinforced self-com-
pacting concrete and reported an improved mechanical 
response under bending. They also observed stronger 
fiber–matrix bonding than in comparable vibrated con-
crete. Dufka et al. [13] investigated crystalline admixtures 
using both chemical and ultrasonic methodologies. They 
found that chemical resistance improved without compro-
mising mechanical performance. Nosratzehi and Miri [14] 
investigated chloride infiltration into self-compacting con-
crete (SCC) and demonstrated its enhanced durability in 
marine environments compared with traditional concrete.

Subsequent studies examined the properties of self- 
compacting concrete (SCC). Ponikiewski and Katzer [15] 
found that the type and amount of fiber have a big 
effect on how fresh SCC looks and works. Ivanchev and 
Slavchev [16] likewise demonstrated that ultrasonic pulse 
velocity can be used to assess cracks and damage in rein-
forced concrete structures. Işık et al. [17] demonstrate that 
unplanned vertical extensions substantially increase shear 
demand and diminish the seismic performance of rein-
forced concrete buildings, thereby increasing structural 
vulnerability. Işık et al.  [17] show that FRP retrofitting, 
along with improved materials such as self-compacting 
concrete (SCC) and ultrasonic testing, can restore shear 
capacity and make buildings safer during earthquakes. 
Salhi et al.  [18] investigated SCC in settings marked by 
high temperatures and strong chemicals. They found that 
workability decreased and degradation increased over 
time. Işık et al. [19] demonstrate that the Kahramanmaraş 
earthquakes caused significant damage to reinforced con-
crete buildings due to structural anomalies, including soft 
stories and inadequate design practices. Işık et al.  [19] 
point out that using self-compacting concrete (SCC) and 
ultrasonic testing can improve construction and allow for 
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effective non-destructive structural assessment. Işık  [20] 
point out that the major damage observed in RC structures 
after earthquakes is primarily due to insufficient shear 
reinforcement and weak concrete, which result in poor 
performance in earthquakes. Işık  [20] show that using 
steel and aramid fibers to strengthen structures, possibly 
with self-compacting concrete (SCC) and ultrasonic test-
ing, can greatly improve shear capacity and structural reli-
ability. Adding fly ash to SCC can improve several per-
formance indicators, although excessive replacement may 
reduce compressive strength, as reported by Khatib [21]. 
Iqbal et al. [22] found that the optimal amount of fly ash 
for lightweight SCC made it easier to work with and stron-
ger. Karatas and Gunes [23] studied fiber-reinforced SCC 
and found that the right amount of fiber improves both the 
fresh and hardened properties. Karahan et al.  [24] com-
pared conventional compressive strength tests with ultra-
sonic pulse velocity and rebound hammer measurements, 
showing that both individual and combined non-destruc-
tive techniques can provide reliable estimates of concrete 
strength. Xiao et al.  [25] later proposed an image-based 
approach using convolutional neural networks to evaluate 
the quality of self-compacting concrete. Among the models 
considered, Res-Net18 delivered the best results, achieving 
an (R2) value of 0.9987 and demonstrating the potential of 
image recognition as a rapid, affordable, and non-destruc-
tive inspection method [25]. Consiglio et  al.  [26] inves-
tigated prestress losses in concrete beams by comparing 
a modified saw-cut technique with a destructive crack-
ing method. Consiglio et al. [26] showed that strain-based 
measurements can provide dependable information on 
the residual prestress level of concrete members. Taken 
together, the reviewed studies demonstrate the importance 
of combining conventional mechanical tests with non-de-
structive and data-driven techniques to improve the eval-
uation of concrete structures. Nevertheless, the accuracy 
of non-destructive correlations depends on several param-
eters, including concrete composition, aggregate char-
acteristics, curing conditions, moisture content, testing 
age, equipment type, and the number of specimens used 
for calibration. Consequently, prediction models devel-
oped for a specific concrete mixture cannot be generalized 
without additional calibration and validation. The over-
all experimental program involved incorporating lime-
stone filler at substitution rates of 10%, 20%, and  30%. 
However, this article focuses exclusively on the 10% 
dosage, selected from the entire experimental campaign 
to provide a detailed analysis of its behavior in both the 
fresh and hardened states. This choice was motivated by 

the desire to limit the scope of the study and present an 
in-depth analysis of the performance of this formulation, 
while the results obtained for the other dosages of 20% and 
30% will be the subject of a future separate publication. 
The work comprises several steps: the preparation of the 
mixture and its characterization in the fresh state through 
spread, L-box, V-funnel, and sieving tests; the preparation 
of five 160 mm × 320 mm cylinders; Direct measurements 
of ultrasonic propagation velocity (UPV) and rebound 
Hammer were performed, followed by a destructive com-
pression test and finally the calculation of dynamic elas-
tic parameters. The originality of this study lies in the 
combination of destructive and non-destructive testing 
techniques (Rebound Hammer-ultrasound) applied to 
self-compacting concrete with limestone aggregate. The 
experimental results were analyzed using a data analysis 
system (Data) to establish correlations between the mea-
sured parameters and improve the accuracy of the com-
pressive strength estimation. This approach offers a more 
reliable evaluation method for quality control and the 
diagnosis of existing concrete structures.

2 Ultrasonic testing
2.1 Density of concrete (ρ) by ultrasonic testing
To determine the dynamic modulus of elasticity by ultra-
sonic testing, it is necessary to know the density of the con-
crete. This parameter is obtained from cast or cored sam-
ples. Fig. 1 shows a study of how concrete density changes 
with ultrasonic wave velocity measured in cores drilled from 
13 bridges. The following relationship was established [27]:

� � �1 67 0 155. . ,V 	 (1)

where:
•	  ρ is the concrete density (kg/m3);
•	  V is the ultrasonic wave velocity (km/s).

Fig. 1 Concrete density as a function of ultrasonic wave velocity 
measured on core samples
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This method does not require samples; it is sufficient to 
measure the propagation speed of ultrasonic waves in situ. 
The author states that this relationship is valid only for 
speeds between 4.5 and 5.5 km/s, as illustrated in Fig. 1.

2.2 Dynamic Young's modulus (E) by ultrasonic testing
This is Hooke's law. So, Young's modulus is the slope of 
the first linear part of the stress-strain curve. When tensile 
loading happens, the material stretches in the direction of 
the stress (normal strain εn ) and shrinks in the opposite 
direction (transverse strain εt ). Poisson's ratio describes 
how these two opposite deformations are related [28]:

� �� �E . 	 (2)

This is Hooke's law. So, Young's modulus is the slope of 
the first linear part of the stress-strain curve. When tensile 
loading happens, the material stretches in the direction of 
the stress (normal strain εn ) and shrinks in the opposite 
direction (transverse strain εt ). Poisson's ratio describes 
how these two opposite deformations are related [29]:
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When a mechanical vibration travels through a material, 
it causes the material to bend elastically (it returns to its orig-
inal shape after the wave has passed). In this case, Young's 
modulus (E) and Poisson's ratio ν are related to the velocity 
of the longitudinal wave VL. To find the dynamic Young's 
modulus (Ed ) of concrete can be determined using Eq. (4) 
with the ultrasonic pulse velocity and Poisson's ratio:
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where:
•	  E is the dynamic Young's modulus (modulus of elas-

ticity) of concrete (MPa);
•	  γ is the concrete density (kg/m3);
•	  V is the ultrasonic wave velocity (m/s).

As a function of ν (Poisson's ratio), this relationship can 
be written as an equation [30]:
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Poisson's ratio ν can be determined in the laboratory 
using either a destructive or non-destructive method. In de- 

structive tests, the ratio between the transverse and longi-
tudinal strain of a sample allows for the measurement of 
strain in samples of known dimensions. In non-destructive 
testing, ultrasonic measurements can be used to assess 
a specimen or a structural element directly. This is done 
by using the transverse pulse velocity VT and the longitu-
dinal pulse velocity VL.
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The value of Poisson's ratio for concrete usually falls 
between 0.20 and 0.35, with an average value of about 
0.24. This depends on the quality of the concrete. The val-
ues of this modulus vary from 20 to 50 MPa; they depend 
on the quality of the concrete. For this case, the modulus 
of elasticity can be written like this [31]:

E V
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V VT
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2.3 Shear modulus (G) by ultrasonic testing
Shear waves, or S-waves, propagate on the surface of con-
crete at a velocity VT , which can be expressed as a func-
tion of the shear modulus G, generally between 8.3 and 
20.8 GPa, corresponding to a modulus of elasticity of con-
crete between 20 and 50 GPa [32]:

V G
T � �

, 	 (9)

where:

G VT� �� 2
. 	 (10)

2.4 Bulk modulus (K) by ultrasonic testing
Equation (11) [32] is used to calculate the dynamic bulk 
modulus (K) from the longitudinal wave velocity (V  ), 
transverse wave velocity (Vt ), and material density (  ρ):

K
V VL T�

�� �
�

2 2
4

3
. 	 (11)

2.5 Lamé's constant (λ) by ultrasonic testing
Lamé's first parameter (λ) can be determined from the lon-
gitudinal wave velocity (V  ), transverse wave velocity (Vt ), 
and material density (ρ), using Eq. (12) [32]:

� �� �� �V VL T
2 2
2 . 	 (12)

The elastic constants above are set up so that they are 
always positive. Shear modulus G tells, how well the 
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material can handle shear stress. Liquids do not withstand 
shear stress; consequently, μ  = G =  0 and the Poisson's 
ratio ν = 0.5 [33, 34].

2.6 Estimation of strength (R) by ultrasonic testing
Tensile testing is a common way to find out how strong 
metals are. But tensile tests are difficult to perform and are 
not usually useful for non-metallic materials like concrete 
and ceramics. In these instances, measuring the velocity of 
ultrasonic pulses is a well-known, widely used non-destruc-
tive method for estimating material strength [35]. The com-
pressive strength (R) of concrete is represented by the com-
bined method (ultrasound-rebound hammer) as a multiple 
correlation function derived from the equation of a hyper-
boloid's area. Based on Jones' results, the lower limit for 
good-quality concrete is between 4.1 and 4.7 (km/s):

R a V Sb c� � � , 	 (13)

where:
•	  V is the ultrasonic pulse velocity (m/s).
•	  S is the rebound value obtained from the rebound 

hammer.
•	  a, b, and c are the coefficients of the regression equa-

tion, determined using the least squares method.

This approach is based on the Laplace–Gauss normal 
distribution model, and in some cases, the Pearson distri-
bution [36]. In this study, the Pundit-Lab ultrasonic device 
was used, based on this principle, to estimate the materi-
al's mechanical strength. Table 1 presents the conditions 
of concrete structures as a function of ultrasonic velocity.

3 Experimental procedure
3.1 Mix design of the studied concretes
The concrete mixtures were prepared using locally sourced 
materials from Algeria. The cement used was Portland-
limestone cement (CEM II/A-L 42.5), in accordance 
with the technical specifications provided by the Groupe 
Industriel des Ciments d'Algérie (GICA) [37], made by the 
Mascara cement plant in Algeria and certified by both the 

Algerian standard NA 442:2013 [38] and the European 
standard EN  197-1:2011 [39]. The National Aggregates 
Company (ENG) in Tlemcen [40] provided the limestone 
filler, made from dolomitic limestone [41]. MEDAFLOW 
3041R, a high-range water-reducing admixture (superplas-
ticizer) made by GRANITEX (Algeria) from synthetic poly-
mers [42], was used. The water used to mix was just regular 
tap water. The fine aggregate was natural sand, ranging in 
size from 0 to 4 mm, with a fineness modulus of 2.2. The 
coarse aggregate was 8/16 mm crushed gravel that could 
absorb no more than 2% water. The Guelta and Kboba quar-
ries in the Tiaret region provided these aggregates [43]. The 
mix was made with the following specifications: 450 kg/m3 

of cement, a gravel-to-sand ratio (G/S) of 1, a water-to-ce-
ment ratio (w/c) of 0.44, and 10% limestone filler. The final 
composition has been summarized in Table 2. This self-com-
pacting concrete (SCC) is different from regular concrete in 
that it has different properties when it is fresh and can mold, 
embed, and compact just by the force of gravity. Figs. 2 to 6 
represent the different tests recommended by the French 
Association of Civil Engineering (FAGC) to verify the 
quality of self-compacting concrete. The results of these 
tests are summarized in Table 3. Regarding the hardened 

Table 1 Condition of concrete structures as a function of ultrasonic 
velocity [35, 36]

Velocity (m/s) Qualitative condition

≥ 4575 Excellent

3600–4574 Good

3050–3599 Questionable

2135–3049 Poor

< 2135 Very poor

Table 2 Composition of the self-consolidating concrete (SCC) examined

Component Value

Cement, C (kg/m3) 450

Coarse aggregate, 8/16 mm (kg/m3) 870

Natural sand, 0/4 mm (kg/m3) 870

Water, W (L/m3) 200

Superplasticizer (L/m3) 6.5

Limestone filler (kg/m3) 45

w/c 0.44

G/S 1.00

W/(C + limestone filler) 0.40

Fig. 2 Sieve-stability in the self-compacting concrete
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state tests, 16 × 32 cm specimens were filled with concrete, 
demolded after 24 h, and cured in water at 20 °C for 28 days 
according to Kedjour [44]. Subsequently, destructive and 
non-destructive tests were carried out.

The findings are consistent with the FAGC recommen-
dations, indicating that the concrete is self-compacting.

4 Results and discussion
The Pundit Lab software (Proceq SA, Schwerzenbach, 
Switzerland) [45] was used to analyze the experimental data 
and establish the regression model linking the ultrasonic 
propagation velocity (UPV) to the compressive strength 
of self-compacting concrete (SCC). This software calcu-
lates the regression coefficients required for the prediction 
model and allows for the direct estimation of compressive 
strength from the measured ultrasonic propagation veloc-
ity (Table 4) and the properties of SCC (Table 5). Figs. 7 
to 11 present examples of ultrasonic waveforms, illustrat-
ing the determination of the times of first arrival (t1 and t2 ), 
waveform analysis, and identification of maximum ampli-
tudes. These signal processing results enable the precise 
determination of the ultrasonic wave transit time and 
facilitate the evaluation of the dynamic mechanical prop-
erties of the concrete, thus ensuring the reliability, con-
sistency, and reproducibility of the experimental measure-
ments. In Table 4, Fck represents the compressive strength 
obtained from a destructive test by a universal compres-
sion machine, R represents the compressive strength from 
a combined non-destructive test (ultrasound-sclerometer).

To establish a reliable SONREB correlation for pre-
dicting the compressive strength of self-compacting con- 
crete  (SCC), ultrasonic pulse velocity (UPV) and Schmidt 
hammer rebound measurements were performed on all speci-
mens and correlated with the compressive strengths obtained 
from destructive compression tests. As reported in previous 

Table 3 The quality of the self- compacting concrete made

Test Measured 
value

Acceptance 
criterion Class / interpretation

Slump flow 685 mm 660–750 mm SF2

L-box passing 
ratio 0.86 ≥ 0.80 Passing ability 

satisfied

Sieve 
segregation 12% 0–15% Stable / SR1

V-funnel time 20 s < 25 s VF2

Fig. 3 Concrete mixing in the self-compacting concrete

Fig. 4 V-funnel test in the self-compacting concrete

Fig. 5 Self-compacting concrete sprawl test

Fig. 6 L-box test in the self-compacting concrete
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Table 4 Measurement results on specimens (160 mm × 320 mm)

Sample No. 1 2 3 4 5 Average

Compressive strength (with compression machine) 
Fck (MPa) 40.10 38.50 40.30 37.80 38.60 39.06

Ultrasonic pulse velocity (VL) m/s 4632 4438 4644 4426 4611 4550.2

Rebound number (S) 45 42 46 38 43 42.8

Constant (exponential curve) a = 3.0123; b = 0.000549; R = 0.8721 (R-square) /

Compressive strength: R = fc = a × Vb ×  Sc 39.70 38.30 40.30 37.80 39.20 39.06

Constants a = 6.52485E-05; b = 1.50085173; c = 0.16546280; R2 =0.918975531 (R-square) /

Table 5 The measured and calculated characteristics of the self-compacting concrete

Property Density basis 1 2 3 4 5 Average

Compressive strength (MPa) 40.10 38.50 40.30 37.80 38.60 39.06

Length, L (m) 0.320 0.320 0.320 0.320 0.320 0.320

Diameter (m) 0.160 0.160 0.160 0.160 0.160 0.160

Mass, m (kg) 15.10 14.90 15.10 14.90 15.00 15.00

Volume (m3) 0.0064 0.0064 0.0064 0.0064 0.0064 0.0064

Longitudinal time, t1 (µs) 69.10 72.10 68.90 72.30 69.40 70.36

Transverse time, t2 (µs) 119.20 123.00 119.20 122.60 119.60 120.72

Longitudinal velocity, VL (m/s) 4632 4438 4644 4426 4611 4550.20

Transverse velocity, VT (m/s) 2685 2602 2685 2610 2676 2651.60

Measured density, ρ1 (kg/m3) 2359.38 2328.13 2359.38 2328.13 2343.75 2343.75

Estimated density, ρ (kg/m3) 2387.96 2357.89 2389.82 2356.03 2384.71 2375.28

Dynamic Young's modulus, Ed (GPa)
with ρ1 42.42 39.03 42.49 39.12 41.83 40.98

with ρ 42.93 39.53 43.04 39.59 42.56 41.53

Poisson's ratio, ν 0.250 0.240 0.250 0.230 0.250 0.244

Dynamic shear modulus, Gd (GPa)
with ρ1 17.01 15.76 17.01 15.86 16.78 16.48

with ρ 17.22 15.96 17.23 16.05 17.08 16.71

Dynamic bulk modulus, K (GPa)
with ρ1 27.94 24.84 28.21 24.46 27.45 26.58

with ρ 28.28 25.16 28.57 24.75 27.93 26.94

Lamé's first parameter, λ (GPa)
with ρ1 16.60 14.33 16.87 13.89 16.26 15.59

with ρ 16.80 14.51 17.08 14.05 16.55 15.80

Fig. 7 Ultrasonic signal of self-compacting concrete – determination of arrival times and dynamic modulus (t1 = 69.1 μs; t2 = 119.2 μs; R = 42420.78 MPa)
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Fig. 8 Ultrasonic signal of self-compacting concrete – wave propagation analysis and dynamic modulus evaluation (t1 = 72.1 μs; t2 = 123.0 μs; 
R = 39028.56 MPa)

Fig. 9 Ultrasonic signal of self-compacting concrete – transit time measurement and amplitude response (t1 = 68.9 μs; t2 = 119.2 μs; R = 42487.52 MPa)

Fig. 10 Ultrasonic signal of self-compacting concrete – signal analysis and dynamic parameter determination (t1 = 72.3 μs; t2 = 122.6 μs; R = 39123.09 MPa)
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studies, combining complementary non-destructive tech-
niques generally provides a more reliable estimation of con-
crete strength than either method used independently [1–3]. 
The experimental results (Tables  4 and 5) demonstrate 
good reproducibility of the SCC mixtures. The compressive 
strength varied only slightly, from 37.8 to 40.3 MPa, indicat-
ing a uniform mechanical response. Likewise, UPV values 
ranged from 4,426 to 4,644 m/s, which is typical of dense 
and well-compacted concrete. Rebound hammer values also 
exhibited limited variation, reflecting minor differences in 
surface condition, aggregate distribution, and moisture con-
tent. A  clear positive relationship was observed between 
UPV and compressive strength, with a coefficient of deter-
mination of R2 = 0.8721, confirming that ultrasonic veloc-
ity is a reliable indicator of the mechanical quality of SCC. 
When the UPV and rebound hammer results were combined 
using the SONREB approach, the correlation improved to 
approximately R2 = 0.92. This improvement highlights the 
complementary nature of the two techniques: UPV primar-
ily reflects the internal density and continuity of the con-
crete, whereas the rebound index is mainly influenced by 
surface hardness. The resulting correlation agrees well with 
previous investigations reporting that combined UPV–re- 
bound relationships generally provide more accurate 
strength predictions than individual non-destructive meth-
ods [1–3]. The high coefficient of determination therefore 
supports the applicability of the proposed SONREB model 
for the investigated SCC. The relationship between UPV and 
compressive strength is associated with the progressive den-
sification of the cementitious matrix during hydration. As 
hydration proceeds, pore volume decreases and the internal 
microstructure become more continuous, allowing ultra-
sonic waves to propagate more rapidly while simultaneously 

increasing concrete stiffness and compressive strength. 
Consequently, higher UPV values are generally associated 
with improved mechanical performance [1–3]. The physical 
and dynamic elastic properties summarized in Table 5 fur-
ther confirm the quality and homogeneity of the concrete. 
The measured densities fall within the expected range for 
normal SCC, indicating adequate consolidation and the 
absence of significant internal defects. Only minor variations 
were observed in longitudinal and shear-wave transit times, 
suggesting limited differences in internal compactness. 
Correspondingly, the calculated dynamic Young's modu-
lus ranged from approximately 39 to 43 GPa, demonstrat-
ing high stiffness consistent with the measured compressive 
strengths. Similar behavior was observed for the shear mod-
ulus and Lamé's constant, whereas Poisson's ratio remained 
nearly constant, indicating comparable deformation charac-
teristics among all specimens. The narrow ranges of density, 
wave velocity, compressive strength, and dynamic elastic 
parameters demonstrate satisfactory experimental repeat-
ability and overall material homogeneity. The ultrasonic 
waveforms presented in Figs. 7–11 support these observa-
tions. Specimens exhibiting shorter transit times showed 
higher ultrasonic velocities and dynamic Young's moduli 
approaching 42–43 GPa, indicating dense and well-com-
pacted microstructures. In contrast, slightly longer transit 
times were associated with lower dynamic moduli (approx-
imately 39 GPa), suggesting the presence of limited internal 
heterogeneity or localized porosity. Overall, the waveforms 
confirm the good structural continuity of the investigated 
concrete, with only minor specimen-to-specimen variations 
that are typical of laboratory-produced SCC. From an engi-
neering perspective, the proposed SONREB correlation pro-
vides a practical and non-destructive means of estimating 

Fig. 11 Ultrasonic signal of self-compacting concrete – final signal response and mechanical property evaluation (t1 = 69.4 μs; t2 = 119.6 μs; 
R = 41826.96 MPa)
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the compressive strength of SCC without extracting cores 
or damaging structural elements. Such an approach is par-
ticularly useful for construction quality control and for the 
evaluation of existing structures where destructive testing is 
impractical or undesirable [1–3]. Nevertheless, it should be 
emphasized that SONREB relationships are influenced by 
mixture composition, aggregate characteristics, curing con-
ditions, concrete age, and moisture content. Consequently, 
the proposed equation should be applied primarily to con-
cretes with characteristics similar to those investigated in 
the present study. Additional validation using different SCC 
mixtures, ages, and environmental conditions would fur-
ther improve the robustness and general applicability of the 
model. Overall, the investigated self-compacting concrete 
exhibited satisfactory and high compressive strength.

5 Conclusions
This study demonstrated that incorporating 45 kg/m3 of 
limestone filler (10% of the cement mass) enabled the pro-
duction of a self-compacting concrete satisfying the main 
fresh-state requirements, including adequate filling ability, 
passing ability, and resistance to segregation. At 28 days, 
the concrete achieved an average compressive strength of 
39.06 MPa and exhibited ultrasonic pulse velocity values 
indicative of a dense and relatively homogeneous inter-
nal structure. The calculated dynamic elastic parameters 
were consistent with those expected for normal-strength 
self-compacting concrete. The non-destructive evaluation 
showed that UPV and SONREB techniques are useful for 
comparative quality assessment. However, the moderate 
correlations obtained (R2 ≈ 0.69) indicate that the proposed 
relationships are valid only for the investigated mixture 
and experimental conditions and should not be consid-
ered as general predictive models for SCC compressive 
strength. Further studies involving a larger number of 
specimens, wider strength ranges, and different mixture 
compositions are required to establish robust and broadly 
applicable non-destructive prediction models.

6 Index
Fig.  12  [46] shows a common signal that is used to set 
transmission timings and signal amplitudes. In this 
conversation:

•	  Ap is the amplitude of the longitudinal wave;
•	  Aps is the amplitude of the transverse (shear) wave;
•	  tp = t1 is the transmission time of the longitudinal wave;
•	  ts = t2 is the transmission time of the torsional (shear) 

wave.

Longitudinal wave, which is the first type of wave to 
move through the medium as it spreads. The parame-
ter tp (or t1 ) shows the moment when the longitudinal wave 
first reaches a certain point. This is the time it takes for the 
wave to travel. After the first wave, the second type of wave 
that forms are called a transverse or shear wave. People 
also call it the shear wave. The Aps represents amplitude, 
and it usually arrives later because it moves more slowly. 
The  shear (or torsional) wave is recognized at the exact 
moment that corresponds to the transmission time ts (or t2 ), 
which is the time that is important for this wave to travel. 
The main goal of this graphic is to help people tell the dif-
ference between the two wave modes, which are shear and 
longitudinal. It does this by showing the wave amplitudes 
and the times at which each mode arrives [2].

Fig. 13  [44] illustrates the relationship between the 
rebound number measured using a Schmidt rebound ham- 
mer and the estimated compressive strength of concrete. The 
horizontal axis represents the rebound number, while the 
vertical axis gives the corresponding compressive strength 
in MPa and kg/cm2. Separate conversion lines are provided 

Fig. 12 A typical diagram illustrating the transmission time and node 
amplitude [46]

Fig. 13 Conversion curve relating the rebound number to the compressive 
strength of concrete for different rebound hammer impact angles [44]
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for different impact angles, ranging from −90° to +90°, 
because the orientation of the hammer affects the rebound 
value due to gravitational effects on the internal mass. The 
appropriate line must therefore be selected according to the 
testing direction. In general, a higher rebound number indi-
cates a higher estimated compressive strength. However, 

the values obtained from this chart should be considered 
approximate, since rebound measurements may also be 
influenced by surface condition, moisture content, carbon-
ation, aggregate type, and concrete age. Whenever possi-
ble, the results should be verified using core tests or a proj-
ect-specific calibration curve [44, 46].
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