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Abstract: This paper significantly extends investigations into internal damping ratios in both un-
damaged and damaged conditions for normal-strength concretes (NSCs) and high-strength concretes
(HSCs). This study examines concretes with compressive strengths ranging from 42 to 83 MPa. Cyclic
loads were applied using a servo-controlled hydraulic testing machine, and for each cyclic step, the
dynamic elastic modulus (Ed) and internal damping ratio (ξ) were determined through acoustic tests.
The results show that the normal-strength concretes ( fc = 42 MPa) exhibited an undamaged internal
damping ratio of ξ = 0.5%, reaching a maximum of ξ = 2.5% at a damage index of 0.8. Conversely,
the high-strength concrete mixtures ( fc = 83 MPa) showed an undamaged internal damping ratio of
ξ = 0.29%, with a peak value of ξ = 0.93% at a damage index of 0.32. The initial internal damping
values are influenced by porosity and transition zones, which affect the material behavior under
cyclic loads. Progressive damage leads to increased Coulomb damping due the cracking process. Few
studies have quantified and comprehended the internal damping ratio under cyclic loading-induced
damage, and this research advances our understanding of NSC and HSC behavior under dynamic
excitation and damage evolution, especially in impact scenarios.

Keywords: internal damping ratio; acoustic tests; usual concretes; damage evolution; high-strength
concretes

1. Introduction

The internal damping ratio (ξ) is a dimensionless metric that measures a material’s
capability to dissipate vibrational energy [1,2]. This parameter is vital for evaluating
seismic performance and monitoring the structural health of materials [3]. A time domain
technique for identifying damping properties has been presented, which utilizes either a
refined linear model or a nonlinear energy-dissipating constitutive model to accurately
depict energy dissipation mechanisms such as cracking and friction in reinforced concrete
(RC) structures [4–8].

As noted by Bachmann [5], the value of ξ for standard concretes with little to no
damage falls within the range of 0.1% to 1.0%. This internal damping ratio, essential for
modeling structural dynamics through numerical simulations, is also critical in characteriz-
ing the material’s internal response to thermal shock [9,10]. Evaluating this ratio enables
the assessment of concrete structure degradation [11,12].
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The material’s internal damping ratio comprises hysteretic, viscous, and Coulomb compo-
nents [13,14]. Hysteretic damping stems from microstructural sliding friction [15,16], viscous
damping results from the presence of moisture within the cement matrix [15,17,18], and the
Coulomb component is due to friction between crack surfaces. Of these, Coulomb damping is
the predominant mechanism influencing the concrete’s internal damping ratio [4,13,14,19,20].

Microstructural features such as porosity, the transition zone, and existing microcracks
have a significant correlation with the internal damping ratio. For example, reducing
the water–cement ratio minimizes porosity, the transition zone, and microcracks, thereby
increasing the material’s strength [21]. As the material’s density rises, acoustic waves
transmit more effectively, resulting in a lower internal damping ratio [22–25].

On the other hand, when the structural integrity of the material is compromised
and it shows numerous cracks and porosity, it reduces the acoustic signal [25,26]. This
phenomenon occurs at different scales, influencing pastes, mortars, conventional con-
cretes [23,27,28], and UHPFRCs [25], thereby impacting ξ.

When subjected to compressive strains, cracks are already present in the interfacial
transition zone (ITZ) and begin to propagate through the interfaces of the aggregate matrix,
as well as air voids and pores. The induction of mechanical damage in the samples leads to
greater attenuation due to the formation of discontinuities, which enhances the material’s
ability to dissipate kinetic energy through friction between newly created crack surfaces.
Consequently, the damping of the material is linked to the damage mechanisms that occur
under severe loading conditions and pre-existing cracks [25].

Recent progress has been made in understanding the internal damping ratio of con-
cretes [29–33]. Tian et al. [30] examined the impact of rubber powder on the internal
damping capacity of polypropylene fiber-reinforced concrete (PFRC), discovering that
rubber powder enhances the damping capacity of PFRC. Additionally, Tian et al. [29]
investigated the use of damping aggregate (DA) in new cement mortar, finding that the
damping ratio of samples with 70% DA was nearly three times higher than that of the
reference mortar, with a slight reduction in mechanical properties.

The link between the damage index and the internal damping ratio is not well under-
stood for both conventional and high-strength concretes. Therefore, this article builds on
the work of Gidrão et al. [25] and explores the internal damping ratio of typical and high-
strength concretes (ranging from 42 MPa to 83 MPa), when exposed to cyclic mechanical
loads. The findings help to elucidate the behavior of the internal damping ratio in relation
to mix parameters and damage progression for different types of concrete and could inform
dynamic damping models that account for damage evolution.

2. Experimental Program
2.1. Materials and Mixtures

Table 1 presents the proportion (in weight) of the concrete mixtures produced. The rela-
tion of the cement aggregates was equal to 5 (mix proportions of 1 cement–2 sand–3 coarse
aggregate). The water–cement relationship (w/c) was modified to 0.3 to 0.7. Ten specimens
were produced for each mixture of concrete. The cement used was ordinary Portland type
III cement specified according to the classification of ASTM C150 [34], with 3.10 g/cm³
density. The sand used was classified as zone 1, with a maximum diameter of 0.60 mm, a
fineness modulus of 1.74 [35], and a density of 2.65 g/cm³. The coarse aggregate used was
with maximum diameters equal to 9.5 mm and density equal to 2.75 g/cm³, all produced by
diabasic rocks, classified as igneous. The grading curves for the sand and coarse aggregate
are shown in Figure 1a and 1b, respectively. The superplasticizer used in the mixture with
w/c = 0.3 was Glenium 51, produced by BASF®, produced in São Bernardo Brazil.

The production of concrete samples consisted of (i) mixing cement and aggregates
without water addition, then (ii) water was added and the mixing procedure was carried out
until the material showed a homogeneous appearance, and (iii) after hardening, the molds
were removed and immediately stored in a moist chamber for curing until it was time for
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testing. Five cylindrical samples of 200 mm height × 100 mm diameter were produced for
each mixture, following the ASTM C215 code [36].

Table 1. Concrete mixtures.

ID w/c (kg/kg) Cement (kg/kg) Sand (kg/kg) Aggregate (kg/kg) dmax (mm) SP. (% in Cement Mass)

1 0.7 1 2 3 9.5 0
2 0.5 1 2 3 9.5 0
3 0.3 1 2 3 9.5 2
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Figure 1. Material characteristics.

2.2. Cyclic Tests

Cyclic tests were performed systematically to failure using a servo-controlled hydraulic
testing machine (Figure 2) at a constant force rate of 2.4 kN/s. Initially, the applied criterion
involved loading until a predefined stress level was reached, usually 50%, 60%, 70%,
80%, 90%, and 95% of fc. At the end of each cycle, an acoustic test was performed to
measure the dynamic elastic modulus (Ed,i), damage index (Di), and internal damping ratio.
Figure 2 depicts the setup for the cyclic tests, while Figure 3 illustrates the characteristic
force–displacement diagram for the concretes produced.

Figure 2. Cyclic test setup.
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Figure 3. Characteristic force–displacement diagram.

2.3. Acoustic Tests

After each cycle ended, acoustic evaluations (Figure 4a) were performed to assess
damage indices and internal damping ratio. The testing method is described by ASTM
C215-02 (2003) [36] and ASTM E1876-01 (2001) [37], and involves the use of a hammer to
apply brief manual excitation to samples. A one-dimensional microphone recorded the
amplitude of the acoustic response in the time domain. An onboard sound card from a
standard notebook captured the acoustic signal at a sampling rate of 96 kHz. Subsequently,
this signal was processed by the Sonelastic® 6.0 software.

Initially, the software employs a 1024-point block and multiplies the signal by a flat-top
window function. This is followed by zero-padding to transform it into an 8192-point vector.
By applying a Fast Fourier Transform (FFT), the signal is converted from the time domain to
the frequency domain, allowing for the identification of natural frequency peaks. When an
eccentric impact excites the sample, the frequency peaks and modes of vibration resemble
those shown in Figure 4. It is important to highlight that the vibration modes of the cylinder
depicted in Figure 4b were derived from a numerical model using Abaqus 6.14® software.
This preliminary analysis facilitated the determination of natural frequencies and vibration
modes through eigenvalue analysis.

0 5 0 0 0 1 0 0 0 0 1 5 0 0 0 2 0 0 0 0
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2
1 . 4
1 . 6
1 . 8
2 . 0
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e (
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f r e q .  ( H z )

 F r e q u e n c y  d o m a i n  s i g n a lF l e x u r a l   m o d e

(a) (b)

Figure 4. Acoustic test. (a) Acoustic test; (b) FFT signal (adapted from [25,38,39]).
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In this FEM analysis, the C3D8R element type was employed with a total of 1000 finite
elements represented. The model did not include distortional control. To acquire the
characteristic natural frequency for estimating signal localization, a linear elastic, isotropic
model with a constant density was implemented. The boundary condition was free–free.
Additional details about this approach can be found in Haach et al. [40]. As per ASTM
C215-02 (2003) [36], the dynamic elastic modulus (Ed) for cylindrical concrete specimens can
be determined by the first longitudinal mode (Equations (1) and (2)) and the first flexural
mode (Equations (3) and (4)).

Ed,long = DM( f1,L)
2 (1)

D = 5.093
L
d2 (2)

Ed, f lex = CM( f1,F)
2 (3)

C = 1.6067
LT
d2 (4)

where M is the mass of the sample (in kilograms), L and d are the length and diameter
of the sample (in meters), respectively, f1,L is the frequency of the longitudinal vibration
mode (Hz), f1,F is the frequency of flexural vibration mode (Hz), and T is a correction factor.
The correction factor was derived by Pickett [41] and presented in Equation (5).

T = 1 + 4.939(1 + 0.0752µ + 0.8109µ2)

(
d
L

)2
− 0.4883

(
d
L

)4
−

 4.691(1 + 0.2023µ + 2.173µ2)
(

d
L

)4

1 + 4.754(1 + 0.1408µ + 1.536µ2)
(

d
L

)2

 (5)

where µ is the Poisson ratio, assumed as 0.20.
The damage index Di is obtained with Equation (6):

D = 1 −
Ed,i

Ed,0
(6)

where Ed,i is the dynamic elastic modulus at the i-th cycle and Ed,0 is the dynamic elastic
modulus for the undamaged condition.

Additionally, for every peak in natural frequency, the software aligns individual curves
depicting the progression of amplitude for each frequency noted in the time frequency
matrix and subsequently determines the internal damping ratio ξ as per Equation (7) (also
refer to Figure 5). The curve alignment utilizes the Levemberg–Marquardt algorithm [42,43],
a computational method that prioritizes regions by fine-tuning the amplitude function
based on experimental data. Internal damping ratios were derived for both flexural and
longitudinal frequency peaks. For the analysis in this paper, the longitudinal internal
damping ratio was emphasized due to the precision of this specific vibration mode.

ξ =
1

2πm
ln
(

xn

xn+m

)
(7)

where xn and xm+n are consecutive amplitudes considered on the analysis, as shown in
Figure 5; m is the number of peaks between amplitudes.
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Figure 5. Damping determination (adapted from [25]).

3. Results

Acoustic tests were performed in undamaged samples with the aim of determining
the influence of time maturity, the water cement ratio, and the dynamic elastic modulus on
the internal damping ratio in Section 3.2. After 28 days, the internal damping ratio became
stable, and then cyclic loading was performed to achieve the evolution of the damage,
material degradation, and observation of the internal damping ratio, and this is presented
in Section 3.3. Section 3.1 presents the uniaxial strength of the developed mixtures.

3.1. Uniaxial Compressive Strength

Figure 6 shows the compressive strength ( fc) of the conventional concrete mixes
with different water–cement (w/c) ratios: 0.7, 0.5, and 0.3, at 28 days. Each box plot
shows the mean compressive strength (indicated by a square), the median (horizontal line),
the standard deviation (box height), and the range within 1.5 times the interquartile range
(IQR—whiskers). In addition, individual test points are marked to highlight variability in
the data.

The concrete mix with a w/c ratio of 0.7 has the lowest compressive strength, with val-
ues of around 40 MPa, showing relatively little variability. The mix with a w/c ratio of 0.5
has a higher compressive strength, around 60 MPa, with a moderate range of variability.
The highest compressive strength is observed in the 0.3 w/c mix, reaching around 75 MPa,
although it has a wider range of variability compared to the other mixes.

The results of the ANOVA analysis indicate statistically significant differences in
the compressive strengths among the different water-to-cement (w/c) ratios, according
to Table 2. The comparison between the concrete mixes with w/c = 0.7 and w/c = 0.5
resulted in an F-value of 222.55 and a p value of 4.52 × 10−9, indicating a significant
difference. Similarly, the comparison between the concrete mixes with w/c = 0.7 and
w/c = 0.3 showed an F-value of 1267.10 and a p-value of 3.32 × 10−12, also demonstrating a
statistically significant difference. Finally, the comparison between w/c = 0.5 and w/c = 0.3
yielded an F-value of 109.60 and a p-value of 1.95 × 10−7, confirming the presence of
a significant difference. These results suggest that the variation in the water-to-cement
ratio has a substantial impact on the compressive strength of concrete, emphasizing the
importance of optimizing this ratio to achieve the desired properties of the material.
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Figure 6. Compressive strength—28 days.

Table 2. ANOVA results for different water-to-cement ratios.

Comparison F-Value p-Value Significance

w/c = 0.7 vs w/c = 0.5 222.55 4.52 × 10−9 Significant difference

w/c = 0.7 vs w/c = 0.3 1267.10 3.32 × 10−12 Significant difference

w/c = 0.5 vs w/c = 0.3 109.60 1.95 × 10−7 Significant difference

3.2. Undamaged Samples

Figures 7–10 show the behavior of the internal damping ratio and dynamic elastic
modulus (Ed) as a function of maturity for the concretes with w/c = 0.3, 0.5, and 0.7,
respectively. Internal damping presents a decrease over the first 5 days for concretes with
w/c = 0.5 and 0.7, and the next ξ becomes stable, until 28 days have passed. For the samples
with w/c = 0.7, a decrease in ξ is observed until 15 days have passed, probably due to its
ITZ. These results are strongly related to the microstructure that develops early on. When
concrete hardens, there is a loss of water, the chemical transformation of anhydrous cement
to CSH, and the formation of transition zones. Water loss generates a decrease in the
internal damping ratio due to the viscous damping parcel. In addition, the increase in the C-
S-H concentration improves the density of the microstructure, closes the pores, and reduces
the the material’s imperfection. The previously described microcracks in the transition zone
are also responsible for the Coulomb parcel of the damping, and their connection is linked
to the water–cement ratio and coarse aggregate size. Consequently, there is a decrease in
ξ and an increase in Ed, according to the observed results in Figures 7–9. The decrease in
internal damping over time is more marked in mixtures with a w/c equal to 0.7, followed
by those with w/c = 0.5 and w/c = 0.3. Hence, the water–cement ratio and porosity level
influences this decrease, and can be observed in Figures 7–9, The mixture with a high level
of porosity (i.e., w/c = 0.7) departs a high level of internal damping (ξ = 0.8) and decreases
until 15 days have passed due the high occurrence of pores, voids, and previously formed
microcracks.In the mixtures with minor porosity and previously formed microcracks (that
is, w/c = 0.3 and 0.7), the decrease in the internal damping ratio is faster. Hence, the scale
of porosity and the transition zone severely influences the material’s internal damping
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ratio, and this microstructure will be important for explaining the behavior of the material
under mechanical cycles, as is presented in Section 3.3.
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Figure 7. Internal damping ratio and dynamic elastic modulus over time—w/c = 0.3.
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Figure 8. Internal damping ratio and dynamic elastic modulus over time—w/c = 0.5.
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Figure 9. Internal damping ratio and dynamic elastic modulus over time—w/c = 0.7.
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Figure 10. Internal damping ratio over time with different w/c.

An empirical relation of Ed and ξ could be presented according to Figure 11. Equation (8)
was used to calibrate the experimental data, with a = 0.673, b = −0.0317 and c = −1.26 × 10−4,
with R2 = 0.800. Despite the large variability, there is a clearly downward trend between
these parameters, confirming that the internal damping ratio is correlated with the occurrence
of microstructure imperfections, such as voids, porosity, and transition zones, factors which
influence Ed negatively. In particular, the internal damping ratio shows a greater statistical
dispersion compared to the dynamic elastic modulus, and is mainly influenced by factors such
as moisture content and the level of manual impacts applied during testing. However, the trend
is clear: the internal damping ratio decreases as the material quality increases.

ξ = ea+b.Ed+cE2
d (8)
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Figure 11. Internal damping ratio and Ed.

Figure 12 shows the comparison of the internal damping ratio between the conven-
tional concrete (NSC—1:2:3 with w/c ratios of 0.5 and 0.7) and high-strength concrete
(HSC—1:2:3 with a w/c ratio of 0.3) for intact samples at 28 days. As observed in Figure 12,
an increase in the w/c ratio systematically improves the level of pre-existing microcracks
and the interfacial transition zone (ITZ), which subsequently increases the dissipation of
acoustic waves. This process deteriorates the quality of the signal and improves the internal
damping ratio [25].
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Figure 12. Comparison of mixtures.

The ANOVA results in Table 3 indicate statistically significant differences between
the concrete mixtures with different water-to-cement (w/c) ratios. The comparison be-
tween concretes with w/c = 0.7 and w/c = 0.5 showed an F-value of 21.18 and a p value
of 3.7 × 10−5, suggesting a significant difference between these two mixtures. Similarly,
the comparison between w/c = 0.7 and w/c = 0.3 resulted in an F-value of 39.17 and a
p value of 2.4 × 10−6, confirming the presence of significant differences. Finally, the com-
parison between the concreted with w/c = 0.5 and w/c = 0.3 presented an F-value of 33.13
and a p value of 6.2 × 10−6, also indicating a statistically significant difference.
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Table 3. ANOVA results.

Comparison F-Value p Value Interpretation

w/c = 0.7 vs w/c = 0.5 21.18 3.7 × 10−5 Significant difference

w/c = 0.7 vs w/c = 0.3 39.17 2.4 × 10−6 Significant difference

w/c = 0.5 vs w/c = 0.3 33.13 6.2 × 10−6 Significant difference

3.3. Damaged Samples

Figure 13a–c show a typical stress–strain relationship for the blends studied. It is
interesting to note that hysteretic behavior was observed during cyclic loading. The area
within the load–reload–strain curves can be described as hysteretic. Damping [1,25] and
the increase in this area over the cycles represents the increase in energy dissipation and
therefore internal damping of the material. There is visible low hysteretic damping at
w/c = 0.3 and a high hysteretic damping at w/c = 0.5 and 0.7 due the above mentioned
microstructural characteristics. The figure presented here, Figure 6, shows a box plot that
contains the maximum compressive stress for the assessed concretes.
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Figure 13. Cont.
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Figure 13. Typical stress–strain diagram.

Figures 14–16 illustrate the progression of the damage index (Di) in relation to the
nondimensional stress—a parameter derived from the ratio of the maximum stress during
the cycle (σi) to the peak strength of the specimen ( fc). These figures depict the anticipated
damage evolution over the cycles. The mixtures with w/c ratios of 0.5 and 0.7 exhibit
significant damage at the point of fracture, whereas the 0.3 water–cement mixture shows a
fragility level reaching a damage index of 0.35. Notably, there is potential for using acoustic
testing to evaluate the damage index in the concrete samples.

Figures 17–19 display the resulting relationship between the internal damping ratio
and the progression of damage.
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Figure 14. Damage evolution—w/c = 0.5.
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Figure 15. Damage evolution—w/c = 0.3.
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Figure 16. Damage evolution—w/c = 0.7.

Figure 17 shows that the concrete mixtures with w/c = 0.7 exhibit an increase in
internal damping from ξ0 = 0.5% (undamaged sample) to ξD=80% = 2.5% (damage level of
0.8). Figure 18 illustrates the progression for a w/c = 0.5 mixture, with the internal damping
ratio rising from ξ0 = 0.35% to ξD=61% = 1.80%. Figure 19 depicts the evolution of damage
and internal damping ratio for a w/c = 0.3 mixture, showing an increase in the internal
damping ratio from ξ0 = 0.29% to ξD=32% = 0.93%.

As the material progressively becomes damaged, there is an increase in the Coulomb
damping component and additional vibration energy dissipation caused by the cracking.
This leads to a higher internal damping ratio. Although the phenomenon is akin to three
mixtures, it occurs at different scales.
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Figure 17. Influence of damage on internal damping ratio (w/c = 0.7).
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Figure 18. Influence of damage on internal damping ratio (w/c = 0.5).
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Figure 19. Influence of damage on internal damping ratio (w/c = 0.3).

4. Conclusions

This study advances on the internal damping ratio of concrete specimens under
damage evolution using acoustic tests to assess the degradation of the dynamic elastic
modulus and its impact on internal damping. The results can be input into numerical
dynamic models that consider damage evolution and the increase in the internal damping
ratio, especially for impact scenarios. The key findings include the following:

• The internal damping ratio is correlated with the water–cement (w/c) ratio, maturity,
and dynamic modulus of elasticity. As the maturity increases, pore closure reduces
viscous damping. C-S-H hydration reactions increase the material density, reducing
internal dissipation and acoustic wave attenuation.

• Damage affects the damping ratio by increasing the Coulomb damping component,
which improves internal damping. This phenomenon was observed for both the NSC
and HSC mixtures at different scales.

• Microstructural factors, such as the initial porosity, early microcracking, and the tran-
sition zone, significantly affect the damage response and internal damping evolution.
Higher w/c ratios lead to greater damage and higher internal damping and acoustic
wave dissipation.

• The internal damping ratio is sensitive to microstructural changes and is closely related
to damage progression.

• Few studies have quantified and understood internal damping under cyclic loading
damage. This approach improves our understanding of concrete behaviour under
dynamic excitation, particularly in impact scenarios.

Future research should address the variability introduced by different manual im-
pacts. The standardisation of impacts will improve the consistency and accuracy of results.
In addition, factors such as the moisture content and support conditions that affect internal
damping should be considered. Implementing internal damping in a nonlinear constitutive
model within the finite element method (FEM) would improve dynamic simulations.
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