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Abstract: Recycled aggregate concrete (RAC) has been
widely used in practical engineering construction. However,
the ability of buildings to resist wind-induced vibration and
earthquake effects plays an important role in building safety.
It is urgent to ensure that recycled concrete still has good anti-
vibration ability within the allowable strength range. By con-
ducting damping tests on recycled concrete specimens, the
results show that the damping performance of RAC is better
improved compared with natural aggregate concrete. Moreover,
the influence of internal factors of recycled aggregates and
external environmental conditions on damping perfor-
mance can be determined, and corresponding damping
ratio prediction models can be constructed. However, the
current prediction models still have limitations in theory
and practice. The existing damping ratio prediction models
have a large span of independent variables and do not con-
sider the gradual carbonation effect in the actual environ-
ment over time. To overcome these limitations, a new
damping ratio prediction model is proposed. Based on the
replacement rate of recycled aggregates (RAs) and the
amplitude of excitation force, the influence of modified
admixtures and carbonation on damping performance is
considered, and the corresponding model prediction

formula is constructed. In addition, the influence mechanism
is further demonstrated and explained from the macroscopic
aspect of specimen profile and the microscopic aspect of elec-
tron microscopy tests. It is found that, considering both
strength and cost factors, recycled concrete still has good
damping performance when the replacement rate of recycled
aggregates (RAs) is 40%.

Keywords: recycled aggregate concrete, damping perfor-
mance, prediction model, image processing

1 Introduction

Over the past two decades, scholars worldwide conducting
extensive research on improving the overall damping per-
formance of structures emerges as a crucial approach to
enhance the resilience of civil structures against earth-
quakes, wind-induced vibrations, and explosive shocks
[1–4]. Recycled aggregate concrete (RAC), as an environmen-
tally friendly and cost-effective building material, has gained
increasing attention in structural engineering. Scholars have
carried out a lot of research and efforts to improve the
mechanical properties of RAC [5–11]. However, there remains
ample room for research on its structural performance, parti-
cularly in terms of damping properties. Scholars have made
some progress [12–14], which offer limited insights into
dynamic damping performance during vibration, calling
for more profound investigations in this area.

Researchers have explored various factors affecting
the damping performance of recycled aggregate (RA) in
concrete. One aspect of investigation has been centered
around the replacement rate of RA. Jun et al. [15–18] found
that damping performance was positively correlated with the
replacement rate of RA, while Kim et al. [6,7,19] conducted a
comprehensive survey of relevant tests and reported that the
best damping performance occurred between 50 and 100%
replacement. Another aspect of the study has focused on
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particle size. Chaofeng et al. [20,21] observed that in the non-
linear elastic stage, reducing the particle size of recycled coarse
aggregate (RCA) increased the damping ratio, and Tianhang [17]
also verified the effect of particle size on damping using the free
vibration attenuation method. Furthermore, the relationship
between damping and excitation frequency in recycled con-
crete was also investigated by others. Li et al. [22–25] showed
a significant correlation, which is, at low excitation frequencies,
damping performance was inversely related to frequency,
meaning higher frequencies resulted in decreased damping.
Pengyuan [26] explained this frequency-dependent behavior
from a viscoelastic perspective. Additionally, Zhecheng [27]
explored the impact of incorporating modified materials, such
as rubber powder and steel fiber, on damping performance,
showing gradual improvements with continuous addition.
Zhou [28] studied the dynamic modulus of damping ratio by
adding polypropylene fiber and air entraining agent. Polypro-
pylene fiber had a positive effect, while air entraining agent
had a slight negative impact on mechanical performance.
Finally, some scholars [29] investigated the coupling relation-
ship between damping performance and damage develop-
ment. As excitation force increased, damage gradually
increased, but damping performance showed a fluctuating
trend, reaching a peak value before gradually decreasing.

Based on the research findings mentioned above, scho-
lars have developed damping predictionmodels for recycled
concrete by considering various factors affecting its
damping performance. However, these models exhibit cer-
tain limitations: (1) Unequal data spans in the establishment
of theoretical models may not accurately reflect the influen-
cing trends, (2) carbonation durability in the actual environ-
ment is not considered, and (3) influence factors of modified
admixtures are overlooked in model construction. To over-
come these limitations, a novel damping ratio prediction
model based on a semi-empirical and semi-theoretical approach
is proposed in this study. The main contributions can be sum-
marized as follows:
1) Analysis of the impact of RA replacement rate and

admixture on the damping performance of recycled con-
crete. Investigation of the influence of RA particle size on
damping performance, including its impact trend and
mechanism.

2) Exploration of the effect of carbonization on the dur-
ability of building structures in engineering by exam-
ining the damping performance of specimens before
and after accelerated carbonization.

3) Microscopic validation of the damping effect mechanism.
Cube profiles were processed and analyzed through
image processing, and microscopic electron microscope
tests were conducted on specimens with subsequent
image processing analysis of the collected images.

2 Experimental test programs

The experimental test program consists of tests executed
on RAC cubes and beams that were cast at the Laboratory of
the Department of Civil Engineering of Lanzhou University
(LZU). In this section, we will first discuss the composition of
the different specimens, followed by a description of the
accelerated carbonation process, and finally, a report of
the set-up of the different monitoring techniques: damping
ratio measurements, scanning electron microscope (SEM)
test, and image processing.

2.1 Test specimens

The study utilized four types of coarse aggregates: natural
aggregates (NA5-20) with a size of 5–20 mm, and RCAs
(RCA5-20, RCA5-10, and RCA10-20) with different sizes. River
sand with a fineness modulus of 2.7 served as the natural fine
aggregate. The Chinese standard [30] was followed to deter-
mine the physical properties of RCA and natural coarse aggre-
gate (NCA), shown in Table 1. China Cement’s P.O 42.5 normal
silicate cement specifications and composition are presented
in Tables 2 and 3. The modified admixture micron silica and
fly ash compositional indices are provided in Tables 4 and 5.

The strength level of specimens is set at C35. Various
RAC blends were created by varying replacement rates,
particle sizes, and modified admixtures. The ratios and
numbers of these blends are listed in Table 6.

2.2 Compressive strength experiment

The concrete cubes were cured for 28 days in water at
room temperature after being demolded. Referring to the
specifications [31] for concrete compressive strength testing,
well-cured concrete specimens were carefully selected and

Table 1: Physical properties of the aggregates

Type NCA5-20 RCA5-20 RCA5-10 RCA10-20

Apparent
density/(kg·m−3)

2,559 2,507 2,497 2,510

Stacking
density/(kg·m−3)

1,377 1,251 1,367 1,219

Moisture content/% 0.4 2.17 2.31 2.02
Water absorption/% 1.05 5.47 5.79 5.07
Crushing index/% 8.7 15.2 — 15.3
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subjected to a predetermined drying period to allow for the
evaporation of surface moisture. Subsequently, the compres-
sive test was conducted using a loading rate of 0.5MPa·s−1. The
breaking strength was recorded when the specimens exhibited
significant deformation. To obtain the final ultimate compres-
sive strength value, the recorded breaking strength was multi-
plied by a size conversion factor of 0.95.

2.3 Accelerated carbonation

To evaluate the damping performance of beam specimens
before and after carbonation, in accordance with the specifi-
cation [32], an accelerated carbonation test of recycled con-
crete is conducted using a carbonation box. First, the cured
test blocks are dried in a drying oven at 60°C for 48 hours.
Subsequently, the test blocks are evenly placed inside the
carbonation box and subjected to carbonation under stan-
dard experimental conditions of (70 ± 5)% relative humidity,
(20 ± 2)°C temperature, and (20 ± 3)% CO2 concentration.

2.4 Measurement of damping ratio

To evaluate the damping performance of beam specimens,
the modal analysis method was employed due to its sim-
plicity and the low frequency required for damping mea-
surements [33]. In this study, a new-designed modal method
is proposed, in which the beam specimens are suspended by

Table 2: Cement properties

Initial setting
time (min)

Final setting
time (min)

Compressive
strength (MPa)

Bending
strength (MPa)

Burning
loss (%)

Specific surface area
(m2·kg−1)

Adequacy

172 234 27.2 5.5 4 358 Qualified

Table 3: Chemical component of cement (%)

CaO SiO2 Al2O3 Fe2O3 MgO

53.42 24.99 5.25 4.81 3.71

Table 4: Chemical component of micron silica (%)

SiO2 Al C Ca Mg Cu

95.9 1 0.9 0.1 0.2 0.2

Table 5: Properties and chemical component of fly ash

Fineness (5 μm sieve margin %) Burn vector/% Al O2 3/% SiO2/% Moisture content/% Free CaO/% Density (g·cm−1)

16 2.8 24.2 45.1 0.85 0.85 2.55

Table 6: Mix proportions of the concretes

Type A0 A1 A2 A3 A4 A5 A6 A7 A9 A10

Substitution rate of RCA (%) 0 20 40 60 80 100 100 100 100 100
Particle size (mm) 5–20 5–20 5–20 5–20 5–20 5–20 5–10 10–20 5–20 5–20
Cement (kg) 410 410 410 410 410 410 410 410 410 369
Water (kg) 205 205 205 205 205 205 205 205 205 205
Additional water (kg) 0 13 26 38 51 64 64 64 64 64
Sand (kg) 625 625 625 625 625 625 625 625 625 625
NA (kg) 1,160 928 696 464 232 0 0 0 0 0
RCA (kg) 0 232 464 696 928 1,160 1,160 1,160 1,160 1,160
WR (kg) 0 0 0 0 0 1.84 1.84 1.84 1.84 1.84
SiO2 (kg) 0 0 0 0 0 0 0 0 12.3 0
Fly ash (kg) 0 0 0 0 0 0 0 0 0 41

Note: WR – Water reducer.
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nylon rope to reduce the influence of the support. Various
excitation points on the beam specimen were selected for
instantaneous hammer excitation, allowing the beam to
undergo free decay vibration, as shown in Figure 1. This
method offers excellent repeatability, is adaptable to various
types of components, and provides accurate results. The
displacement amplitude and time curve were recorded
using software, and the damping performance of the struc-
ture was obtained by analyzing the exponential curve of
adjacent amplitudes. During the experiment, a hammer gen-
erated an excitation signal to induce free decay vibration in
the beam specimen. Sensors received the signal, which was
then processed using the dynamic analysis system INV3601
for signal processing. Time-domain measurement was uti-
lized to calculate the damping of the specimen.

For this study, the beam is divided into ten equal parts
according to its specific length, and corresponding nodes

are established. Then, modal testing is conducted by sam-
pling the excitation and response signals of the structure,
using hammer pulse excitation, and employing either the
single-input multiple-output or multiple-input single-output
method. The excitation force level is changed as the sensor
receives the corresponding signals, and this process is repeated
to complete the sampling of all measurement points. The
operation interface is depicted in Figure 2.

When using the “triggered sampling”method, the sensor
signal undergoes time-domain and the fast Fourier transform
(FFT) frequency spectrum analysis. Time-domain analysis is
a fundamental signal analysis method, which provides the
original time-domain waveform of the signal and plays
an important role in various aspects [34,35]. To study the
periodicity of a random signal, such as a vibration signal,
it is sometimes necessary to transform the signal from the
time domain to the frequency domain. The resulting spec-
trum corresponds to a periodic harmonic component of the
signal at each frequency. Time-domain analysis can reveal
the amplitude waveform of the signal over time, showing
the amplitude at different times and observing changes in
signal amplitude over time.

Frequency spectrum analysis is a fundamental signal
processing method that finds wide application in various
engineering and technical fields [36–38]. Auto-spectrum
analysis is a particular method of frequency spectrum ana-
lysis that includes amplitude spectrum (PEAK), root mean
square (RMS) spectrum, power spectrum, and power spec-
tral density. The amplitude spectrum (PEAK) represents
the amplitude of each harmonic component in the fre-
quency domain, while the RMS spectrum represents the
effective value amplitude of each harmonic component.Figure 1: Damping ratio measurement equipment.

Figure 2: Test data sampling indication. (a) Division of measuring points. (b) Sample data.
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The power spectrum indicates the energy or power of
each harmonic component, whereas the power spectral density
reflects the energy distribution of each harmonic component.

Frequency spectrum analysis typically uses Fourier
transform, with the forward transform being:

( ) ( )∫=
−∞

+∞

F ω f t e td .jωt (1)

Inverse transformation:

( ) ( )∫=
−∞

+∞

f t
π

F ω e ω
1

2
d .jωt (2)

Frequency spectrum analysis is a commonly used
method for signal analysis, where computers utilize the
discrete Fourier transform due to the inability to directly
compute continuous Fourier transforms. To improve compu-
tational efficiency, the FFT algorithm is commonly employed.

However, during the processing of the signal using
FFT, there is a possibility of spectral leakage, which can
distort the spectrum. To mitigate this issue, windowing
functions are used to reduce spectral leakage. In this study,
since the sampled spectrum is a free decay waveform, an
exponential window can be applied to improve the signal-
to-noise ratio, as depicted in Figure 3. After applying
the exponential window, data sampling and analysis plat-
form can automatically identify several maximum spectral
peaks and display the frequency and amplitude data, thus
completing the signal sampling process.

Once all node sampling is complete, modal analysis
and calculations can be performed. Frequency domain
modal analysis typically involves four steps: transfer func-
tion calculation, modal order determination, modal fitting,
and mode shape editing.

Transfer function analysis is a frequency response ana-
lysis that reflects the transmission characteristics, such as
amplitude-frequency and phase-frequency characteristics,
of a system in response to a signal through its input and
output signals. This analysis is dependent on the inherent
characteristics of the system and is independent of the input
signal. The transfer function is defined as

( ) ( ) ( ) ( ) ( )= =H f S f S f P f P f/ / .xy y x xy xx (3)

where ( )H fxy is the transfer function, ( )S fy is the FFT of
the output signal y(t), ( )S fx is the FFT of the input signal x
(t), ( )P fxy is the cross power spectral density of the output
signal, and ( )P fxx is the auto power spectral density of the
input signal.

For mechanical systems that only consider single
degrees of freedom, dynamic flexibility H can be expressed
as follows:

( )
= =

− +
H

x

F

K

ω ω jη

1/

1 /
.

n
2

(4)

The absolute value of dynamic flexibility H is

∣ ∣
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− +

H
K
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1/

1 /

.

n
2 2 2

(5)

There is no doubt that H can be defined as a circle with
center at (0, − Kη1/2 ) and a diameter of Kη1/ . The transfer
function ( )H fxy obtained can be represented by its real and
imaginary components, and its Nyquist plot can be graphed
as depicted in Figure 4.

After completing transfer function calculations for all
measurement points, modal order determination can be
performed. The system can automatically detect peaks
and determine the order and corresponding mode. The
automatic peak picking method is used to collect the modes
corresponding to peak values, and modal order determina-
tion is completed after collection.

Following modal order determination, modal fitting
can be performed using different methods based on the
structural characteristics. In this experiment, the complex
mode single degree of freedom fitting method is used.
Finally, modal shape editing is necessary to calculate the
modal shapes at each order. Here the “mode shape normal-
ization” method is used to process the signals.

Upon completion of modal fitting, the damping can be
calculated using the “time-domain analysis” method, spe-
cifically the half-power method. When the excitation fre-
quency =ω ωn, ∣ ∣H reaches its maximum value, ∣ ∣H max ,
which is given by

∣ ∣ =H Kη1/ .max (6)

Figure 3: Exponent window function.
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When the reference value of the response ∣ ∣H / 2max is
determined, the damping can be calculated based on half-
cycle method, which can be expressed as

=
+

ξ
δ

π δ

.
2 2

(7)

Thus, the damping ratio can be calculated.

2.5 SEM

The microstructure of the interface of various recycled
aggregate concrete (RAC) specimens before and after car-
bonation was measured using SEM. The JSM-6710 cold field
emission SEM was used as the experimental equipment, as
depicted in Figure 5.

2.6 Image processing

This chapter highlights the benefits of using image proces-
sing technology for studying the cross-sections of cubic blocks
and micromorphology of recycled concretes. These advantages
encompass efficiency, non-destructiveness, visualization, multi-
angle observation, and accurate and real-time data acquisition.

Employing image processing technology can enhance research
efficiency and accuracy, ensure the integrity and originality of
samples, providemore comprehensive information, and improve
data accuracy and precision. Additionally, it enables real-time
data acquisition and processing, making it an indispensable
tool for studying recycled concrete samples.

In this study, Python and OpenCV were employed to
process profile images of carbonized specimens, as depicted
in Figure 6.

In this study, the contour-processed image was ana-
lyzed using area proportion analysis. A grayscale threshold
was set for binary conversion, and the area sizes were
calculated to obtain the area ratio.

3 Results

3.1 Compressive strength data

The obtained results are summarized in Table 7.

Figure 4: Nyquist plot.

Figure 5: JSM-6710 equipment.

Grayscale 

processing

Histogram 

statistics

Dichotomy 

thresholding

Contour 

detection

Filtering 

and 

denoising

Figure 6: Image processing flow chart.

6  Yawei Ma et al.



From Table 7, it is evident that the compressive strength
of the specimens decreases as the replacement rate of RA
increases. This can be attributed to the addition of RA in
concrete, which acts as a filler and alters the internal com-
position of the mixture. Furthermore, the strength of RA
itself is generally lower than that of natural aggregate.

Moreover, an increasing trend in compressive strength
is observed with the increase in the size of RA. This can be
explained by the fact that larger aggregate particles result in
reduced internal damage and instability when the specimen

is subjected to pressure. Consequently, fewer and smaller
microcracks are formed within the specimen.

Additionally, the use of modified admixtures leads to a
decrease in compressive strength. This is evident in test
piece A9, where the decrease can be attributed to the
high-level water absorption of micro silica powder. During
the mortar mixing process, the free water-cement ratio is
reduced, affecting the strength of the material. Similarly, in
test piece A10, the decrease in strength can be attributed to
the mismatch between the high strength grade of cement

Table 7: Summary of compressive strength results

Type A0 A1 A2 A3 A4 A5 A6 A7 A9 A10

Compressive strength 49.8 47.6 45.9 43.5 38.3 32.1 31.7 36.1 28.9 30.8

Figure 7: Schematic results of modal analysis. (a) Transfer function calculation. (b) Modal order determination. (c) Modal fitting.
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and the activity of the compound fly ash, resulting in a
decline in the strength of the composite material.

3.2 Damping ratio measurement data

Modal analysis and calculations results can be generated
after the damping ratio measurement. Specifically, the
modal analysis results can be shown in Figure 7.

When it comes to the calculation of damping ratio,
here, the common logarithm is introduced, which is
defined as

= = =δ φ δ e φ elg lg ln lg .10 (8)

Also,

= =e δ δlg 0.4343, 2.303 .10 (9)

Therefore, the damping ratio can be calculated using
the following formula:

( )
=

+
ξ

φ

φ

lg

1.862 lg

.
2

(10)

Since the cantilever beam exhibits multiple modal
responses, only the results of the first mode are selected
for analysis in this study. High-order mode results are sus-
ceptible to interference and may exhibit significant differ-
ences. The data collected for the damping ratio calculation
are integrated and presented in Table 8.

Based on the results presented in Table 8, an analysis
of the relationship between the damping ratio of recycled
concrete before and after carbonation and the replace-
ment rate of RA is shown in Figure 8.

The measured damping ratio exhibits a trend of initi-
ally increasing and then decreasing as the proportion of RA
increases. Specifically, compared to specimen A0 (with no
RA), the damping ratios of specimens A1–A4 before carbo-
nation increased by 0.3, 4.1, 6.8, and 2.3%, respectively.
After carbonation, this improvement changed to 0, 4.5,
6.0, and 0.07%, respectively. However, the damping
ratio of specimen A5 decreased, with reductions of
approximately 2.2 and 3.4% before and after carbona-
tion, respectively.

Based on Figure 9, a negative correlation between the
damping ratio and the particle size of added RAwas observed.
Specimen A6 exhibited a 14.2% increase in damping ratio
compared to the control group A5, whereas specimen A7
showed a decrease in damping ratio by 12.8%.

Table 8: Damping ratio of specimens under different exciting forces

Specimen types Damping ratio ξ (%) (before/after carbonation) Average

50 N 100 N 150 N 200 N

A0 2.57/2.51 2.63/2.68 2.65/2.70 2.72/2.83 2.64/2.68
A1 2.59/2.63 2.62/2.63 2.66/2.63 2.71/2.81 2.65/2.68
A2 2.67/2.71 2.72/2.70 2.76/2.83 2.84/2.96 2.75/2.80
A3 2.73/2.69 2.80/2.76 2.84/2.85 2.92/3.05 2.82/2.84
A4 2.61/2.66 2.67/2.60 2.73/2.76 2.78/2.77 2.70/2.70
A5 2.42/2.41 2.54/2.61 2.63/2.60 2.66/2.74 2.58/2.59
A6 2.74/2.70 2.99/2.95 3.03/3.13 3.05/3.11 2.95/2.98
A7 2.10/2.20 2.15/2.30 2.32/2.50 2.41/2.51 2.25/2.38
A9 3.22/3.27 3.46/3.55 3.65/3.68 3.77/3.86 3.53/3.59
A10 3.28/3.20 3.50/3.60 3.66/3.71 3.76/3.88 3.55/3.60
Average 2.70/2.69 2.81/2.84 2.89/2.94 2.96/3.05 —

Figure 8: Variation in damping ratio with substitution rate.
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In Figure 10, the relationship between modified addi-
tives and the damping ratio of recycled concrete is shown.
Concrete specimens A9 and A10, which were added with
silica fume and fly ash, respectively, exhibited a significant
increase in damping ratio of 36.8 and 37.6% compared to
specimen A5.

Upon analysis of the experimental data, a certain linear
relationship between the excitation force and damping ratio
was observed. The data were then fitted, revealing a favor-
able linear correlation between the amplitude of the excita-
tion force and the damping ratio of recycled concrete, as
depicted in Figure 11. The damping ratio of specimens,
both before and after carbonation, increases proportionally
with the applied vibration force. This can be attributed to

the gradual increase in internal damage within the recycled
concrete component as the load increases, leading to more
internal cracks and greater frictional losses. As a result, the
interfacial strength between the RCA and the hardened
cement mortar decreases, leading to an increase in damping
energy consumption.

3.3 SEM images

To analyze each influencing factor, specimens A0, A5, A7,
and A9 were selected as typical specimens. Electron micro-
scopy was used to scan various RAC specimens. The results
are shown in the figures below. The internal morphology
of each RAC specimen exhibits significant differences, as
illustrated in Figures 12–15.

It is evident that calcium aluminate crystals exhibit
needle-shaped objects, C–S–H appears as layered objects,
Ca(OH)2 manifests as clustered deposits, and CaCO3 appears
as blocky objects.

As shown in these figures, SEM images reveal that as
the proportion of RAs incorporated into the specimens
gradually increases, both the porosity and pore connec-
tivity rise, resulting in a more intricate pore structure.
Specifically, within the SEM images, a higher number of
voids and pathways between them can be observed, poten-
tially facilitating easier water penetration into the concrete.
In terms of aggregate particle size, SEM images show that
larger aggregate particles can enhance the mechanical prop-
erties of concrete to a certain extent, while correspondingly
decreasing its permeability and water absorption, thereby
improving its damping performance. In the SEM images,
larger gaps between the larger aggregate particles and lower

Figure 9: Variation in damping ratio with particle size.

Figure 10: Variation in damping ratio with modified additives.

Figure 11: Variation in damping ratio with exciting force.
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porosity are noticeable, which could lead to reduced water
infiltration and increased concrete damping performance.
From the perspective of modified additives, SEM images
demonstrate that the addition of modified additives can
reduce both porosity and pore connectivity. Specifically, in
the SEM images, the particles of modified additives exhibit
smoother surfaces, smaller surface areas, and lower por-
osity, effectively reducing the pore structure.

3.4 Images processing outcome

Selecting specimen A0 as a typical example, the result
obtained is shown in Figure 16.

We applied grayscale processing to the cross-sectional
image using Python. Subsequently, a histogram analysis
was conducted on the grayscale image to establish an
appropriate threshold for further enhancement. This

Figure 12: A0 microscopic interface morphology. (1) 1,000 times and (2) 5,000 times.

Figure 13: A5 microscopic interface morphology. (1) 1,000 times and (2) 5,000 times.

Figure 14: A7 microscopic interface morphology. (1) 1,000 times and (2) 5,000 times.
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improved grayscale image was then used for contour detec-
tion, representing the edges of particles in the real world. To
better determine the proportion of the detected area, we
performed noise reduction through filtering operations.

In this study, the contour-processed image was ana-
lyzed using area proportion analysis. A grayscale threshold
was set for binary conversion, and the area sizes were
calculated to obtain the area ratio. The results are pre-
sented in Table 9 and Figure 17.

Throughout the carbonation process, there is a notice-
able fluctuation in the area proportion occupied by RAs.
This fluctuation might be attributed to the partial blockage
of existing pores by the by-products of alkaline substances
during carbonation. Simultaneously, the ingress of gases
into the specimens could lead to gel formation, potentially
creating additional pores. However, as the carbonation
process progresses towards completion, there appears to
be a gradual stabilization in the proportion of pores within
the specimens. Regarding the phenomenon discussed ear-
lier, it can be elucidated by considering the mechanisms at
play. The initial predominance of RAs, surpassing the 50%
mark, followed by a sharp decline to around 51%, is likely
due to the interaction between the smaller-sized RAs added
and their favorable dispersion characteristics, resulting in a
larger surface area. Furthermore, the addition of micro-
silica to certain specimens, such as A5, A9, and A10, contri-
butes to enhance the homogeneity of the mixture. However,
despite this enhancement, it does not significantly augment
the area proportion occupied by RAs, particularly at a 100%
substitution rate.

Furthermore, Python image processing was employed
to analyze the pore area fraction of representative speci-
mens before and after carbonation, which have been shown
in Figures 13–16, and the results are presented in Table 10.

When analyzing the data in the table, it becomes evi-
dent that porosity increases as the proportion of RAs is

augmented. Furthermore, as the particle size of the RAs
decreases, porosity exhibits a pronounced increase. However,
with the addition of modified admixtures, the internal porosity
experiences a certain degree of reduction.

4 Discussions

4.1 Damping mechanism analysis

The provided data processing results are of paramount
importance to our study, as they shed light on the crucial
factors influencing the damping performance of the speci-
mens. These factors include the proportion of added RAs,
particle size, modified additives, carbonation, and excita-
tion force. In this section, we will delve deeper into the
damping mechanism of the specimens and establish a con-
nection between the results and the findings from images
processing analysis.

4.1.1 Proportion of added RAs

The proportion of added RAs in the specimens appears to
play a significant role in their damping performance. As
the proportion increases, it is expected that the damping
capacity will improve due to the inherent damping proper-
ties of the recycled materials [39,40]. However, an exces-
sively high proportion may also lead to reduced interlocking
between particles, which could potentially limit the overall
damping effectiveness. To gain further insights into
changes induced by the varying proportions of RAs, we
turned to images processing analysis. SEM analysis
revealed that specimens with a moderate proportion of
RAs exhibited a well-distributed microstructure, with an

Figure 15: A9 microscopic interface morphology. (1) 1,000 times and (2) 5,000 times.
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adequate interface between the added aggregates and the
matrix material. This favorable interlocking contributes to
enhanced energy dissipation and damping capability [41,42].
On the other hand, specimens with an excessive proportion
of RAs displayed a less organized microstructure, indicating

poor interfacial bonding and potentially compromising the
damping performance. As for the cube profile, when the
substitution rate of RAs increases, their dispersion becomes
more apparent, resulting in a decrease in the area propor-
tion they occupy, attributed to the larger surface area of the

Figure 16: Image processing schematic diagram. (1) Section drawing. (2) Grayscale image. (3) Adaptive thresholding. (4) Dichotomy thresholding.
(5) Contour processing. (6) Filtering and denoising.
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RAs with old cement mortar compared to natural aggregates.
However, the overall area proportion does not decrease com-
pared to the initial value.

4.1.2 Particle size

Particle size is another crucial parameter affecting the
damping behavior of the specimens [43,44]. Generally,
larger particles tend to provide more energy dissipation
due to increased friction and sliding at the particle interfaces.
However, finer particles may contribute to better packing
and improved load transfer within the material, resulting
in enhanced damping. SEM examination of specimens with
varying particle sizes corroborated these assumptions. Speci-
mens with larger particle sizes exhibited rougher surfaces,
promoting more frictional interactions [45,46]. In contrast,
specimens with smaller particles displayed a denser arrange-
ment and a smoother surface, which likely facilitated more
effective load transfer and, consequently, better damping per-
formance. Moreover, when smaller-sized RAs are added, their
area proportion is relatively high due to their good dispersion
and large surface area.

4.1.3 Modified additives

The introduction of modified additives can significantly
alter the damping properties of the specimens. The nature
of these additives, such as rubber or other damping agents,
can lead to enhanced viscoelastic behavior, which plays a
vital role in damping vibrations and dissipating energy
[43,46]. SEM investigations of specimens with modified
additives demonstrated a noticeable difference in micro-
structure compared to the control samples. The presence of
these additives contributed to the formation of damping
domains within the material, where energy dissipation
was concentrated. This phenomenon highlights the effec-
tiveness of modified additives in enhancing the damping
capacity of the specimens. The addition of micro-silica to
specimens A5, A9, and A10 improves the mixture’s homo-
geneity but does not significantly increase the area proportion
of RAs, particularly at a 100% substitution rate. In contrast, the
addition of fly ash has a significant effect on the dispersion of
RAs, resulting in a significant reduction in the area proportion
occupied by aggregates, as fly ash has better particle size and
dispersion properties compared to Portland cement.

4.1.4 Carbonation

The damping ratio shows minimal fluctuations and only a
slight reduction between the pre-carbonation and post-car-
bonation states. The minor reduction in damping ratio
between the pre-carbonation and post-carbonation states
can be attributed to several factors [47–49]. First, the car-
bonation process may lead to the formation of calcium

Table 9: Calculation results of area ratio (%)

Time A0 A1 A2 A3 A4 A5 A6 A7 A9 A10

3 57.31 50.07 49.46 47.82 47.32 49.06 49.5 49.35 54.47 53.27
7 45.96 52.65 53.09 52.79 50.58 53.97 54.84 59.71 58.99 49.13
14 43.8 57.77 58.71 55.9 57.95 57.4 57.33 55.67 54.08 41.34
28 56.44 54.15 46.43 52.75 52.94 57.71 59.34 53.01 48.6 45.03
Average 50.87 53.66 51.92 52.31 52.19 54.53 55.25 54.43 54.03 47.19

Figure 17: Section area ratio of specimen.

Table 10: Calculation results of pore area proportion (%)

Items Ratio (%)

A0 5.38
A5 7.42
A7 13.57
A9 4.84
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carbonate within the concrete matrix. This can result in
a denser and more compacted microstructure, which may
slightly increase the stiffness of the material and lead to
a small decrease in the damping ratio. Second, carbonation
can alter the pore structure of the concrete, affecting
the internal energy dissipation mechanisms. Changes in
the porosity and pore size distribution may influence the
damping behavior of the material, contributing to the
observed slight reduction in damping ratio.

4.1.5 Excitation force

The excitation force applied to the specimens during testing
can influence their damping performance [24,25]. Higher
excitation forces may lead to more pronounced vibrations,
necessitating greater damping capacities to absorb and dis-
sipate the excess energy.

In conclusion, the comprehensive analysis of the damping
mechanism reveals that the proportion of RAs, particle size,

modified additives, and excitation force all significantly influ-
ence the damping performance of the specimens. SEM ana-
lysis provides valuable insights into the microstructural
changes associated with these factors, allowing for a better
understanding of the damping behavior and paving the way
for the development of advanced damping materials with
enhanced performance for various engineering applications.

4.2 Damping model construction

Based on the previous analysis, it is assumed that the
damping ratio is a linear function of the excitation force
and a quadratic function of the displacement rate, without
any coupling effect between these two variables. As the
selected aggregate particle size cannot be uniform in a spe-
cific range and is not considered, a modification parameter
km is introduced. Therefore, in this study, the damping ratio
can be expressed using the newly created formula.

Table 11: km values of different modified admixtures

Types Rubber Rubber fiber Steel fiber Fly ash Micro-silica powder

Range 1.07∼1.59 1.45∼2.79 1.06∼1.15 1.29∼1.36 1.26∼1.38

Table 12: Function fitting data results

Types a b c D Reduced Chi-Square

Values 1.0005 −1.3704 × 10–4 1.1025 × 10–6 2.7453 × 10–4 0.00881
Error 0.110 2.1746 × 10–5 2.9710 × 10–7 1.9558 × 10–4 —

Figure 19: Residual of independent variable F.Figure 18: Residual of independent variable m.
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( )= + + +ξ k k a bF cm dm ,m0
2 (11)

where km represents modification coefficient, with =k 1m

when there is no addition. When there is an addition, the
specific values of km can be found in Table 11 based on
relevant literature [50–53]. The values will vary slightly
in a small range depending on various sources of raw
material, and for damping ratio calculation the selected
value with permissible limits will be suitable.m represents
the replacement rate, and F represents the excitation force,
k0 is defined here as the characteristic damping of the
original RA, which depends only on the source of the RA.

The values of each coefficient can be obtained by fit-
ting the data in Table 12, as shown in Figures 18 and 19.

Based on the excellent data fitting results shown in
Table 11, we can conclude that the residual values are
very small, both in phase and in parameter errors. To
further illustrate the goodness of fit for each parameter,
we have visualized the residual values for m and F. As
depicted in the Figures 18 and 19, the residual values for
both parameters are exceptionally small.

Therefore, the following formula can be obtained:

(

)

= − × + ×
+ ×

− −

−

ξ k k F1 1.37 10 1.10 10 m

2.74 10 m ,

m0
4 6 2

4

(12)

where km can be decided via Table 11, while k0 is 2.58 due to
this experiment.

5 Summary, conclusion, and future
works

The conclusion of this work presents a comprehensive
study of the damping performance of recycled concrete
beams using modal analysis. The research investigates
the influence of various factors on the damping perfor-
mance of recycled concrete beams and establishes an accu-
rate damping ratio prediction model. The model takes into
account the effects of modified admixtures, substitution
ratios, and excitation forces on the damping performance
of specimens. Additionally, through image processing of
cubic profile samples and microscopic electron microscopy
experiments, the damping mechanism of recycled concrete
is thoroughly understood from both macroscopic andmicro-
scopic perspectives.

Taking into consideration that when the replacement
rate of RAs is below 60%, the compressive strength of
recycled concrete experiences only a slight decline, which
does not adversely affect its practical usability. Moreover, in
the range of 40–60% replacement, the concrete’s damping

properties show a significant improvement. However, as the
replacement rate of RAs increases, the cost of concrete steadily
rises. Considering a comprehensive evaluation of factors
including strength, damping performance, and cost, the optimal
replacement rate for RAs is determined to be 40%. Also, the
damping ratio prediction model can be summarized as

( )= − × + × + ×− − −ξ k k F m m1 1.37 10 1.10 10 2.74 10m0
4 6 2 4 .

However, it is important to acknowledge the limita-
tions of the damping ratio experiments, particularly under
conditions of significant deformation. Additionally, to enhance
the model’s applicability, further improvements can be made
to the model considering the variation in modified admixture
parameters found in different literature sources. Ensuring
consistency in experimental results will necessitate enhancing
the generality of the model. Future research should aim to
address these issues to advance the field of study.
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