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This study investigated the relationship between the acoustic emission (AE) signals parameter sequence fractal
characteristics and the damage evolution information of corroded reinforced concrete (RC) beams under four-
point bending. Strength deterioration behavior and AE data can be obtained by coupling the four-point
bending test and the AE monitoring. The results show that AE ringing counts of corroded and uncorroded
beams had prominent fractal characteristics. The fractal dimension values of corroded RC beams all showed a

fluctuating rise to a peak and then a sharp drop before the failure. The damage index corresponding to the peak
point decreases with the increase of corrosion degree. Fractal dimension peak point could be used as an early
warning point for corroded RC beams’ failure. Moreover, the AE fractal dimension analysis can effectively reflect
the pattern of crack development, which have an important value for evaluating the process of corroded RC

beams rupture.

1. Introduction

Corrosion of steel reinforcement is a worldwide issue that has an
adverse effect on both the serviceability and durability of reinforced
concrete structures [1-5]. Generally, reinforcement corrosion leads to
severe deterioration, such as cracking and spalling of the concrete cover,
owing to the corrosion products occupying two to six times more volume
than the initial volume [6]. In particular, these deteriorations weakened
the hoop restraint and reduced the bond behavior between the rein-
forcement and the concrete, which inevitably caused severe structural
damage [7]. Therefore, it is necessary to quantitatively analyze and
characterize the damage evolution to ensure the durability and safety of
reinforced concrete (RC) structures.

Acoustic emission (AE) technique is a non-destructive testing tech-
nique, which provides an objective assessment of various damages to RC
structures, such as cracks, honeycomb, and corrosion [8-12]. It uses AE
sensors to passively capture elastic wave signals generated by material
damage or deformed [9,13-15]. AE technique has the advantages of
high sensitivity [16] and the ability to detect damage in real-time [17],
making it an effective tool for monitoring the evolution damage of RC
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structures. Therefore, many researchers have carried out laboratory
experiments from different aspects to investigate the AE characteristics
of corroded RC members. Abouhussien et al. [18] assessed the bond
behavior of corroded bars in reinforced concrete prism samples under
pull-out tests using AE techniques. The results confirmed an excellent
correlation between AE cumulative number of hits and AE signal
strength parameters with the steel-to-concrete bond degradation
because of corrosion. Abdelrahman et al. [19] established a relationship
between cumulative AE energy and the degree of damage to RC beams
and proposed an improved damage index to detect the yield point of
corroded beams. Garhwal et al. [20] used local AE technique to evaluate
the behavior and performance of corroded large-size reinforced concrete
beams under bending loads. Kawasaki et al. [21] applied the AE tech-
nique to evaluate the seismic capacity of the specimens subjected to the
influence of rebar corrosion and compared the relationship between
mechanical properties and AE parameters. The AE technique is one of
the methods used to study the failure patterns of RC structures.

In the last three decades, the fractal theory has received great
attention as a tool for studying nonlinear systems, especially in me-
chanics and solid-state physics [22-26]. Mandelbrot has pointed out
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that the complex geometry of fractal objects cannot be described by an
integral dimension [27]. This phenomenon is usually expressed in terms
of the statistical scaling laws of space or time domain, which is mainly
manifested as the power-law behavior of real-world physical systems
[28]. It indicates that fractals apply to objects in space or to fluctuations
in time, with some form of self-similarity [29,30]. The magnitude of
individual AE parameters (e.g., AE energy, AE ringing counts, etc.)
exhibit a disorder in time. Therefore, fractal analysis of AE signals
provided a useful way to characterize the damage evolution of speci-
mens. Zha et al. [31] analyzed the damage development and temporal
and spatial evolution of the AE parameters of rock under different
loading modes. Results showed that the sequence of total AE events and
AE counts under different loading modes was UCT (uniaxial compres-
sion tests) > DTT (direct tensile tests) > ITT (indirect tensile tests). Zhao
et al. [32] explored the correlation between fractal characteristics
associated with AE signals and mechanical damage in tantalum niobium
tailings CPB materials with varying proportions. The findings indicated
that the fractal dimension’s amplitude is relatively concentrated,
implying that it can correctly predict the failure of cement slurry
backfill. Sun et al. [33] discussed the fractal characterization of coal rock
damage stresses and AE signals, providing a quantitative guide to rock
stability analysis in excavation projects.

For RC structural components, there are many studies that have
characterized evolution characteristics using the fractal or multifractal
analyses of the accompanying AE signals. Liu et al.[34] used the fractal
method to study the evolution characteristics of concrete with different
initial porosities under uniaxial cyclic loading conditions. The results
show that the trends of AE energy and the correlation dimension of AE
energy of concrete specimens with different initial porosity are basically
the same with the loading process. Wu et al.[35] analyzed the fractal
characteristics of AE parameters sequence of prestressed RC beams
during the flexural failure. The results showed that the fractional
decrease in the correlation dimension of the AE signal energy parameter
implies the appearance of damage, which can be used for health moni-
toring and nondestructive testing of prestressed reinforced concrete
beams. Wang et al. [36] proposed a model to reflect the damage degree
of the RC beams structures. The results indicated that more severe
damage would appear when the correlation dimension is stable after
damage. Wang et al. [37] investigates the effect of steel fibers on the
damage characteristics of concrete under uniaxial tension based on the
fractal method. The results showed that the correlation dimension
increased and then decreased with increasing stress level before the peak
stress; the average correlation dimension increased with the increase of
steel fibers. These results are valuable for enriching early warning of
fracture of steel fiber reinforced concrete. However, few studies have
focused on the fractal analysis of AE signals of RC structures with
different corrosion damage. Therefore, quantitative multi-fractal anal-
ysis of AE parameters resulting from corroded beams fracturing exper-
iments requires further study.

Using the AE technique, this present study aims to monitor the
damage evolution in corroded RC beams. Laboratory experiments on
four RC beams with different degrees of corrosion (0, 5%, 10%, 20%)
under four-point bending tests are conducted to obtain AE data. First,
the variation characteristics of AE ringing counts with loading were
investigated and compared with the monitoring results of
load-deflection curves. Next, a damage evolution model of corroded RC
beams was proposed based on cumulative AE ringing counts. Subse-
quently, this study applied the fractal theory to analyze the AE charac-
teristics of corroded RC beams subjected to four-point bending. This
work improves the accuracy of early warning of fracture damage of
corroded RC beams based on AE monitoring.
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2. Experimental program
2.1. Materials and specimens

Four RC beams were manufactured with a width of 150 mm, a height
of 200 mm, and a length of 1600 mm with an effective span of 1300 mm.
Each beam was equipped with two longitudinal deformed steel rebars of
14 mm diameter in the tension region and two longitudinal deformed
steel rebars of 8 mm in the compression region. Round steel rebars of 6
mm diameter were used as stirrups with a hoop spacing of 80 mm. The
concrete cover was 25 mm. The contact position of the stirrups and
longitudinal tensile steel rebars was covered with a layer of epoxy resin
to prevent the corrosion of the stirrups. Fig. 1 shows the geometry and
reinforcement details of RC beams.

All beams were cast with the in-situ mixed concrete having equiva-
lent compressive strength. Table 1 shows the mixture proportions of
concrete. The concrete compressive strength was 42.5 MPa (the stan-
dard deviation was 3.6 MPa) determined from three standard concrete
prisms with dimensions of 150 x 150 x 300 mm after 28 days of normal
curing. Tensile tests were performed on longitudinal deformed steel
rebars for 14 M and 8 M and stirrups. The yield strength, ultimate
strength, and elastic modulus longitudinal deformed steel rebars for 14
M were found to be 462.2 MPa (the standard deviation was 5.5 MPa),
615.7 MPa (the standard deviation was 16.2 MPa), and 200 GPa,
respectively, as well as the corresponding material properties for the 8
mm deformed steel rebars were 408.9 MPa (the standard deviation was
4.5 MPa), 611.3 MPa (the standard deviation was 15.2 MPa), and 200
GPa respectively, and for the 6 mm round steel rebars were 352.7 MPa
(the standard deviation was 3.7 MPa), 425.5 MPa(the standard devia-
tion was 15.1 MPa), and 200 GPa respectively. Table 2 summarizes the
properties of the material.

2.2. Accelerated steel corrosion tests

Fig. 2 shows the experimental setup of the accelerated corrosion
tests. As shown there, the corrosion region was 1300 mm long between
the two supports, and a customized water tank was fixed at the bottom of
the RC beam. The water tank was filled with 5% NaCl solution to corrode
the RC beams. The water tank with dimensions of 1300 x 230 x 180 mm
was cut in the width direction with an 80 mm depth groove to fix the
beam. The level of the solution is about 150 mm, which could keep the
solution just submerging the tensile reinforcement of the RC beams. To
ensure that the corrosion area inside RC beams contained sufficient NaCl
solution, the RC beams need to be pre-soaked for seven days before
accelerated corrosion tests. The test adopted the eTM-305F type
adjustable regulated DC power supply, whose maximum output voltage
is 30 V and maximum output current is 5A. During the accelerated
corrosion process, the 14 mm longitudinal deformed steel rebars
immersed in NaCl solution were connected to the positive electrode of
the power supply as the anode of the electrochemical reaction, and a
layer of wire mesh wrapped around the RC beams acted as a cathode
connected to the negative terminal of the power supply[38]. It was
noted that the target ampere density was set as 180 pA/cm? to simulate
the corrosion in natural state and avoid the bond loss at the interface
between steel bars and concrete[39]. The Faraday’s law is used to
calculate the theoretical mass loss of tensile reinforcement, as expressed
in Eq. (1).

M-S, T

my = T (@)

Where: m; is the mass loss of the steel bar; M is the atomic weight of
iron (56 g/mol); i is current density (A/cm?); S, is the area of the rebar
(cm?); Tis the accelerated steel corrosion time (s); Z is the valence of the
reacting electrode of the material (equal to 2); F is the Faraday’s con-
stant (96,500C/mol). The ratio of m; and original mass of the steel bar
can be used to determine the corrosion degree. As mentioned above, the
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Fig. 1. Details of beam specimen (units are in mm).
Table 1
Concrete mixture proportions.
Concrete grade Density (kg/m>) Fine aggregate /aggregate Water/cement ratio Specific weight(kg/m®)
Cement Fine aggregate Coarse aggregate
C40 2374 0.45 0.6 383.3 792.3 968.4
Table 2 shown in Fig. 3. The concentrated load was applied to the tested RC
Ma X eA ! i beams by a 500 kN servo-hydraulic actuator at a rate of 1.0 mm/min,
aterial properties. N . .
prop controlled by the MTS closed-loop system. The deflections at midpoint of
Materials ~ Yield Ultimate Compressive Elastic beam and two loading points were monitored by linear variable
strength strength strength modulus displacement transducers (LVDTSs)
Concrete - - 42.5+ 3.6 MPa - A sixteen-channel PCI-2 AE System manufactured by the American
D14 4M6P2‘2 +55 6M1PS‘7 +16.2 - 200 GPa Physical Acoustics Company (PAC) was adopted to detect and collect the
a a . L ) - . .
D8 408.9 4 4.5 611.3 4152 - 200 GPa AE s%gnals within the coll.ecuon area during the loading process. Five
MPa MPa multi resonant VS45-H piezoelectric sensors were mounted on each
R6 352.7 + 3.7 425.5 + 15.1 - 200 GPa specimen, as indicated in Fig. 4. The sensor surface was applied a coat
MPa MPa

Note: D14 and D8 denote 14 mm and 8 mm deformed steel rebars; R6 denotes
round steel rebars.

-

:‘ L AN m’/

ll ff | Stainless steel mesh
(cathode) ¥
|/

y :
PVC sink with 5% NaCl solution

Fig. 2. Experimental setup of the accelerated corrosion process.

target corrosion degrees were taken as 5%, 10%, and 20% and the
corresponding periods of accelerated steel corrosion were 25, 50, and
100 days respectively. CO refers to a healthy control beam with no
corrosion., while C5, C10, and C20 represent the beams with different
degrees of corrosion (5%, 10%, 20%), respective.

2.3. Test setup and AE monitoring

All the tested beams were subjected to four-point bending test, as

with petroleum jelly to ensure coupled contact with the concrete surface
[40]. The sensors had a frequency response range of 10-100 kHz. A
threshold level of 40 dB was set to eradicate background noise inter-
ference. Since long-distance transmission causes a reduction in the
signal-to-noise ratio of AE signals, the gain of the preamplifier was set to
40 dB to increase the signal strength. Prior to the AE monitoring tests, a
pencil break (PLB) test should be carried out to check the sensitivity and
coupling characteristics of the AE sensors.

Fig. 3. Laboratory loading test of specimens.
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Fig. 4. The layout of AE sensors.

3. Fractal dimension analysis of AE of corroded beams
3.1. Calculation of correlation dimension

It has been shown that the AE signals can well reflect the occurrence
and development of cracks in the RC beams. [41,42]The AE signals
generated during the deformation and damage of RC beams have fractal
characteristics. Moreover, an increase in the fractal dimension indicates
that events are moving towards a chaotic state; a decrease in the fractal
dimension indicates that events are gradually moving towards an or-
dered state. The calculation of fractal dimension is one of the core
elements.

Grassberger and Procaccia proposed the G-P algorithm to compute
the correlation dimension based on actual measured chaotic time series
in 1983, which is now commonly applied to phase space reconstruction
and correlation dimension calculation in one-dimensional space[43].
The AE ringing counts during four-point bending damage of RC beams
can be considered as a one-dimensional time series X = {x7,Xz, -, Xn}-
And after the determination of the embedded dimension m and the delay
time 7, the phase space can be reconstructed as follows.

First, the original time series data,{x;, X2, ---,Xn}, are embedded by
the m dimension, a subspace x; of dimension m can be obtained by Eq.

(2).
Xi =[x, XipooXip oy Ji = 1,2, Ny ()]

Obviously, the original time series will be reconstructed into N,, m-
dimensions vectors. The reconstructed phase space is presented in Eq.
(3).

X1 Xtz Xit(m—-2)r  Xl+(m—1)r
X X2tz Xo4(m—2)r  X2+4(m—1)z
X = : : : : 3
KNp—1 XNp—141 XN—z+1 XN-1
AN XNyt " XN—z XN

The corresponding correlation function of these sub-vectors is
defined as Eq. (4).

N N

WO = Do Dl = %X @

2
]Vm i

Where N,, represents the number of time series data; H is the
Heaviside step function, which can be presented in Eq. (5); The mea-
surement scale, r(k), of each point in the phase space can be calculated
using Eq. (6); k represents the scaling coefficient.

0,u<0

o = {1020 ®
1 N Nm

(k) =k 3 D IXi =Xl ©)

=1 j=1

Given a scale r(k), there is a corresponding correlation function
W(r(k) ) according to Eq. (4). Therefore, g scales could be obtained for g
coordinate points. The resulting points are fitted using least-squares in
the scale-free interval, and the correlation dimension D of the AE
parameter sequence is the slope of the fitted line in accordance with Eq.

()

3.2. Reconstructed phase space

The phase space reconstruction is a critical step in analyzing chaotic
time series, and the determination of delay time t and embedding
dimension m is the key to the analysis, which will considerably impact
the quality of the phase space after reconstruction. To determine the
selection of the above two parameters, Kim et al. put forward an algo-
rithm called the C-C method [44]. The C-C method considers that the
delay time 7 and the embedding dimension m are related to each other
and cannot be selected separately from other traditional methods. The
advantage of this algorithm makes it a widely used method in processing
actual time series.

The core of the C-C method is to process the correlation integral for
the embedded time series, and the correlation integral is calculated by
Eq. (8) as follows:

ClmN,r) = S Hr— =) ®
m 1<i<j<Np
Where H(a) is the Heaviside function, N is the number of the data set,
N, is the size of embedded points in m-dimensional space, and ||...||
denotes the sup-norm. C(m, N, r,7) measures the fraction of the pairs of
points {x, X, ---, X, }, whose sup-norm separation is no greater than r.
The C-C method put forward a new dimensionless measure of
nonlinear dependence as shown in Eq.(9).

S(m,N,r,7) = C(m,N,r,7)— C"(1,N,r,7) )

The remarkable feature of the statistic is that it is obtained by sub-
tracting two correlation integrals, which is the reason why it is named
the C-C algorithm. The existing statistical conclusions prove that this
statistic can well quantify the sequence correlations of nonlinear time
series. The delay time 7 and the embedding dimension m are calculated
by MATLAB.

3.2.1. Determination of the delay time ©

The C-C method is used to study the nonlinear dependence and
eliminate incorrect temporal correlations. It divides the time original
time series {x1,x2, -+, X, } into t disjoint time series. These disjoint time
series are computed for S(m,N,r, 1) as follows:

The single time series {xi, X3, ---, X, } corresponded to t = 1, and.

S(m,N,r,1) = C(m,N,r,1) — C"(1,N,r,1) (10)
Whenr = 2, there are two disjoint time series {x;,x3,+,X,_1} and

{x2,X4, -, X} with the length N/2 respectively, and the S(m,N,r,2) is
computed as Eq.(11):

1 N N N
S(m7N7 r, 2) = _{[CI (m7_7 r, 2) - C;”(17_7 r, 2)] + [Cz(m,—7 r72)

2 2 2 2

N
- (1, 5,2) an

Similarly, for general 7, the format becomes:
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1 T
Sm ., 9) = 3 S Cm ) = (L ) a2
As N— oo, the formula above can be written as Eq.(13).
1 T
5 = s IS - m177 ) :277--- 1
S(m,r,7) . ;[C (m,r,t) = Cr(1,r,7)], m 3 (13)

Ideally, S(m,r, ) will keep equal to O for any r if the data are inde-
pendently identically distributed when m and r are fixed. However, the
data sets that exist in reality are finite and inevitably correlated. Thus
the S(m,r, 7) calculated by real data sets won’t be 0. Therefore, the times
at which the zero crossing of S(m,r,z) or S(m,r,z) shows the least
variation with r can be regarded as the optimal one. To further simplify
the algorithm, several representative r; are chosen and used to define the
quantity in Eq(14).

AS(m, t) = max{S(m,r;, )} —min{S(m,r;,7)} 14

Which is used to measure the variation of S(m,r, 7) with r. Hence the
locally optimal time 7z can be determined by computing the minima of
AS(m, 7).

For a fix N, the data becomes sparser with the increase of m, which
causes C(m, N, r, 7) to get smaller and smaller. Obviously, if r is too large,
it will lead to the result that C(m, N, r, ) get saturated, and approach to 1
cause most distances between point pairs are less than r. The existing
statistical research and engineering practice results show that the
reasonable value range of m is 2 ~ 7, and it is recommended to set the
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range of r between 6/2 ~ 20, where ¢ is the standard deviation of the
data set. The above preprocessing will make the subsequent calculation
more convincing and efficient.

Further, r, = 0.50, r, = 1.06, r3 = 1.50, r4 = 2.00, are chosen to
represent the variation of r. And the averages of the quantities are
defined as Eq(15):

7
AS(7) = é ; AS(m,7) (15)

And we look for the first occurrence of local minimum value of AS(7),
and regard it as the locally optimal time for the independence of the
data.

Data collected from four beams are processed by C-C method to
determine 7, the results are shown in Fig. 5. Basically, when 7 = 3, The
first minimum of AS(t) occurs. Therefore, © = 3 is taken as the unified
choice of delay time in the following analysis.

3.2.2. Determination of the embedding dimension m

Based on the above calculation method of correlation dimension D, a
curve between D and the embedding dimension m can be drawn, as
shown in Fig. 6. The selected m should ensure that the results are stable.
It can be observed that although D changes with m, the “self-similarity”
of the AE parameters will not be affected. Moreover, rather than the
accurate numerical value, the change trend and change rules are more
meaningful in this study. It can be seen that in Fig. 6, when the m is
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Fig. 5. 7— AS(7) relationship curves.
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Fig. 6. Curve of correlation dimension D and the embedding dimension m.

between 3 and 5, the curve approaches a straight line, which means the
gradient with the increase of the correlation dimension D tend to be
stable. Thus, the embedding dimension m is set as 4.

4. Experimental results and discussions
4.1. Flexural behavior and damage patterns

The yield load, ultimate load, and the corresponding deflections for
all the test beams are listed in Table 3. The flexure behavior of the tested
beams is shown in Fig. 7. The ultimate loads of tested beams ( CO, C5,
C10, C20 ) are 125.3, 119.3, 111.3, and 102.6 kN, respectively. The
deflection of all the specimens near the yielding of steel is found to be in
the range of 2.47-5.12 mm. It was observed that the load capacity of
beams gradually decreased with an increasing corrosion ratio. Typical
failure patterns of beams C0O, C5, C10, and C20 are shown in Fig. 8,
respectively. In terms of uncorroded beam CO, slightly corroded beam
C5, and moderate corroded beam C10, the failure occurred through
yielding tensile bars followed by the crushing of concrete at the
compression zone. Severely corroded beam C20 failed by yielding ten-
sile bars followed by the removal of the concrete cover at the tension
zone. This is because the corrosion of the reinforcement has led to a large
number of corrosion cracks in the RC beams. And as the degree of
corrosion rises, the bond performance between the reinforcement and
concrete is greatly reduced.

4.2. AE ringing counts behavior

The AE ringing counts represent the total number of oscillations of
the AE signals that exceed the threshold, which is often used to assess the
activity of the AE signals and is easily influenced by the threshold [45].
Notable, although the AE ringing count detected from five sensors were
slightly different in specific value, the overall trend was consistent[46].
This is attributed to AE technology has high sensitivity and the ability to
detect damage in real time. Therefore, AE data from sensor 1 were used

Table 3
Flexural behavior of the tested beams.

Beams Yield Load Ultimate Load Yield Deflection Ultimate Deflection
kN kN mm mm

Cco 113.0 125.34 9.2 28.5

C5 105.0 119.3 8.4 28.1

C10 98.0 111.3 8.8 32.7

C20 83.5 102.6 8.0 29.5
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Fig. 7. The load-deflection curves of the tested beams.

for analysis in this study. The AE ringing counts and cumulative AE
ringing counts versus time for different corrosion degrees beams are
shown in Fig. 9. It could be noted that the cumulative AE ringing counts
decreased as the corrosion degree of the specimen increased. These re-
sults indicated that a higher corrosion level of reinforcement would
cause more micro and macro cracks within the concrete, which will lead
to a reduction in the net area of the fracture surface of the corroded
beam and thus less space for crack development in the damage process.
It coincided with the experimental observation.

Additionally, there is no obvious pattern of variation between the
average ringing counts of single AE signal and reinforcement steel
corrosion for tested beams, but rather shows fluctuations above and
below a certain value. In the real experimental observation, once a large
rupture in the concrete has been produced, there is a phased increase in
AE ringing counts. Therefore, it could be concluded that larger AE
ringing counts result from the release of energy during crack expansion
and agglomeration and that there is a good correspondence between AE
signals and concrete damage.

4.3. Failure stage analysis of beams

Numerous research results have shown that AE ringing count is a
characteristic parameter that can well reflect the variety of material
properties because it is proportional to the strain energy released by the
motion of dislocations and crack extension inside the material [9,47,48].
Therefore, AE ringing counts and cumulative ringing counts are used as
parameters to represent the damage evolution of non-corroded and
corroded beams.

Damage mechanics originated from the concept of continuity factor
and effective stress proposed by Kachanov [49]. The damage index ID is
as follows:

ID = hﬁz/ﬁ (16)
Ay A
Ay =A.+Aq a7)

Where A, is the effective area of the concrete; Ay is the area of
concrete where the damage occurred; A is the initial area of the con-
crete. When ID = 0, it means that the material is entirely undamaged; as
the load increases, A, increases and A, decreases; when ID = 1, it cor-
responds to complete damage.

It is assumed that Ny, is the cumulative AE ringing counts when the
entire section of the RC beams is destroyed; N represents the cumulative
AE ringing counts when the damaged section area reaches Ay; Then, the
damage index ID can be expressed as Eq. (18).
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Fig. 8. Failure patterns of tested beams.

ID=— (18)

Since the corrosion effect of the reinforcement will lead to the
reduction of the bearing capacity of corroded RC beams, the initial
damage caused by corrosion needs to be taken into account. ID, is
determined by Eq. (19).

Fy
IDy =1—— 19
o Fo 19

Where F; represents the ultimate bearing capacity of the rusted
beam, F, represents the ultimate bearing capacity of the uncorroded
beam. Therefore, the modified damage index ID is shown in Eq. (20).
Ny

IDy) — (20€)

ID = 1Dy +(1 = Do) -

The relationship between the time and damage index for the RC
beams with different corrosion rates is shown in Fig. 10. It can be seen
that all four curves show an increasing trend. Besides, four points were
marked on the damage index — time curves to indicate different damage
situations of specimens. Specifically, Points A, B, D were determined by
the tendency of cumulative AE ringing counts and the load-deflection of
the tested RC beams, while the analysis of the fractal characteristics
determined point C. Point A was the start point of AE ringing counts
continued to grow rapidly; point B corresponded to the rebar yield; point
C was the early-warning signal of critical transition for tested beams

failure; point D corresponded to the failure of tested beams. Therefore,
the damage process of the tested beams can be divided into three
damage stages: the initial damage stage (i.e., before point A), the
damage evolution stage (i.e., from point A to point B), and the contin-
uous damage growth stage (i.e., point B to D), which was consistent with
the results of other scholars in the four-point bending tests of non-
corroded beams [50,51]. The accounting of AE signals and duration at
different damage stages was provided in Table 4.

In the initial damage stage, there were few AE signals, and the AE
ringing counts were at a low level. The duration of the first stage for
tested beams CO, C5, C10, and C20 was relatively short, accounting for
18.5%, 11.5%, 12.7%, and 7.6% of the total loading process, respec-
tively. Similarly, the AE ringing counts only accounted for 18.7%,
16.9%, 7.9%, and 3.1% of the cumulative AE ringing counts. Such be-
haviors indicated that the crack activity was weak and the damage was
negligible at this stage. It was noted that as the corrosion level of rein-
forcement increases, the duration of the first stage (initial damage stage)
becomes shorter. In terms of beams CO and C5, a relatively large number
of AE ringing counts appeared near point A, which was associated with
the first occurrence of visible concrete cracks. For moderate corroded
beam C10 and heavily corroded beam C20, visible cracks had existed on
the concrete surface and it could thus be concluded that corrosion cracks
within the concrete gradually closed under load, which exhibited less AE
ringing count response and shorter duration.

At the damage evolution stage, a considerable number of AE ringing
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Fig. 9. Variation characteristics of AE ringing counts of tested beams with time.

counts were monitored, indicating the concrete cracking was in an
active condition. In real experimental observation, macroscopic cracks
had appeared and extended at the concrete surface, with a significant
increase in response to AE ringing counts. As shown in Fig. 10, the
damage index of tested beams increased approximately linearly at this
stage.

At the continuous damage growth stage (i.e., from the beginning of
steel yielding up to the final failure), AE signals growth slowed. It could
be found that the duration of this stage is more prolonged, reaching
68.6% to 75.3% of the total duration. Remarkably, the third stage
exhibited a higher proportion of AE ringing counts than the second stage
for uncorroded beam CO and slightly corroded beam C5, while it had a
lower ratio of AE ringing counts than the second stage for moderate
corroded beam C10 and severe corroded beam C20. This was because
the lightly corroded and uncorroded beams produced more flexural
cracks than the more severely corroded beams in the third stage. It
indicated that the damage to the uncorroded and lightly corroded beams
was mainly in the third stage, while the damage to the more severely
(over 10%) corroded beams was concentrated primarily in the second
stage.

4.4. Relationship between fractal dimension and damage index

Based on the C-C method, the damage index was divided into 20
groups on average from 0% to 100% (0%~5%,5%~10% and so on). And
we used MATLAB to calculated the fractal dimension D of each group

and determined whether the AE ringing count of specimens possessed
fractal characteristics during the loading process. Fig. 11 shows several
typical results of In(r) —In(Wr) curves of tested beams. The minimum
correlation coefficients Ry, and the average correlation coefficient Ry,
for each beam are shown in Table 5. It could be observed that the
average correlation coefficients R,, of each beam were greater than
0.99, while the minimum Ry, of each beam are greater than 0.96,
showing a significant correlation between the two parameters. This
finding indicated that the AE parameter sequence in the failure process
of the RC beams has self-similarity in the time domain.

Studies have shown that the AE events are mainly caused by the
stress wave generated during the formation and development of the
cracks in RC beams [52-54]. Thus, the fractal dimension D can be used
as an indicator to describe the changes in mechanical properties and
damage inside the RC beams. From a statistical point of view, the more
disordered the data set is, the larger the fractal dimension is, corre-
sponding to the actual situation that the generation and development of
the direction and location of the microcracks are chaos. On the contrary,
the more ordered the data set is, the smaller the fractal dimension is,
reflecting the major large cracks continuously extending and widening
in the RC beams. Fig. 12 showed the fractal dimension D - damage index
relationships of RC beams with different corrosion ratios under four-
point bending tests.

For uncorroded beam CO, in the initial damage stage, i.e., before
reaching 20% damage degree, the fractal dimension D- damage curve
exhibited a relatively large fluctuation (Fig. 12(a)). This was attributed
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Fig. 10. Variation characteristics of damage index and a load of tested beams with time.

Table 4
The accounting of AE signals and duration at different loading stages.

Beams  The initial damage stage The damage evolution stage The continuous damage growth stage
Time percentage  AE ringing counts the percentage  Time percentage  AE ringing counts the percentage =~ Time percentage  AE ringing counts the percentage
Co 18.5% 18.7% 11.5% 38.3% 70.0% 43.0%
C5 11.5% 16.9% 12.2% 36.8% 75.3% 46.3%
C10 12.7% 7.9% 18.8% 56.0% 68.6% 36.1%
C20 7.6% 3.1% 18.8% 60.4% 73.6% 36.5%

to that internal crack evolution was mainly dominated by the closure of
initial pores and mini-cracks, and its crack expansion had obvious
disorderly. In the subsequent stage (which corresponds to the linear
elastic stage), the fractal dimension D remained relatively stable in the
range of 20%-45% damage degree, and then the D values increased from
3.64 to 4.36 in the range of 45%-65% damage degree. This finding
indicated that many mini-cracks were randomly generated, and these
mini-cracks gradually develop, expand and penetrate to form large-scale
macro cracks. Moreover, the AE signal order gradually tended to
weaken, and the self-similarity tended to decrease. Finally, in the
continuous damage growth stage, the fractal dimension D slowly
increased and reached the peak value of 4.64 when the damage degree
reached 70%. Then, it dropped sharply and remained at a low value.
This phenomenon indicated that the visible major large cracks of the
beam were seriously and rapidly propagated at this stage, which showed
a good correspondence with the real experimental observation.

As depicted in Fig. 12(b, c), the fractal dimension D - damage curves

of RC beams C5 and C10 showed a similar variation trend. That is, in the
initial damage stage, the fractal dimension curves of beams C5 and C10
fluctuated regularly and exhibited a slow downward trend, which is not
the same as that of an uncorroded beam. It could be seen that the D
values of beam C5 at a narrow interval of 3.16 to 3.76 before the damage
index reached 45%, while those of beam C10 vary from 3.55 to 4.07.
This was due to the presence of numerous corrosion cracks inside the RC
beams, resulting in less disorderly sprouting of mini cracks and weaker
self-similarity of AE signals. In the second stage, D values of beams C5
and C10 reached the minimum value first and then rose rapidly to the
maximum. The obtained results showed minimal and maximal D values
of 4.32 and 2.78, respectively, for beam C5, 4.28, and 2.98 for beam
C10. This result presented that as the load increased, the bending cracks
penetrated with the corrosion cracks and multiple fractures converged
rapidly, leading to the disorderly expansion of many micro-cracks and
the formation of large destructive primary cracks. Once the fractal
dimension D values of C5 and C10 reached the maximum value, they
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Fig. 11. Typical results of In(r) —In(Wr) curves of tested beams.

Table 5

Ruin and R,, for each beam.
Beams co C5 C10 C20
Rumin 0.986748 0.984212 0.964058 0.976307
Ray 0.996624 0.995954 0.994059 0.994965

exhibited a strong downward trend and reached the sub-minimum value
when it utterly failed. This indicated that the AE signals of corroded RC
beams changed from disordered to ordered. In the real experimental
observation, several visible large-scale main cracks in the RC beams
continue to develop and extend in different directions accompanied by
the concrete crushing, resulting in the final destruction of corroded
beams, which coincided with the results of the uncorroded beam CO.
As for the severe corroded beam C20, it could be observed that many
visible corrosion cracks and the spalling of concrete cover. Furthermore,
the fluctuation of fractal dimension in the whole process was more
intense than for the other three beams. This illustrated that multiple
scales of corrosion cracks were distributed in the interior of severely
corroded beam C20. As the load increased, one portion of micro-cracks
began to develop in a disorderly and scattered manner, and the other
larger corrosion cracks extended along with the original orientation.
Therefore, the correlation dimension of AE showed more drastic fluc-
tuations. When the damage degree reached 55%, the correlation
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dimension D reached a maximum value of 4.54. Then D showed a stable
downward trend as a whole with several localized low values in the
process. During this stage, large-scale visible corrosion cracks on the
surface of beam C20 develop rapidly, while micro-cracks continue to
develop and accumulate into large-scale cracks simultaneously.

When the damage of the RC beams reached a certain degree, the
fracture would lead to failure. It could be found that the fractal
dimension of AE signals can precisely reflect the precursory information.
As shown in Fig. 12, point C denoted the peak point of the fractal
dimension D curves, and D-value decreased rapidly after point C until
failure, indicating that the micro-cracks inside the RC beams rapidly
merged into large visible cracks and the specimen was about to fail.
Therefore, the peak point C could be defined as the early warning point
of failure. The damage index at the warning points of the four test RC
beams (CO, C5, C10, C20) were 70%, 65%, 65%, and 55%, respectively.
It could be noted that the damage index corresponding to the peak point
decreases with the increase of corrosion degree. The peak, correspond-
ing to the experimental phenomenon, means the major destructive
cracks are about to appear, and the early appearance of peak value
might be explained by the fact that due to the corrosion effect of the steel
reinforcement leads to a decrease in the load-carrying capacity of the RC
beams, its ductility is weakened, and the degree of brittleness is
increased. This conclusion was coinciding with the practical engineering
needs. Although the warning points occurred before the yielding points
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Fig. 12. Fractal dimension — damage index curves of tested beams.

in RC beams C10 and C20, it corresponds to the phenomenon that the
initial corrosion of C10 and C20 has made the concrete cover on the
surface of tensile reinforcement cracks obviously, even spalling. The
higher the degree of corrosion, the earlier the warning; this feature
makes it valuable in practical engineering applications. Furthermore,
the fractal dimension with AE monitoring for early warning of instability
is applicable and practical.

5. Conclusion

The present study investigated the correlation between damage
evolution information and AE data using fractal theory methods and G-P
algorithms to study crack evolution in RC beams with different corrosion
degrees under the bending test. The study indicated that AE fractal
dimension analysis could effectively reflect the whole stage’s crack
magnitude and development, which have an important value for
enriching the early warning of failure in corroded RC beams. The pri-
mary conclusions are listed below.

(1) The yield load and ultimate load of corroded beams gradually
decreased with the increase of corrosion degree. Beams C0O, C5 and
C10 failed by failed by yielding tensile bars followed by the crushing
of concrete at compression zone. In terms of severely corroded beam
C20, it failed by yielding tensile bars followed by removing the
concrete cover at tension zone.

11

(2) AE ringing counts analysis revealed that there is a good corre-
spondence between AE signals and concrete damage, and the dam-
age process of the specimens could be divided into three damage
stages: the initial damage stage (I), the damage evolution stage (II),
the continuous damage growth stage (III). Besides, the damage to the
uncorroded and lightly corroded beams (CO, C5) was mainly in the
third stage, while the damage to the moderate and severely corroded
beams (C10, C20) was concentrated primarily in the second stage.
(3) Based on the acoustic emission rate process theory and the effect
of corrosion, a damage evolution model of RC beams at different
corrosion rates was developed. It could be used to monitor the in-
ternal damage of RC beams under different corrosion rates and
quantitatively assess the damage level during the fracture process.
(4) The AE ringing counts of the corroded and uncorroded beams
during the failure process had obvious fractal characteristics. The
fractal dimension analysis could effectively reflect the development
of crack magnitude and crack pattern in the whole stage. This work
can clearly investigate the differences in crack evolution between RC
beams with different corrosion degrees.

(5) There are significant similarities in corroded and uncorroded
beams’ fractal dimension fluctuation laws under four-point bending.
When the damage of the RC beams reached a certain extent, D-value
showed a fluctuating rise to a peak and then a sharp drop before
damage. The damage corresponding to the peak point would move
forward with the increase of corrosion degree. This result accurately
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reflects the precursory information and provides an early warning
point for the failure of corroded RC beams.
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