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Abstract: Assessing the damage level in concrete infrastructures over time is a critical issue to plan
their timely maintenance with proper actions. Self-sensing concretes offer new opportunities for
damage assessment by monitoring their electrical properties and relating their variations to damage
levels. In this research, fatigue tests were conducted to study the response of a self-sensing concrete
under high-cycle dynamic loading. The concept of G-value was defined as the slope of the voltage
response baseline of the self-sensing concrete over time that reflects the damage created under the
fatigue-loading test. Based on this definition, log (G)-log (N) curves were obtained using a linear
regression approach, with N representing the number of cycles during the fatigue tests. While
traditional fatigue curves S-log (N) are used to estimate the remaining life under fatigue loading,
log (G)-log (N) diagrams can be used to determine the damage level based on the voltage response
of the self-sensing concrete as a function of the loading history. This finding can be useful for the
estimation of the lifetime and remaining life of self-sensing concrete structures and infrastructure,
eventually helping to optimize the related maintenance operations.

Keywords: self-sensing concrete; fatigue; damage; remaining life; structural health monitoring

1. Introduction

Structural health monitoring (SHM) is a convenient way to obtain knowledge for the
assessment of various structures and infrastructure, which require inspection, monitoring,
and management of the proper maintenance strategies to ensure adequate safety levels
and sustainability in civil engineering [1]. Dynamic loading, especially at high-stress levels,
is one of the main causes of damage accumulation in concrete structures. In these cases,
the use of proper damage monitoring tools is crucial for hazard mitigation. In general,
damage sensing, which is a key factor in infrastructural health monitoring, can be obtained
by means of either external evaluation techniques or internal ones [2,3]. Besides, the are
numerous non-destructive evaluation (NDE) methods for the assessment of the infras-
tructure behavior [4,5]. In situ sensing can be performed using attached or embedded
damage sensors, such as optical fibers, acoustic sensors, etc. Gawel et.al. mentioned that
the two complementary methods, i.e., acoustic emission and resistance measurements in
cement/CNF composites, can be used for sensing the stress state in materials [6]. These
sensors may present some drawbacks related to their durability, cost, sensing volume,
and spatial resolution [7]. A new strategy for detecting damage in real-time is provid-
ing infrastructures with self-sensing capabilities, generated by adding carbon materials
such as carbon fibers (CFs) [8-11] or non-carbon materials as conductive fillers to the
concrete [12-14] and monitoring the related electrical response in time.

Many studies were conducted independently upon the damage mechanisms in self-
sensing concretes [15-19]. They divided the damage phenomenology into minor and
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major events. Major damage can be seen by visual inspection while minor occurrences
are due to the degradation of the structural properties [20]. Under low-cycle fatigue
loading, they found that the fractional change in resistance decreased. They attributed this
decrease to a deterioration of the cement matrix separating adjacent fibers at their junction:
this type of damage enhanced the chance for adjacent fibers to touch one another. This
behavior qualifies the extent of damage in the regime of low damage [10,20-25]. Chu and
Chen investigated the correlation of conductivity and damage in carbon-fiber-reinforced
conductive concrete (CFRCC) under axial static loading and quasi-static cycle loading. They
found that the real-time damage that is detected by ultrasonic technique and resistivity
had a cubic polynomial correlation under the static load condition [19]. Suchorzewski et al.
mentioned that the resistivity measurement in multifunctional concrete was able to capture
multiple discrete cracks and material degradation at the micro-level due to fatigue [26].

Chung et al. tested CFRC specimens under dynamic compression and measured their
strain and electrical response. The electrical resistance increased as the stress increased in
each cycle. The resistance baseline increased significantly cycle by cycle and continued to
increase after the stress level had reached its maximum. They believed that, at low-stress
levels, the resistance baseline decreased irreversibly and gradually cycle by cycle [20].
The same effect was observed and reported by Fu and Chung [9] and was attributed to
a damage mechanism affecting the cement matrix, with a consequent increased chance
for adjacent fibers to touch one another. At high-stress levels, this effect is overshadowed
by the damage-induced resistance increase, the occurrence of which causes the baseline
resistance to increase irreversibly cycle by cycle as the stress level increases [20]. These two
opposing baseline effects caused the baseline to have a positive, zero, or negative slope.

Different studies mentioned that fatigue life and damage are strongly affected by
matrix cracks [27-29], and a lot of them find relationships between crack propagation and
electrical changes in self-sensing concrete [30]. Nevertheless, a few studies focused on
finding the damage assessment model based on self-sensing ability [30,31].

Continuous structural health monitoring of concrete pavements and deciding on
appropriate actions for maintenance at the right time and place due to budget constraints
is one of the main goals in the field of sustainable development of any country. Estimating
the life of concrete pavement helps to forecast its remaining life and is a key step to defining
a proper maintenance plan that leads to pavement efficiency. In general, the methods
for estimating remaining pavement life can be divided into two categories: functional
and structural [32]. These methods have been developed for use at different levels of a
project or network [33]. Generally, each of these methods uses specific pavement data
such as PCI [34], PSR, severity, and extent of a particular type of distresses such as edge
faulting, fatigue cracking, roughness levels [35], pavement deflection [36], layer thickness,
layer modulus, and so forth. Many different methods of analysis have been found in the
literature accordingly, including empirical studies based on field data [37], probabilistic
methods [38,39], mechanistic-empirical methods [35], or methods based on soft computing
analysis using pavement history data [40]. In all these methods, pavement data have
been collected in different time steps and have been the basis for presenting different
models. Collecting structural or functional pavement data in different periods reduces the
model precision levels due to differences in the data-gathering process, which come from
variations in the instrumentation, location, and pavement conditions. To tackle this issue,
one of the main novelty aspects of this research is that the authors present here a novel
continuous pavement data-gathering technique by using self-sensing concrete sensors that
have the potential to provide a more accurate estimate of pavement conditions.

This paper proposes a novel concept in multifunctional smart concrete that can be
used as a new NDT technique to monitor damage propagation in concrete media. In
this regard, a relationship between the slope of the electrical response of the concrete
sensor as a function of the number of cycles, denoted as G-value, and the damage level
was experimentally observed, which constitutes the main original finding of this research.
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Subsequently, the study proposes to model the damage level and remaining life based on
the classical hypothesis of linear cumulative damage by Palmgren-Miner [41].

2. Materials and Methods

In this study, prismatic concrete sensors suitable to be embedded in self-sensing con-
crete elements were produced. To this purpose, multi-walled carbon nanotubes (MWCNTs)
obtained from the Iranian Research Institute of Petroleum Industry (RIPI) were used and
added to the concrete mix in a 0.15% proportion by weight of cement content, in anal-
ogy with previous studies [42,43]. Using MWCNTs instead of carbon fibers (CFs) helps
to increase the sensor’s ability to detect crack initiation and propagation under fatigue
conditions. This allows the use of a lower amount of MWCNTs than CFs so that lesser rein-
forcement is introduced and the mechanical properties of the sensors are more similar to
those of the plain concrete they should be embedded into, with respect to the sensors using
CFs. The main properties of the MWCNTs used are given in Table 1 and their microstruc-
ture is shown in Figure 1. Figure 2 summarizes the aggregate grading specifications for the
concrete. The concrete mix design adopted is shown in Table 2. The aggregates were mixed
to minimize the voids and hence maximize the density based on the Fuller curve. Type
II Portland cement from Abyek Cement Company was used. Besides, 0.02 wt% tributyl
phosphate produced by Sigma-Aldrich Co. was used as a defoamer. A dark brown solution
of polycarboxylate-based superplasticizer (Sarapush construction chemical manufacture)
with 36% solid contents and a density of 1.1 g/cm? was used for workability purposes. A
combination of polycarboxylate superplasticizer and sodium dodecyl sulfate (SDS) with a
ratio of 9:1 was used as a surfactant [42,43].

Table 1. Properties of MWCNTs.

. . o . Electrical
Type of Additive Label Diameter Length Tensile Strength Purity Specific Ggawty Conductivity
(nm) (um) (GPa) (gr/cm?)
(Ohm-cm)
Multi-walled carbon — y jpyeny 10-20 10 + 3 About 100 95% About 1.5 <102

nanotubes

rFree  MAURO

Figure 1. MWCNTs SEM images and their measured diameters.
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Figure 2. Different aggregate grading test results according to Standard ASTM C136/C136M-14 [44].

Table 2. Mix design.

Cement

MWCNTs Fine Sand Coarse Sand Fine Gravel Coarse Gravel Water

kg/m?
Percentage

380
15.34

980.397
39.58

1724
6.96

574.416
23.19

191.224
7.72

178.592
7.21

0.57
0.023

Super Plasticizer+ SDS

&

Batching

MWCNTs

e,

MWCNTs and surfactants were weighted and mixed in water and the solution was
stirred for 10 min with a magnetic stirrer (WIFESTEER MSH-20B); then it was sonicated
in an ultrasonic bath for 2 h and afterward with an ultrasonic probe for a further 90 min.
The temperature was controlled during sonication to prevent damage to the MWCNTs
structure [42]. The cement was added to the mixture in a high-speed mixer (3600 rpm—
Pars-Khazar Co.). To eliminate the air bubble formation in the mix, tributyl phosphate
was used as a defoamer. The aggregate fraction was added during the mixing process and
the concrete was cast in molds (10 x 10 x 40 cm®) by applying a proper vibration. The
concrete specimens were removed from the molds after 24 h and subsequently, they were
cured in water at 25 °C for 28 days according to ASTM C192 [45]. In Figure 3 [46] these
steps are presented.

Aggregate Cement
u Dispersed

MWCNTs

Four Probes

hei o Xy ‘27‘
AP 1 2% ey

Ll et S

Pre-mixing Sonication Casting Curing

Mixing

Figure 3. Cement-based concrete sensor preparation steps.

Two types of circuits have been used to measure the response of concrete sensors
in previous studies, either with direct current (DC) or alternating current (AC) [21,47-49],
combined with two types of electrode schemes consisting of two-probe [16,50-53] and four-
probe setups [23,50,54]. The use of direct current circuits is responsible for a resistance
variation over time due to a polarization effect, as exemplified in Figure 4, where the evolution
of the electrical resistance and deflection of the sensor in a three-point-bending fatigue test is
presented (normalized values). The polarization effect changes the sensor resistivity response
over time under constant low-cycle load in the DC circuit. The polarization effect occurs
when the concrete sensor works as a capacitor. In the polarization effect, the reverse current
generated in the concrete sensor due to sensor charging causes the reduction of the electrical
current over time [55]. In this study, an alternating current generator was used with a
four-probe set-up in the concrete sensor circuit that is an effective solution to eliminate the
polarization effect, suggested by some works [52,56].
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Figure 4. Polarization effect in normalized sensor resistivity response over time (minutes) under low-cycle load in a

DC circuit.

One of the factors affecting the output of the sensor is the frequency of the alternating
voltage applied to the concrete specimen. With a high enough AC waveform frequency, the
reactance can be minimized from the impedance readings, and the true resistance of the
concrete samples is conveyed [57]. Based on the results obtained at different frequencies,
as presented in Figure 5, it can be seen that the measured sensor output voltage under a
constant input voltage with 8-volt magnitude (Vpp = 8 V), varies. The results showed that,
at low and high frequencies, the voltage output of the sensor decreases, and at 2.5 kHz, this
value increases to its maximum. Finding the proper frequency is critical as an increase in
waveform frequency can result in higher power consumption and circuit complexity [57].

Measured Voltage (volt)

/

g

10 1,000 100,000 10,000,000
Frequency

Figure 5. Measured alternating voltage (AV) versus frequency between the heads of the concrete sensor at constant input

alternating voltage (AV).

The electrical property changes are very sensitive to temperature, water, and humid-
ity [58,59], ingress of chemical elements that are commonly used in infrastructures service
(such as deicing salts), and several other factors encountered in real-field applications. Pre-
vious studies demonstrated that temperature can affect the sensor output voltage in three
ways: (a) thermal deformation of concrete; (b) thermally activated charge carriers (ions,
holes, and electrons), when the MWCNTs concentration in concrete sensors is lower than
percolation threshold; and (c) thermal-fluctuation-induced tunneling conduction [58,60].
To mitigate the temperature effect on the results during a high-cycle fatigue test, which is
generally accompanied by an increase in temperature, an air conditioning system was used
in the present research, which ensured that a continuous air stream at 23 °C was directed
to the concrete sensor specimens during the fatigue tests.

Demircilioglu et al. demonstrated that concrete resistivity changes as a function of the
moisture content in smart concrete media. They observed that by decreasing the moisture
level from 5.2% to 4.8%, the resistivity decrease due to the water layer between fibers was
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lost and therefore direct contact between fibers was achieved. The higher the decrease in
moisture level, the higher the increase in resistivity because water acting as electrolyte was
lost [58]. Based on these findings, in the present study, to eliminate moisture effects on the
test results, the concrete sensors specimens were dried in an oven for 1 week at 80 °C and
then rapidly covered by waterproofing epoxy resin. In this way, concrete was isolated from
outside moisture effects.

The presence of free ions in the micro-pores of concrete is another factor that may affect
the sensor conductivity and increase test errors. To eliminate this effect, the specimens were
cured for 28 days, stored for 90 days, and finally dried in an oven for 7 days (as mentioned
above) to ensure that the most suitable and repeatable conditions for the hydration process
were carried out.

Probe detachment from the concrete medium in each loading cycle is another problem
that may occur during the test and alter the results. To avoid probe disconnection in the
fatigue setup, the probes were embedded within the concrete sensor specimen at a short
distance from the specimen edges. In addition, the probes were fixed in properly. Moreover,
the probes were located out of the mechanically stressed region of the concrete sensor
specimen, as presented in Figure 6, to ensure that the probes remained always adherent to
the concrete. To avoid the surface connection between concrete sensors and test apparatus,
insulation sheets were used between the concrete specimen and any metal parts of the
test apparatus.

Figure 6. Scheme of the three-point-bending test under static and dynamic loading and circuit setup.

An alternating current circuit with a four-probe electrodes setup was used, as depicted
in Figure 6. The electrical sensor response in this circuit was defined as the potential differ-
ence across the two inner probes of the sensor (Vs) which was measured by a multimeter
at regular intervals.

In accordance with previous literature, and also following the indications of the Port-
land Cement Association (PCA) [61,62], three-point-bending fatigue tests were performed
on prismatic specimens with the aid of a 250 kN servo-controlled hydraulic material testing
machine by MTS. The test was carried out pursuant to ASTM C78, which is the essential
reference for static loading [63]. To perform unlimited cyclic fatigue tests, three stress levels
(S) were selected (corresponding to 70%, 80%, and 90% of the modulus of rupture) and six
specimens were tested per each stress level. They were loaded under a sinusoidal dynamic
load pattern, with a frequency of 7.5 Hz and stress ratio (R = 0.25) up to failure.

3. Results and Discussion
3.1. Fatigue Tests

To define the concrete fatigue test settings, six specimens were broken under standard
static three-point-bending stress to estimate the modulus of rupture (MOR). The results are
presented in Table 3.
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Table 3. Flexural strength of concrete beams under the three-point bending test.
No Width Span Height Failure Force Bending Stress

) (mm) (mm) (mm) (kN) (MPa)
1 71.0 250 75.5 5.20 4.82
2 70.3 250 759 4.69 4.34
3 70.6 250 75.4 4.85 4.53
4 70.1 250 75.2 4.96 4.69
5 70.8 250 74.9 4.72 4.46
6 71.6 250 75.8 5.07 4.62
Average bending stress (MPa) 4.58

Standard deviation of bending stress (MPa) 0.029

Based on the estimated MOR value, unlimited fatigue tests were performed according
to three stress levels (S), as anticipated in Section 2. The number of cycles to failure (N),
was recorded per each stress level, thus allowing the calibration of the S-log (IN) model.
Results are presented in Figure 7.

$=107.6 — 2.707lo0g(N)

100
E 80 © \
2
a 70 iy
2
Aa 60

50
10 100 1,000 10,000 100,000 1,000,00010,000,000
Fatigue life (Log N)
Figure 7. (S-log N) straight line interpolating the experimental data.

The results were compared with previous studies [64]. As shown in Figure 8, data
from nine previous studies of fatigue tests on plain concrete and eight studies on fiber-
reinforced concrete were used for comparison. The results demonstrated that the fatigue
life of concrete containing 0.15% wt MWCNT is longer compared to plain concrete and
shorter compared to fiber-reinforced concrete with a higher dosage of fibers. Based on
Figure 8, the regression model fitted on this study fatigue data could be properly validated
by comparison with the other research data.

1 M.K. Lee, B.I.G. Barr-average fiber .5%
0.95 —— M.K. Lee, B.1.G. Barr-average fiber 1%
0.9 o M.K. Lee, B.l.G. Barr-average plain
w
= 0.85
(]
>
2 038
a
5 0.75 y =—0.0623x + 1.0758
0.7 R?=0.8928 N
0.65
0'6 T T T T T T T
0 1 2 3 4 5 6 7 8

Fatigue life -Log (N)

Figure 8. Validation of fatigue results with respect to the average results of several studies [64].
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3.2. Sensing Capability under Fatigue Test Conditions

Figure 9 reports an example of a sensor electrical response (in Volts) recorded under a
cyclic test. In the fatigue test setup, a small pre-load was applied to the specimens before
the test started. In this condition, the upper side of the specimen experiences compression,
and the opposite side experiences tension during the cyclic testing in the three-point-
bending configuration. In the area subjected to compression, there is an increased chance
for adjacent MWCNTs to connect each other or reduce the gap between them. As a result,
the system conductivity increases, i.e., the potential difference between two probes of
the sensor (Delta V) decreases. On the other hand, in the area subjected to tension, the
tensile stress causes MWCNTs slipping, pulling off, and cutting along with cracking of the
concrete matrix. These flaws disconnect the MWCNTs conductive network and cause a
decrease in the system conductivity. Hun et al. [23,25,50,65] mentioned that the sensing
behavior under flexural loading is a composition of sensing properties under compression
and tension. Furthermore, the sensing behavior heavily depends on the components of the
self-sensing concrete and the layout of the electrodes. Therefore, different sensing behaviors
of self-sensing concrete under flexural loading were observed in previous research. As
shown in Figure 9, for the specific settings used in the present study, the electrical response
of the concrete sensor undergoes a decrease during fatigue loading. In fact, dominant
behavior in flexural is near compression and not tension.

Pre-load
setting

Start point of fatigue test

~ and implementation of

sinusoidal loading pattern

‘,l‘\“\‘H“v“\l"H;,th

il u‘n,‘“‘lm.ntn [ Failure point,

i '“’\\"|1‘|"||sz‘“,‘.|“‘"“‘ f0||OWEd by
\\N ﬁ sudden increase in
sensor respon\

i |

0

2,000 4,000 6,000 8,000 10,000 12,000 14,000
Fatigue life (N)

Figure 9. Electrical response of self-sensing concrete during the fatigue test.

Chung et al. reported a very similar finding in some of their research studies as
detailed in [9,53]. They mentioned that damage in the fatigue process was observed in
the FRC composite and an irreversible decrease in the electrical resistivity response of the
composite was observed. They assumed that the resistivity decrease could be attributed
to damage in the composite matrix. They concluded that the greater the stress level, the
greater the damage, and the greater the resistivity decrease [9,53].

By investigating the sensor behavior, it appears that a relation between the fractional
change in electrical resistance and stress can be found in each cycle. Indeed, the electrical
response of the sensor decreased with loading and increased during unloading. However,
when a large number of loading cycles are applied, another superimposed trend can be ob-
served, as shown in Figure 9. According to this trend, the baseline of the electrical response
of the sensor decreases irreversibly and gradually cycle by cycle and it is approximately
linear up to failure, apart from the initial rapid drop. Investigation of previous literature
studies [9,21,22] showed that this trend (descending or ascending trend of the electrical
response of the sensor over time) is also visible in their results.
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3.3. G-Value Concept and Its Relationship with Damage

The decrease in the electrical resistance as a function of the number of cycles described
in Section 3.2 was observed in all of the 18 specimens that were tested under cyclic load
patterns. To find a possible correlation between the average electrical responses of the
sensor over time in each cycle with the different levels of stress (S) in the fatigue test, the
best linear regression model fitted to each sensor response at any stress levels is presented
in Figure 10 and the slope of the model is called the G-value. The greater the stress level,
the greater the damage; therefore, the absolute value of the G-value represents the damage
rate per cycle in fatigue loading.

y =—0.0001x + 4.273 Stress levels

_ S
R? = 0.8928 (S) 90%
y = — 3E — 06x + 2.2075
R? = 0.9279 80%
y =9E — 07x +0.2417
R*=0.99s/ 70%
10 100 1,000 10,000 100,000

Fatigue life (N)

Figure 10. Average electrical responses of self-sensing concrete specimens during the fatigue test under different stress levels.

This study results can be validated by Chung’s [53] results, who found similar relation-
ships between stress level and the fractional change in the resistance response Delta R/Rg
of self-sensing concrete. According to Chung, the irreversible part of Delta R/R increased
with the increase in stress level and fatigue cycle number [53]. By taking a closer look at
Chung’s results, it can be seen that the slopes of the baseline of the Delta R/Rq response at
different stress levels are approximately the same among different fatigue cycles, but the
baseline slopes between two constant stress levels increase by increasing the number of
fatigue cycles. This means that the irreversible Delta R/Ry increases in each cycle in the
constant stress level, so the slope increases.

As Bontea mentioned [20], this variation in the slope of the baseline of the fractional
change in the resistance (G-value) can be attributed to the damage propagation rate in
the cement matrix. Based on literature findings, the G-value can be positive or negative
related to two opposite mechanisms. One is the reduction of the gap between adjacent
MWCNTs or the enhancement of the chance of touching one another, which contributes to a
decrease in the resistivity of the self-sensing concrete. Such a mechanism is strongly related
to the loading pattern (i.e., static or dynamic), the number of conductive fibers and their
properties (i.e., length, diameter, and surface activity), dispersion quality, etc. The other is
damage in the cement matrix, in the form of flaws and cracks, which can cut the MWCNTs
and increase the resistivity of the self-sensing concrete. Chen and Liu verified the presence
of these two opposite mechanisms by acoustic emission technique [10]. Based on their
findings in comparison with this research results, it can be concluded that when an external
load is applied to the concrete, the interaction of these two opposite mechanisms will result
in different amounts of G-value. As illustrated in Figure 10, for higher stress levels (i.e., 90%
and 80%), the G-value is negative. By increasing the stress level in the three-point bending
fatigue test, the intensity of stress in the compression and tension area will increase. The
experimental evidence that the G-value is negative in these cases seems to indicate that for
the specific concrete sensor composition and settings adopted, the compression behavior
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is the dominant effect at 90% and 80% stress levels, so the response variation is mainly
due to the variation in connectivity between MWCTNSs in the compression region. For
lower stress levels (i.e., 70%), the G-value is positive. For this stress level, it can be assumed
that the compression is not high enough to decrease the distance between MWCTNs and
increase the conductivity for the specific concrete characteristics of the sensor studied.
Therefore, the effect observed for S = 90% and 80% cannot be sufficiently manifested, and
micro-cracking and cutting MWCTNs connections are the dominant effects that cause the
decrease in conductivity and positive G-value.

3.4. Fatigue Life Model Based on G-Value

Regardless of the origin of the parameters affecting the G-value, the logarithm of its
absolute value shows a good correlation with the logarithm of the different stress levels
(Log (S)), with Rzadj. = 0.89 (see plot presented in Figure 11).

8 y=13.717x — 25.36 L 4
| R? = 0.8856 .
$
1.82 1.81{ 1.86 1.88 1.9 1.92 1.94 1.96

Log S

Figure 11. Correlation between the slopes of the sensors’ response baselines (G-value) and the corresponding stress levels

(S) in fatigue tests.

Log(G)

1000

100

10

0.1

This correlation is quite valuable because it can correlate the damage levels in concrete
sensors with the fatigue life of the concrete under dynamic loading, provided that the
composition and the overall characteristics of the concrete are comparable with those
considered in the present research. Therefore, the damage occurring inside the material
can be monitored in real-time by measuring the change in electrical resistance or voltage
of the sensor during loading and unloading. This finding rolls the way to use this type of
concrete sensor for structural health monitoring in concrete structures. Estimation of the
life span in a concrete structure is a key point for the management system. Based on this
finding, a log (G)-log (IN) description can be used instead of traditional S-log (N) fatigue
curves (also known as Wohler curves), as depicted in Figure 12.

G-N
®
K> *
’ e
1 10 100 1,000 10,000 100,000 1,(;()'()‘,50\3 10,000,000
Log(N)

Figure 12. Relationship between the slope of the sensors’ response baseline and fatigue life for different stress levels.
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In fact, Figure 12 indicates a good correlation between the concrete sensors’ electrical
output responses (i.e., resistance or voltage) under fatigue loading versus the life of the
concrete structure (i.e., time of loading or number of load cycles). In Table 4, the parameters
for two different fatigue models are reported. The model in the form of Log (G) =a — b x
log (N) was selected as the most reliable one.

Table 4. Calibrating different fatigue models.

Fatigue Model SSE Adjusted R-Square RMSE
Log (G) =12.77 — 4.881 x log (N) 1.576 0.9585 0.3138
G =160.5 — 64.25 x log (N) 2843 0.6839 13.33

This finding helps to define a continuous and online monitoring system and it could be
useful in estimating the damage propagation in time. Besides, different loading conditions
and any other destructive phenomena have a cumulative effect on the G-value in time.
Therefore, by monitoring the G-value, all destructive effects are considered and the total
life of concrete members under these effects can be estimated.

3.5. Remaining Life Model Based on G-Value

The remaining life of a concrete structure is defined as the useful life of that structure
from the present time to the end of life, where the structure reaches an unacceptable condi-
tion that involves reconstruction or major rehabilitation [33]. To evaluate the remaining life
of a concrete structure, different methodologies have been developed. Most of them are
based on massive literature data and estimate the remaining life empirically; others are
based on statistics, due to the wide range of uncertainty caused by the different parameters
that may affect the deterioration of concrete structures. Destructive factors of concrete
pavements can be divided into two categories: structural and environmental. Fatigue, due
to traffic or consecutive changes in environmental conditions, is one of the main structurally
destructive factors of concrete pavements. Various standards have used the Miner method
to estimate the level of fatigue failure in concrete pavements [35,66]. In addition, some
of the most recent methods are based on live monitoring of the concrete structures [67].
Self-sensing concrete sensors embedded in concrete structures can monitor different pa-
rameters such as temperature, stress, strain, and damage during time continuously. These
abilities will help to assess the remaining life based on proper models. As it is presented
in Equation 1, the remaining life (RL) can be obtained by subtracting the partial number
of load repetitions (n) from the total fatigue life (N). The number and intensity of loads
applied to the structure can be counted by smart concrete sensors [68-71]. Besides, total
fatigue life can be estimated with different common methods or the model suggested from
this study.

RL=N—n 1)

In this study, to evaluate the remaining life concrete structure by a self-sensing concrete
sensor embedded in it, the G-N model presented in Table 4 is used to estimate total life
(N). On the other hand, the self-sensing concrete sensors can count the number of load
repetitions on the structure (n). Therefore, by replacing the equation presented in Table 4
with Equation (1), the remaining life (in years or number of applied loads) is calculated
based on sensor response in Equation (2).

RL — 10(2617-0205xLog(G)) _ 5 )

If the loading pattern on structure varies over time, the above equation is not helpful.
To generalize the concept of the remaining life model to the real world where loads are
varied over time, a solution could be to break down the time-history sensors’ response
into sub-segments (t;) to achieve a constant (G;) in each segment which represents constant
damage rate. In this case, the remaining life is presented in Equation (3) as a percentage of
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total life (N). In equation (3), “i” is the sub-segment number that ranges from 1 to ¢, where
c is greater than zero and is a member of the set of natural numbers.

C n]
RL = (1 - 1; 10(2‘6170.205><Log(Gi))> x 100 ®)

The present model has been developed based on the results of the concrete beam
fatigue test that presents the relationship between the slope of electrical changes of concrete
sensor and fatigue life in the laboratory condition. Certainly, the arrangement of the
concrete sensors inside the slab, including the number, location, and depth of the sensors
and their relationship with the fatigue life of the slab (which is fundamentally different from
the life of the concrete beam fatigue [61,72]) is one of the major challenges that need to be
faced to further improve the model and make it suitable for full-size structural applications.
This is the goal of some in-progress research activities which are currently being carried
out by the authors of this study.

4. Conclusions

In this study, concrete containing MWCNTs was fabricated, and self-sensing concrete
specimens were tested under a fatigue setup. Tests were performed to check the possible
correlation between different stress levels and damage-sensing abilities during concrete
fatigue life. Based on the results obtained, the following conclusions can be drawn:

—  The concept of the G-value was defined as the slope of the electrical response baseline
of the self-sensing concrete as a function of the number of cycles. It reflects the rate
of the damage created in the concrete per each cycle at the specific stress level in the
fatigue test.

— Higher absolute values of the G-value indicate that more severe damage growth
conditions occur, and more destructive external effects affect the concrete member.

— A novel damage curve, log (G)-log (N), was developed as an alternative to traditional
fatigue curves, S-log (N), based on the electrical response of self-sensing concrete
estimated through a linear regression approach.

— The log (G)-log (N) diagram can be used to determine the level of damage in concrete
infrastructure members based on the continuous monitoring of the electrical response
in time. This result can be useful to monitor the infrastructure behavior under different
loading conditions and any other destructive effects. This highlights the potential of
using this type of material as an embedded sensor for estimating the remaining life of
concrete infrastructure and helping to decide the proper structural maintenance action.
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