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Abstract

Fatigue damage is a critical factor for the long-term service performance degradation of
concrete structures. Nevertheless, the mesoscopic fatigue process is still debatable due to
material heterogeneity and the complex internal damage progression. To further investigate
the internal damage mechanism of concrete under fatigue loading, this study quantitatively
monitors the dynamic internal strain evolution of concrete prismatic specimens during
uniaxial compression high-cycle fatigue by designing and embedding aggregate sensors
(EAS). The results indicated that EAS may effectively reflect concrete cracking, and the
approach can properly capture the internal strain field redistribution features of concrete.
Significant internal strain localization was observed during fatigue damage. The turning
points in strain evolution, which correlate with the stages of stable propagation and micro-
crack initiation, were identified. Furthermore, the evolution of internal strain effectively
characterized the alteration of stress transfer routes induced by crack propagation. Based
on failure modes and mechanical analysis, the synergistic driving mechanism of fatigue
damage involving crack growth, interfacial friction and stress field evolution was inves-
tigated. The difference in concrete damage under fatigue and monotonic loading due to
changing mesoscopic crack propagation was defined, establishing a mechanical foundation
for exploring concrete fatigue damage processes. The EAS monitoring method used in
this study not only gives a viable approach for the fatigue damage analysis of concrete
structures, but it also offers a new viewpoint and data support for comprehending the
mesoscopic fatigue mechanism of concrete.

Keywords: experimental investigation; compressive fatigue performance; crack location;
failure mechanism; fatigue damage

1. Introduction
The long-term service stability of concrete structures is strongly influenced by fatigue

effects. Fatigue loads have been shown to significantly increase the development and
propagation of cracks in key stress zones and the corrosion of reinforcement in medium-
and small-span bridges [1–3], thereby posing a serious threat to structural durability and
safety. Considering the full lifecycle of infrastructure, fatigue damage exhibits irreversible
and progressive accumulation, presenting a significant durability concern [4,5]. This
detrimental effect is directly observed at the component scale, where the stiffness and
load-bearing capacity of concrete progressively degrade with an increasing number of
loading cycles [6,7]. Such degradation can lead to premature and brittle failure of materials
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solely from fatigue damage, without the applied stress ever exceeding the design allowable
range [8–11]. Therefore, an in-depth revelation of the fatigue damage mechanism of
concrete materials is a critical scientific prerequisite for improving the long-term reliability
of infrastructure.

Concrete fatigue is a complex mechanical process. The S-N (stress-number) curve
is typically used to quantify its core characterization indicators [12–15]. Accordingly,
the evolution of concrete mechanical parameters under cyclic loading, such as damage
accumulation, strain development, and stiffness degradation, accounts for a significant
portion of the research on fatigue performance [8,16–18]. The concrete fatigue responses
show a greater dispersion and randomness than the outcomes of static loading tests,
according to several macroscopic tests [19–21]. Driven by this uncertainty, the research focus
has been shifted from descriptive macroscopic phenomena to an in-depth investigation of
the intrinsic meso- and micro-scale damage mechanisms.

With the advancement of non-destructive testing and micro-characterization tech-
niques, advanced approaches such as acoustic emission (AE) [22–25], industrial computed
tomography (ICT) [26–30], and scanning electron microscope (SEM) [31–34] have been
widely used to capture the initiation and propagation of internal fatigue damage in concrete.
Specifically, Liu et al. [22] utilized AE to analyze the fracture properties and post-peak soft-
ening process of rubber concrete under cyclic loading, identifying AE signal characteristics
corresponding to internal microcrack propagation. Skarżyński et al. [28] tracked fracture
evolution in concrete under compressive fatigue via X-ray micro-CT images, visualizing
the spatial and temporal development of internal cracks. Li et al. [31] analyzed the dynamic
microstructure deterioration of pavement concrete under fatigue load via SEM, linking
micro-crack initiation to macroscopic strength loss. It is widely acknowledged that concrete
fatigue failure is essentially a continuous evolutionary process from mesoscopic damage to
macroscopic failure. The mechanism lies in the initiation, stable propagation, and eventual
coalescence of microcracks at locations such as the interfacial transition zone, leading to the
formation of macroscopic cracks [35–37], with Zhang [35] establishing the relationship be-
tween pore structure and bending fatigue mechanical properties of ordinary concrete, and
Qiu et al. [36] conducting a micromechanics-based investigation of engineered cementitious
composite fatigue deterioration

Since concrete is a heterogeneous composite material, the effect of material hetero-
geneity can be explained by the stiffness mismatch between particles and the cement
matrix. This difference generates stress concentration in the matrix and the development
of local tensile and compressive stresses [18]. Numerous important mechanisms have
been identified by research on high-strength concrete. Oneschkow and Timmermann [38]
systematically investigated the influence of high-strength concrete and mortar composition
on compressive fatigue behavior, confirming that cement matrix damage regulates strain
increase during the second stage of fatigue degradation, and the interaction between ag-
gregates and the cement matrix dominates stiffness evolution. The mesoscopic physical
mechanism of its fatigue degradation is currently the subject of important debates within
the academic community. Inferences based on phenomenological models point out that
the evolution and coalescence of microcracks are the precursors to macroscopic fatigue
failure. However, there is still no unified understanding of when microcracks start to form
systematically. It remains unclear whether they occur at the initial stage of fatigue, as
Schäfer and Breitenbücher [39] proposed that high-performance concrete generates micro-
cracks at the initial cyclic loading stage. Similarly, no consensus has been reached about
the evolutionary pattern of damage, namely, whether isolated tensile cracks or diffuse
compressive damage predominate, with Oneschkow et al. [40] further finding that the
dominant damage pattern varies with stress level and concrete composition. These disputes
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have their origins in part in the shortcomings of conventional experimental techniques.
Such approaches cannot accomplish in situ, continuous, and quantitative monitoring of
the genuine internal stress–strain state of materials during fatigue loading. Therefore, it
is impossible to directly establish the dynamic link between microstructural change and
internal mechanical reactions.

This study starts from the internal damage of concrete and regards it as a multiphase
composite material to further explore the compressive fatigue damage mechanism of
concrete. Prismatic specimens were prepared and subjected to uniaxial compression fatigue
tests under various high-cycle fatigue loading conditions. The scientific breakthrough of
this work is to track the dynamic and complex internal stress state of concrete by collecting
key data such as fatigue life, deformation characteristics and failure modes. Aggregate
sensors bonded with strain gauges were used to replace part of the natural aggregates,
so as to realize real-time and in situ capture of dynamic strain responses at key internal
positions of concrete during the fatigue process. For the internal fatigue damage and force
transmission mechanism of concrete, this study explores the relationship between internal
strain evolution and microcrack propagation under cyclic loading and reveals the fatigue
damage mechanism of concrete from the perspective of internal damage. In addition, this
work provides a new experimental perspective for solving the existing disputes on the
mesoscopic mechanism of concrete fatigue and highlights the important scientific value of
in situ internal monitoring in understanding the essential fatigue behavior of concrete.

2. Experimental Program
2.1. Materials and Mix Proportions

The designed strength of the test concrete is 40 MPa. The cement used in this study
is ordinary Portland cement 42.5R. The coarse aggregate (CA) consists of granite with a
particle size of 5 mm to 20 mm, and the fine aggregate (FA) has a particle size range of
0.075 mm to 4.75 mm. The concrete for the tests is self-prepared in the laboratory. The
polycarboxylate ether (PCE)-based superplasticizer was used. It exhibits a high water
reduction rate and excellent workability retention. The water reduction rate exceeds 25%,
and it shows good compatibility with cementitious materials. The mix proportions in this
study are shown in Table 1.

Table 1. Material mix proportions of concrete.

Water
(kg/m3)

Cement
(kg/m3) W/C FA

(kg/m3)
CA

(kg/m3) SR SP
(kg/m3)

187.5 468 0.40 797 859.5 48.1% 6.3
Notes: W/C refers to the water-to-cement ratio, SR and SP denote the sand ratio and superplasticizer, respectively.

2.2. Sample Preparation

The fatigue test results exhibit significant dispersion; therefore, it is recommended
to use a larger sample size [19] and adopt appropriate statistical methods for result
analysis [41,42]. A total of 9 groups of uniaxial compression specimens are designed
in this test, as shown in Table 2. Considering that the coefficient of variation of concrete
fatigue test data is generally 5–15%, it is recommended to set 5 specimens per group [43].
To ensure the reliability of the test, six specimens are ultimately adopted in each group,
including three specimens embedded with aggregate sensors and three cut specimens. In
each group, the six specimens are numbered from I to VI, respectively. Specimens I–III
belong to Group PA, and Specimens IV–VI belong to Group PQ. The cut specimens are
mainly used to observe the crack initiation location and propagation path, so as to verify
that the aggregate sensors have no influence on the failure mode of concrete.
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Table 2. Design parameters of the test specimens.

Load Type Test Group Specimens Smax Smin No.

Static loading 1⃝ P-S - - 3(Standard) + 3(Cutting) +3(EAS)

Constant amplitude
fatigue loading

2⃝ PQ-C-1-6/PA-C-1-6 0.6fc 0.1fc 3(Cutting) + 3(EAS)
3⃝ PQ-C-1-7/PA-C-1-7 0.7fc 0.1fc 3(Cutting) + 3(EAS)
4⃝ PQ C-1-8/PA-C-1-8 0.8fc 0.1fc 3(Cutting) + 3(EAS)
5⃝ PQ-C-2-7/PA-C-2-7 0.7fc 0.2fc 3(Cutting) + 3(EAS)
6⃝ PQ-C-3-8/PA-C-3-8 0.8fc 0.3fc 3(Cutting) + 3(EAS)

Notes: P denotes prismatic compression specimens; Q denotes cut specimens; A denotes specimens with aggregate
sensors; C denotes constant-amplitude loading; fc is the average compressive strength of the nine groups of
concrete prisms, which is 38.12 MPa.

The prismatic compression specimens have dimensions of 150 mm × 150 mm × 300 mm.
After typical curing for 48 h, the specimens are demolded and then cured for a further 28 days.
Six 150 mm cubic specimens are also cast for strength testing; three of them are tested prior to
the fatigue tests, and three following them.

Nine EAS are embedded into each specimen in accordance with the coarse aggregate
framework in order to compare the internal strain variations in concrete under fatigue and
monotonic loading. #1 to #9 are the numbers of the aggregates. Four strain gauges are
positioned on each of the sensors, which are constructed from 20 mm granite cubes bonded
with strain gauges; the precise arrangement is depicted in Figure 1.

20

20

Units: mm

Strain gauge

150

30
0

#3

#2

#1

#8

#7 #5

#6#9

#4

10
0

10
0

10
0

Figure 1. Aggregate sensor strain gauge paste mode and internal aggregate layout.

Before concrete is poured, the internal aggregate sensors’ locations are calibrated
and modified throughout manufacturing. The location and orientation of the sensors are
maintained during vibration thanks to the use of thin iron wires that are secured with an
air nail gun after passing through the upper wooden plate. The fabrication of aggregate
sensors and the concrete casting process are shown in Figure 2.
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(a) (b) (c) 

(d) (e) 

Sensor fabrication

Sensor fixation

Sensor position

Sensor position during vibration Poured test specimens

 
Figure 2. Preparation process of the test specimens: (a) Fabrication of aggregate sensors; (b) produc-
tion of the fixed plate; (c) positioning of the aggregate sensors; (d) position of the aggregate sensor
during vibration; (e) partially poured test specimens.

2.3. Test Method

As shown in Figure 3, the test parameters chosen to examine the fatigue performance
of concrete are the stress amplitude and mean stress level. The fatigue strength of concrete
exposed to two million load cycles is roughly 0.6 to 0.65 times its ultimate compressive
strength, according to current S-N curves of concrete fatigue. The maximal stress levels
used in this study are 0.6, 0.7, and 0.8 times the compressive strength, respectively, in order
to efficiently notice fatigue damage and examine its process in the tests. Meanwhile, to
explore the effect of mean stress under the same stress amplitude, the minimum stress
levels are set to 0.1, 0.2, and 0.3 times the strength, respectively. The compressive fatigue
tests are carried out using a Servotest 100 t electro-hydraulic servo fatigue testing system
(Servotest Testing Systems Ltd., Surrey, UK), with a loading frequency of 2–8 Hz. And this
testing system is used to apply loads and output load and displacement data.

t(s)

Pmax=0.6/0.7/0.8fc
Pmin=0.1/0.2/0.3fc
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Figure 3. Loading device of test: (a) Compression fatigue testing apparatus; (b) Static loading;
(c) Fatigue loading.

To acquire the full stress–strain curve for specimens subjected to static loading, an
external load is applied in displacement control mode. With the compressive loading rate of
0.002 mm/s, the loading process is kept consistent and continuous. The whole stress–strain
curve during static compression is recorded, with the maximum deformation set at 4.0 mm.
When the post-peak load dropped to 20% of the peak load, the test was finished.

For fatigue loading, the stress-controlled loading mode is used to better conform to
engineering practice. The average compressive strength of the same batch of concrete is

https://doi.org/10.3390/ma19061201

https://doi.org/10.3390/ma19061201


Materials 2026, 19, 1201 6 of 21

used to calculate the stress amplitude. The specimen underwent sinusoidal cyclic loading
between Pmax and Pmin after being static loaded to the mean stress level (Pmax + Pmin)/2 at
a rate of 1.2 MPa/s. The minimal load is set at 0.1fc in order to reduce zero drift and impact
effects. The constant loading frequency of 4 Hz is used.

The number of cycles at which the specimens failed or surpassed 2 million cycles is
tracked using a cycle counter during the experiments. The dynamic data collection system
tracks all signals synchronously in real time, including load and displacement from the
Servotest 100 t testing system, and strain data from external concrete strain gauges and
embedded aggregate sensors.

3. Result and Discussion
3.1. Fatigue Failure Observations

As seen in Figure 4a, the prismatic concrete specimens subjected to uniaxial compres-
sion and monotonic stress exhibit shear failure characterized by inclined cracks, but the
specimens remain intact overall. As shown in Figure 4b,c, when the load amplitude is
relatively low, the compressed fatigue specimens are dominated by vertical splitting failure
parallel to the loading direction prior to failure. The specimens are divided into several
parallel short columns by vertical splitting cracks, some of which penetrate the aggregate,
while most propagate along the interfacial transition zone between aggregate and mortar.
With increasing load amplitude, shear or wedge-shaped failure may occur, as presented
in Figure 4d. However, when the load amplitude remains unchanged but the mean load
level increases, the failure mode of the specimens is basically unchanged. The specimens
are still divided into several parallel short columns by vertical splitting cracks, with some
cracks penetrating the aggregate and most propagating along the interfacial transition zone
between aggregate and mortar, as illustrated in Figure 4b,e,f. As seen in Figure 5, the failure
surface has frictional slip lines and the mortar powder that results.

(a) (b) (c) (d) (e) (f)

Figure 4. Crack distribution of test specimens before failure: (a) Static loading; (b) Smax = 0.6fc,
Smin = 0.1fc; (c) Smax = 0.7fc, Smin = 0.1fc; (d) Smax = 0.8fc, Smin = 0.1fc; (e) Smax = 0.7fc, Smin = 0.2fc;
(f) Smax = 0.8fc, Smin = 0.3fc.

 
Figure 5. Failure mode of test specimens.

Additionally, specimens subjected to fatigue loading exhibit numerous microcracks.
In contrast, macrocracks are more evenly and dispersedly distributed, with the dominant
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diagonal cracks that develop during monotonic compression. This could be explained
by the persistently reduced stress level, which causes numerous interior microcracks to
begin and spread. Under cyclic pressure, these microcracks repeatedly open and close, and
randomly dispersed secondary cracks progressively combine to create larger cracks that
finally connect and penetrate, causing specimen failure. A more complex failure pattern
results from the specimen’s tendency to fail in a splitting mode when the stress amplitude
is lower. The failure mode approaches that occur under monotonic loading as the stress
amplitude increases. The failure mode of fatigue specimens, which all show cracks parallel
to the loading direction, is not significantly affected by changing the mean stress level
under the same stress amplitude.

3.2. Fatigue Life

The test results indicated that the fatigue life of concrete is affected by both stress
amplitude and mean stress level, which is different from the fatigue behavior of steel bars.
Computational mistakes will result from establishing an S-N curve based only on the
maximum stress. As a result, as illustrated in Figure 6, the S-N curve, which is defined by
the stress ratio R as well as the maximum stress level Smax, is used in this work to fit the data.
The fitted parameters agree with the commonly recognized range (0.064–0.080) described
in Reference [44]. This outcome further demonstrates that the integrated aggregate sensors
have no appreciable impact on concrete fatigue performance.

Smax = 1 − 0.0701(1 − R)lgN (1)

S m
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Figure 6. S-N curves of compression test specimens: (a) Test group 2⃝ 3⃝ 4⃝; (b) test group 2⃝ 5⃝ 5⃝.

3.3. Failure Deformation
3.3.1. Stress–Strain Relation of Sample

The stress–strain curves are plotted against the monotonic loading curve, as seen
in Figure 7, using one specimen from each group whose fatigue life is near the average
value. The monotonic curve and the fatigue curve essentially match at the beginning. The
curves of fatigue loading progressively move to the right as the cycle number increases,
accompanied by ongoing strain accumulation. The strain per cycle rises, the curve’s slope
falls, the unloading stiffness sharply declines, and the curve becomes sparser as fatigue
failure approaches. Eventually, a sudden rise in tension causes the specimen to fail.
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Figure 7. Superposed monotonic and fatigue stress–strain curves: (a) PA-C-1-6; (b) PA-C-1-7; (c) PA-
C-1-8; (d) PA-C-2-7; (e) PA-C-3-8.

According to the results in References [45–47], fatigue specimens under various stress
conditions all have peak strains at failure that are comparable to those in the descend-
ing branch under monotonic loading. This suggests that the maximum stress level is
the primary factor influencing the fatigue failure strain of concrete under compression.
Consequently, it is reasonable to conclude that the strain on the descending branch of the
monotonic stress–strain curve at the appropriate peak stress level corresponds to the peak
strain of concrete at failure under fatigue loading. Thus, the strain values in the descending
branch can serve as a guide for figuring out the concrete’s fatigue failure strain.

3.3.2. Evolution Curve of Fatigue Strain

A clear and useful indicator of concrete fatigue behavior is strain. The uniaxial
strain and its evolution rate during the course of uniaxial compression fatigue are shown
in Figure 8a–c. Both the peak strain and residual strain increase with the number of
cycles at various maximum stress levels, following a standard three-stage development
rule. This further confirms the validity of the current tests by being in line with previous
research findings.

It is noteworthy that the strain values of specimens before failure (at the conclusion of
the second stage) do not noticeably alter when the maximum stress level rises from 0.6fc to
0.7fc and 0.8fc. With a high degree of uniformity, the residual strain varies from 800 µε to
1300 µε, while the peak strain concentrates in the range of 2500 µε to 2800 µε. This suggests
that strain may function as a more stable and trustworthy critical index for fatigue failure
and can be used to assess the fatigue damage state, in contrast to fatigue life, which shows
significant scatter.

As seen in Figure 8e,f, the strain evolution rate is rather high during the initial loading
stage, rapidly drops thereafter, and then rises significantly close to failure. The strain rate
in this test still shows nonlinear fluctuation in this stage, in contrast to the conclusion of a
constant evolution rate in the second stage stated in other investigations. It rapidly rises
after a sluggish decline throughout the first half of the fatigue life. This pattern offers a
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fresh foundation for assessing the fatigue damage process. The strain rate transition from
declining to increasing can be seen as a sign that the fatigue life has passed the halfway
point, which is helpful for determining how much fatigue life is left.
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Figure 8. The evolution of fatigue strain and strain rate under different constant stress amplitudes:
(a) strain evolution curve of Pmin = 0.1fu, Pmax = 0.6fu; (b) strain evolution curve of Pmin = 0.1fu,
Pmax = 0.7fu; (c) strain evolution curve of Pmin = 0.1fu, Pmax = 0.8fu; (d) strain evolution rate curve
of Pmin = 0.1fu, Pmax = 0.6fu; (e) strain evolution rate curve of Pmin = 0.1fu, Pmax = 0.7fu; (f) strain
evolution rate curve of Pmin = 0.1fu, Pmax = 0.8fu.

For the same stress amplitude, raising the mean stress level results in a minor increase
in both peak and residual strains while maintaining the three-stage evolution pattern, as
shown in Figure 9a–c. Theoretically, greater plastic strain should arise from a higher mean
stress since it indicates that the stress level is closer to the ultimate strength. The little
increase in peak strain that has been seen, however, might be connected to the variation in
fatigue life. For instance, Groups 2⃝, 5⃝, and 6⃝ have average fatigue lifetimes of 1,751,769,
918,810, and 37,968 cycles, respectively. Elastic-plastic strain and strain accumulated with
prolonged loading make up the total peak strain, which is dependent on the number of
cycles, constitutive behavior, damage evolution, and stress intensity.

Although the strain rate rises with increasing mean stress under the same stress
amplitude, it is generally much lower than that of the test groups in Figure 8, according to
the strain evolution rate perspective, as shown in Figure 9. The second-stage strain rates are
only 6.3 × 10−4 and 5.9 × 10−4, respectively, even when the maximum stress approaches
0.7fc and 0.8fc. This could be explained by the fact that the total strain evolution rate is
suppressed when the stress amplitude is fixed. The stress variation per cycle is limited,
resulting in more uniformly distributed damage inside the material and weaker localized
crack growth. Additionally, under cyclic loading, concrete may display a certain adaptation
or “hardening” effect that stabilizes the material response and further lowers the strain rate
fluctuation magnitude.
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Figure 9. The evolution of constant amplitude fatigue strain under different mean stress levels (with
identical stress amplitude): (a) strain evolution curve of Pmin = 0.1fu, Pmax = 0.6fu; (b) strain evolution
curve of Pmin = 0.2fu, Pmax = 0.7fu; (c) strain evolution curve of Pmin = 0.3fu, Pmax = 0.8fu; (d) strain
evolution rate curve of Pmin = 0.1fu, Pmax = 0.6fu; (e) strain evolution rate curve of Pmin = 0.2fu,
Pmax = 0.7fu; (f) strain evolution rate curve of Pmin = 0.3fu, Pmax = 0.8fu.

3.3.3. Evolution Curve of Elastic Modulus and Damage

The modulus of deformation for each cycle is calculated using the following equation,

Ei =
σmax − σmin

εi
max − εi

min
=

∆σ

∆εi
(2)

where ∆σ is the stress amplitude and ∆εi is the strain amplitude at the i-th cycle. The
deformation modulus Ei is negatively correlated with the strain variation ∆εi. As fatigue
loading proceeds, the strain amplitude increases gradually, and Ei decreases with the
increase in loading cycles.

To quantify the damage evolution of concrete under cyclic loading, the fatigue damage
variable Df is defined as the relative stiffness degradation of concrete,

D f = 1 − Ei
E0

(3)

where Df is the fatigue damage variable; Ei is the secant modulus of the unloading curve at
the i-th cycle; E0 is the initial secant modulus, defined as the secant modulus of the first
unloading cycle.

Figure 10 shows the normalized relationships between cycle ratio, fatigue damage, and
elastic modulus. Because fatigue microcracks propagate under varying stress amplitudes,
the normalized secant modulus falls with increased loading cycles. The final residual
modulus is roughly 55–75% of the initial elastic modulus E0. In the first and second phases,
modulus deterioration is accelerated by a larger stress amplitude. In the third stage, it is
slowed down. The elastic modulus gradually deteriorates at high stress levels because
damage builds up relatively uniformly and slowly. A higher stress level results in a bigger
residual strain at the same cycle ratio n/Nf, which further lowers the residual modulus.
The damage evolution shows a three-stage growth trend: the three-stage characteristics
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become less evident, and the damage rate increases with increasing stress amplitude. It
should be mentioned that in the last cycle, specimens fail suddenly, and the damage value
falls short of unity.
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Figure 10. The degradation of elastic modulus and the accumulation of damage under fatigue loading
with different stress amplitudes: (a) Elastic modulus degradation; (b) damage evolution; (c) damage
evolution rate.

The normalized associations between damage evolution and modulus degradation
for specimens with varied mean stress levels and constant stress amplitude are shown in
Figure 11. The large stress level causes the elastic modulus to decline more quickly and the
damage to evolve more rapidly for the same stress amplitude. Concrete internal damage
occurs more slowly and at a slower modulus decay rate when the mean stress is reduced,
leading to more stable mechanical performance.
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Figure 11. The degradation of elastic modulus and the accumulation of damage under fatigue loading
with different mean stress levels (with identical stress amplitude): (a) Elastic modulus degradation;
(b) damage evolution; (c) damage evolution rate.

3.4. Fatigue Damage Mechanism

Concrete macroscopic mechanical properties are described by conventional mechanical
tests. These tests do not account for the internal mechanical behavior. Concrete degradation
occurs at the mesoscale when internal cracks continue to spread and develop, changing
the concrete’s local deformation properties. Complex stress transfer between individual
aggregate particles is induced by external loading. Consequently, the internal damage and
stress condition of concrete can be implicitly described using the strain (stress) evolution
of EAS.
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3.4.1. Redistribution of Internal Stress

At the mesoscale, the stress distribution between aggregate and mortar can be de-
scribed by composite material models,

σa =
Ea

Ee f f
σ, σm =

Em

Ee f f
σ (4)

where Ea and Em denote the elastic moduli of aggregate and mortar, respectively. Eeff

represents the effective modulus of the composite material. Damage-induced degradation
of Eeff gives rise to an increase in the stress partition ratio σa/σ of the aggregate phase.

Local stiffness drops and stress is shifted toward the aggregate phase as microcracks
start and spread at the interfacial transition zone or inside the mortar matrix. Strong non-
uniformity is seen in the stress partitioning between aggregate and cement paste, which no
longer follows the ratio of their respective elastic moduli. As shown in Equation (5), the
incremental additional strain ∆εa is related to the damage variable increment ∆D based on
continuum damage mechanics (CDM) [48]. This derivation follows the strain equivalence
principle, where the effective elastic modulus Eeff decreases with the accumulation of
damage D.

∆εa =
∆σa

Ea
=

1
Ea

(
∆E−1

e f f

∂Ee f f /∂D

)
∆D · σ (5)

An increase in strain difference indicates that the local damage increment is spatially
non-uniformly distributed.

(1) Static Loading

Only the strain data from aggregate sensors during the ascending branch of the
concrete stress–strain curve under monotonic loading are analyzed to study the inter-
nal damage and stress transfer mechanism of concrete. Figure 12 illustrates the vertical
stresses observed by each aggregate sensor during the monotonic compression test on
concrete prisms.
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Figure 12. The distribution curve of vertical strain in the aggregate of test specimens: (a) P-S-7;
(b) P-S-8; (c) P-S-9; and the variation in correlation coefficients under monotonic loading: (d) P-S-7;
(e) P-S-8; (f) P-S-9.
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The vertical stresses of aggregate at various locations inside concrete during monotonic
compression show discernible variations, indicating the variance in load transmission
paths and directly influencing the form of cracking and failure. The stresses of various
aggregate particles are comparatively close at low load levels (stress < 0.4fc). The strain rate
dramatically increases as the stress approaches the peak value, suggesting that as concrete
reaches the plastic stage, internal damage occurs and microcracks merge, leading to stress
redistribution and an increased strain difference among aggregate particles.

The aggregate particles with larger strains (No. #1, #3, #5, #8, #9; #3, #4, #5, #6, #9 and
#2, #4, #5, #7, #9, respectively) in specimens P-S-7, P-S-8, and P-S-9 are dispersed along a
diagonal pattern, which is compatible with the normal uniaxial compression failure mode.
This suggests that interior damage can be implicitly described by aggregate strain. Among
them, aggregate #9 exhibits the most strain. This is because it serves as a crucial component
and is situated in the middle of the load-transfer line. There is only one aggregate in this
layer to support the weight, which causes a large concentration of stress.

The difference between the aggregate strain distribution at different loading cycles
and the starting distribution was analyzed using the correlation coefficient in order to
measure the stress redistribution caused by cracking, as shown in Figure 12b,d,f. A steadily
growing gap in the stress distribution is indicated by the continuous decline in the corre-
lation coefficient. At first, damage is homogeneous, but it eventually localizes along the
primary crack propagation channel, creating strain concentration zones. Concrete damage
under monotonic loading is controlled by localized large cracks that initiate, evolve, and
eventually fail, as seen by the monotonic reduction in the correlation coefficient.

r(ε) =
cov(εi, ε0)√

var(εi)var(ε0)
(6)

where εi is the peak strain (transverse and vertical) of each aggregate under subsequent load
levels, ε0 is the peak strain (transverse and vertical) of each aggregate in the elastic stage.

Similarly, Figure 13 displays the transverse strain distribution curves of aggregates.
Although the transverse strain of concrete under uniaxial compression is generally quite
minor, its fluctuation trend is comparable to that of the vertical strain. Larger strain
aggregate particles are #3, #5, #8, #9 in specimen P-S-7. #3, #4, #5, #6, #9 in P-S-8; and #2,
#4, #5, #7, #9 in P-S-9 (data for P-S-3 are missing due to strain gauge failure). The lateral
constraint on the aggregate is weakened by the cracking because microcracks under uniaxial
compression are roughly parallel to the loading direction. This causes the transverse strain
to vary more than the vertical strain, which makes the transverse strain a better indicator
of the distribution of internal cracks.

The aggregate strain correlation coefficient exhibits a generally declining trend, sug-
gesting a progressive expansion of the stress distribution disparity. The correlation coeffi-
cient for specimen P-S-9 first falls and then marginally increases. This could be explained
by the fact that damage is first focused in one direction; as the load increases, damage
progressively spreads to other areas and eventually tends to propagate along the primary
crack once more, leading to a recurrent fall in the later stage.

The aggregate transverse strain distribution curves are shown in Figure 13. Concrete
transverse strain is comparatively minimal under uniaxial compression, although its vari-
ation trend is usually in line with the vertical strain. The following aggregate particles
have higher strains: #3, #5, #8, #9 in specimen P-S-7; #3, #4, #5, #6, #9 in specimen P-S-8;
and #2, #4, #5, #7, #9 in specimen P-S-9. Data for specimen P-S-3 are missing due to strain
gauge failure.
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Figure 13. The distribution curve of transverse strain in the aggregate of test specimens: (a) P-S-7;
(b) P-S-8; (c) P-S-9; and the variation in correlation coefficients under monotonic loading: (d) P-S-7;
(e) P-S-8; (f) P-S-9.

The microcracks in the concrete are approximately parallel to the loading direction
when subjected to uniaxial compression loading. The transverse strain of aggregates will
increase as a result of the cracks that are created around them. As a result, the transverse
strain of aggregate variation range is more important than their vertical strain variation
range, and it more accurately depicts the distribution of internal cracks in the concrete.

Overall, there is a downward trend in the correlation coefficient of the transverse
strain in aggregate. The correlation coefficient for specimen P-S-9 first declines noticeably
before marginally increasing. Damage is initially concentrated in one direction, which
explains this. A fresh decrease occurs in the later stage of the curve as a result of damage
that progressively spreads to additional areas as the load increases and eventually tends to
localize along the primary fracture path.

(2) Fatigue Loading

The stress states of the aggregate at various locations during fatigue loading varied
even at the same external strain level, as shown in Figures 14–16. Three-stage evolution
characteristics are seen in the aggregate strain correlation coefficient as well as the vertical
and transverse strains of individual aggregate particles. Microcracks are randomly initiated
during the initial fatigue stage due to the activation of initial internal micro-defects and
interfacial debonding. The correlation coefficient rapidly drops as a result of the uneven
strain increase among various aggregate particles, suggesting that significant stress re-
distribution occurs and the uniform stress state is disturbed. Microcracks enter a steady
propagation regime during the intermediate fatigue stage. The aggregate and mortar create
a dynamic mesoscale mechanical equilibrium with stable macroscopic strain. As a result,
the correlation coefficient gently fluctuates before entering a stable phase. Dispersed micro-
cracks combine to become dominant macrocracks at the late fatigue stage, which causes
a sudden shift in the load-transfer pathways and extreme stress concentration in a small
number of aggregate particles. A rapid decline in the correlation coefficient indicates that
deterioration has reached an unstable stage and will ultimately result in specimen failure.
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Figure 14. The vertical peak strain of aggregates under constant amplitude cyclic loading: (a) PA-C-
1-6; (b) PA-C-1-7; (c) PA-C-1-8; (d) PA-C-2-7; (e) PA-C-3-8.

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

500

600

700

800

900

Tr
an

sv
er

se
 p

ea
k 

str
ai

n(
με

)

n/N

 #1
 #2
 #3
 #4
 #5

#6
 #7
 #8
 #9
 Mean

 (a) 

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

500

600

700

800  #1
 #2
 #3
 #4
 #5

#6
 #7
 #8
 #9
 Mean

Tr
an

sv
er

se
 p

ea
k 

str
ai

n(
με

)

n/N

 (b) 

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

500

600

700

800

900
 #1
 #2
 #3
 #4
 #5

#6
 #7
 #8
 #9
 Mean

Tr
an

sv
er

se
 p

ea
k 

str
ai

n(
με

)

n/N

 (c) 

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

500

600

700

800

900
 #1
 #2
 #3
 #4
 #5

#6
 #7
 #8
 #9
 Mean

Tr
an

sv
er

se
 p

ea
k 

str
ai

n(
με

)

n/N

 (d)  (e) 

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

500

600

700

800

900

1000

n/N

Tr
an

sv
er

se
 p

ea
k 

str
ai

n(
με

)  #1
 #2
 #3
 #4
 #5

#6
 #7
 #8
 #9
 Mean

 

Figure 15. The transverse peak strain of aggregates under constant amplitude cyclic loading: (a) PA-
C-1-6; (b) PA-C-1-7; (c) PA-C-1-8; (d) PA-C-2-7; (e) PA-C-3-8.

Figure 16 illustrates how the stress amplitude influences the correlation coefficients for
both vertical and transverse strain. The correlation coefficient decreases more significantly
with increasing stress amplitude. Increasing mean stress has a negligible effect on the
correlation coefficient under the same stress amplitude. Because the strengths of the
three components of concrete—aggregate, mortar, and interface—differ, when the stress
is greater than the strength of one component, that component is destroyed and can no
longer support the weight, which causes the stress to be redistributed to other phases. The
stress amplitude mainly influences the fatigue damage of mortar and the interface because
the strength and modulus of aggregate are significantly higher than those of mortar and
the interfacial transition zone. High stress amplitudes cause damage to worsen and the
stress concentration in fractured areas to become more noticeable, as seen in Figure 16a,
which accelerates the decline of the correlation coefficient. The correlation coefficient drops
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more gradually for low stress amplitudes because damage develops gradually, and crack
propagation is more uniform.
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Figure 16. The aggregate correlation coefficients under different amplitude levels: (a) Comparison of
vertical correlation coefficient; (b) comparison of transverse correlation coefficient.

It is worth noting that although a high stress level accelerates crack initiation, damage
evolution becomes more consistent under the same stress amplitude, as shown in Figure 16b.
At a given stress amplitude, raising the stress level also reduces the strain correlation
coefficient, but the magnitude is significantly smaller than that caused by varying the stress
amplitude. This indicates that the influence of stress level on internal damage and strain
field evolution is relatively minor.

After n/N > 0.5, the decreasing rate of the correlation coefficient under high stress
becomes greater than that under low stress. The correlation coefficient shows a significantly
greater decrease at high stress levels. As a metric for assessing fatigue damage in concrete,
the correlation coefficient seems to be more sensitive to high-risk situations, which is in
line with realistic engineering needs.

3.4.2. Discussion of the Fatigue Damage Process

There is a noticeable crack surface effect in microcracks under cyclic loading. When
rough fracture surfaces close during unloading, frictional forces are created under com-
pression. As seen in Figure 17, repeated cyclic action creates wear debris inside the cracks,
which modifies the direction and stress transfer. The non-uniform stress distribution caused
by microcracks controls the failure mechanism of concrete.

Compressive stress
Tension stress

Shearing stress
Friction stress

(c)   

No friction

With friction

Vertical crack

Diagonal crack

Trace of 
firction

Powder formed 
by friction

(a)   

(b)    
Figure 17. Typical morphology of failure surface of concrete sample subjected to compressive fatigue
loading and stress analysis of crack interface: (a) Failure surface in this test; (b) friction powder in
this test; (c) stress analysis of crack interface.
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The frictional behavior of rough surfaces during crack closure can be described by
the following model. The normal stress on the crack surface is σn. The relative tangential
displacement is δ, and the frictional energy dissipation rate density is

.
ω f ,

.
ω f = µe f f σn

.
δ · H(σn) (7)

where µeff is the effective friction coefficient, H(σn) is the Heaviside function (friction
exists only when σn > 0, i.e., when the crack is under compression). The effective friction
coefficient evolves with the number of cycles,

µe f f (N) = µ0 exp(−αN) + µ∞[1 − exp(−αN)] (8)

where µ0 is the initial friction coefficient, µ∞ is the steady-state friction coefficient, α is the
attenuation coefficient.

The wear rate is proportional to the frictional energy dissipation and is also influenced
by the roughness of the crack surface.

dVω

dN
= β

∫
A

.
ω f dA · Ra(N) (9)

where Vm is the volume of wear particles, βω is the wear coefficient, Ra(N) is the mean
surface roughness, which decays with the number of cycles.

Ra(N) = Ra0 exp(−γN) + Ra∞ (10)

The presence of wear particles alters the contact conditions on the crack surfaces,
which in turn affects stress transfer.

Wear particles cause random deflection in the direction of stress transfer. Let the initial
load transfer direction be θ0, the deflected direction θ follows a normal distribution.

f (θ) =
1√

2πσθ

exp

[
− (θ − θ0)

2

2σ2
θ

]
(11)

This randomization of the stress transfer direction is a key reason why the strain
distribution correlation coefficient remains relatively stable in the middle stage of fatigue
loading, rather than decreasing monotonically.

Static failure and fatigue damage mechanisms are fundamentally different. Static
damage tends to localize and develop directly toward a single major crack, while energy
dissipation shows spatial concentration and temporal instantaneity under monotonic stress.
According to Equation (12), the energy dissipation is mainly caused by the crack formation
energy that is released intensively at the moment of failure. By contrast, fatigue damage
is diffuse and cumulative, involving repeated crack opening/closure, surface wear, and
dynamic mesoscale equilibrium. The total dissipated energy under fatigue loading consists
of three components: hysteretic energy due to matrix viscoelasticity and microplasticity,
frictional energy dissipation on crack surfaces, and energy consumed by incremental crack
growth, as expressed in Equation (13).

Wmono =
∫ ε f

0
σdε =

1
2

E0ε2
y +

∫ ε f

εy
σdε + G f /lc (12)
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where εy is the yield strain, Gf is the fracture energy, and lc is the characteristic length. The
dissipated energy under monotonic loading is dominated by crack formation energy, which
is released intensively at the instant of failure.

W f at =
N

∑
i=1

∮
V

.
w f dVdN +

N

∑
i=1

∮
V

.
wpdVdN +

∮
V

g f dV (13)

where dV is the volume element, dN is the number of cycles,
.

ωp is the plastic energy
dissipation rate density, and gf is the surface energy density of newly formed cracks.

In summary, the three-stage evolution of the aggregate strain correlation coefficient is
essentially a macroscopic manifestation of the internal stress field in concrete transitioning
from uniform distribution, through dynamic equilibrium, to localized concentration under
fatigue loading. The three-stage characteristic of the mesoscopic stress field evolution
distinguishes it fundamentally from monotonic damage mechanisms. A thorough under-
standing of this process, particularly the dynamic equilibrium behavior at crack interfaces,
is critical for evaluating the fatigue performance of concrete structures.

4. Conclusions
This research describes a method that uses aggregate sensors to track the dynamic

stress of concrete in reinforced concrete structures under cyclic loading. This study investi-
gates the relationship between internal strain development and microcrack propagation
in concrete under repeated loading and explores the fatigue damage mechanism from
the perspective of internal damage by using embedded aggregate sensors to record the
evolution of the internal strain field. The following are the primary conclusions,

(1) EAS can effectively capture the evolution of internal microcracks and the load transfer
mechanism in concrete. Under fatigue loading, the correlation coefficient of the strain
from the sensors exhibits a three-stage degradation, providing a feasible approach for
fatigue damage monitoring of practical structures.

(2) Static failure under uniaxial compression is characterized by a single diagonal crack.
By contrast, fatigue failure initiates with multiple vertical cracks and eventually
leads to brittle disintegration. Frictional traces are observed on the fracture surfaces,
indicating the occurrence of shear friction.

(3) The critical strain for fatigue failure is defined on the descending branch of the mono-
tonic stress–strain curve at peak load. At failure, the deformation modulus drops to
55–75% for compression specimens and 40–50% for bending specimens, independent
of stress amplitude and mean stress. A reversal of the strain evolution rate from
decreasing to increasing indicates that the fatigue life has passed the halfway point.

(4) A larger stress amplitude causes more severe degradation of the aggregate strain
correlation coefficient, more localized stress, and concentrated crack growth, while a
smaller amplitude leads to more uniform damage. Mean stress has little effect at the
same stress amplitude.

(5) Concrete fatigue damage is governed by coupled effects of accumulated damage,
crack interface friction, and internal stress redistribution. Under compressive fatigue,
this coupling results in behavior distinctly different from static failure.

(6) Internal strain evolution effectively reflects changes in stress transfer paths due to
crack propagation. Concrete fatigue damage arises from coupled crack accumula-
tion, interface friction, and stress field evolution, providing a mechanical basis for
fatigue analysis.

(7) The research on aggregate sensors can be further expanded and deepened from
multiple perspectives, facilitating their long-term deployment in monitoring the
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internal state of concrete members and establishing a quantitative mapping model
between sensor signals and structural health conditions.
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